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ARTICLE INFO ABSTRACT

Handling Editor: Mingzhou Jin There is a trend towards decentralized source separation (DSS) for wastewater treatment and resource recovery.
An assessment framework is required to assess whether implementing a DSS treatment over a conventional
centralized one is advantageous. This framework needs to account for the performance of the wastewater
treatment plant (WWTP) and the effect that resource recovery has on closely-linked sectors such as food and
energy production. A framework is lacking that covers the economic dimension, the circularity, the nature
reciprocity of resource recovery and that can be applied to real-life cases. A novel WFE framework has been
developed here to compare a conventional centralized and a DSS-based WWTP. This novel WFE framework
contains assessment methods that are reproducible, and applicable to real-life cases. It also accounts for the local
climatic conditions that determine irrigation water requirements. The comparison results revealed that the need
to construct new DSS infrastructure leads to a lower economic efficiency of water treatment. Further, chemical-
intensive treatment reduces the DSS’s material resource circularity and efficiency. Using heat pumps increases
the energy use of the DSS WWTP, causing a reduction in water treatment energy efficiency. However, the ad-
vantages of DSS show up in the freshwater and nutrient efficiency of food production as well as in the energy self-
sufficiency of the WWTP. The novel WFE framework contains indicators specific to water treatment and the food
production sectors to improve inter-sectoral communication. Also, including the nature reciprocity assessment
can help demonstrate the issue with treated wastewater discharge, especially in arid regions with low stream
flows. It can potentially help improve the acceptance of treated wastewater-based reuse. To conclude, the novel
framework helps to assess real-life case studies in a more integrated and holistic way. It can help make decisions
related to decentralization and source separation by simultaneously considering the water treatment, energy
production, and food production sectors.

Keywords:
Water-food-energy nexus
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Decentralization
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1. Introduction

Resource recovery from wastewater treatment plants (WWTPs) is
essential to the circular economy. The recovered resources, such as
treated wastewater, nutrients (N and P), and organic matter have to be
recycled to close the material loops (Capodaglio, 2017; Mannina et al.,
2021). These resources often are to be used in other sectors including
food production (FP), energy production (EP), and manufacturing in-
dustries (Zarei, 2020). These sectors have their functions and sustain-
ability goals associated with that particular function, which can differ
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from those of the wastewater treatment (WT) sector. For example, the
main function of the FP sector is the production of food crops and its
sustainability goals could be minimizing the use of freshwater and in-
dustrial fertilizers.

The water treatment sector is closely linked to food and energy
production, engendering the concept of the water-food-energy (WFE)
nexus (El-Gafy, 2017; Molajou et al., 2021). Since these three sectors
have their functions and associated sustainability goals and indicators,
assessing the sustainability performance of the entire nexus is a complex
undertaking (Albrecht et al., 2018; Dargin et al., 2019). While
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significant work has been done to develop WFE nexus frameworks, a
lack of specific and reproducible assessment methods has been pointed
out by several authors (Albrecht et al., 2018; Cairns and Krzywoszynska,
2016; Nhamo et al., 2020; Shannak et al., 2018). Furthermore, WFE
nexus frameworks lack the consideration of the local geography,
climate, and other factors which are consequential for the assessment
(Shannak et al., 2018). Therefore, a novel framework is needed to assess
the sustainability performance of the WFE nexus.

Wastewater treatment and resource recovery can be achieved
through conventional centralized treatment, decentralized source sep-
aration (DSS) or their hybrid (Poustie et al., 2015). Conventional
centralized treatment enjoys economies of scale because it serves a
larger population and usually has a lower net energy consumption, and
land use (Besson et al., 2021; Firmansyah et al., 2021; Roefs et al.,
2017). DSS refers to a combination of decentralization and source sep-
aration implying that the wastewater is separated into different streams
at the source and the treatment, reuse, or disposal of all or some of the
streams are achieved very close to the point of generation. DSS can offer
some advantages from the resource recovery perspective. Due to the
lower dilution of organic matter and nutrients, resource recovery could
be more efficient from source-separated streams (Pasciucco et al., 2022).

The comparison between the conventional centralized WWTPs and
DSS ones has yielded mixed results depending on the sustainability in-
dicators used (Cardoso et al., 2021; Firmansyah et al., 2021; McConville
et al., 2017) and little work has been done to compare them from the
WEFE perspective. Given the above knowledge gaps, this paper aims to
develop a novel, WFE-based framework that allows for a more inte-
grated and holistic comparison of conventional centralized and
DSS-based solutions by accounting for relevant climatic, geographical
and economic factors. The novel framework is meant for the
decision-makers in the WT sector but can serve to communicate the
potential benefits to the FP sector as well. The novelty of this framework
is that it offers an integrated and holistic way to account for the links
between the water, food, and energy sectors, allowing for a better
comparison between the two approaches.

The paper is organised as follows. The background of the WFE nexus
is presented in Section 2, along with an introduction to the concepts of
decentralization, source separation (SS), efficiency, circularity, energy
self-sufficiency, and nature reciprocity. In Section 3, the novel WFE
framework is presented along with the assessment methods. Section 4
contains the description of the two case studies used in this research, and
Section 5 contains the results of the comparison between them. A dis-
cussion about the WFE framework’s application to compare the two
cases follows in Section 6. In Section 7, conclusions about the novel WFE
framework, the comparison between DSS and conventional treatment
approaches, and recommendations are presented.

2. Background

2.1. Decentralized source separation versus conventional centralized
treatment

Although decentralization and source separation are two indepen-
dent concepts, they are often discussed together as some authors believe
that their combination is key to capturing the benefits of both (Guest
et al., 2009; Opher and Friedler, 2016; Roefs et al., 2017). In this study,
the two concepts are considered together in one system and thus, a
conventional centralized WWTP is compared to one with decentralized
source separation. The two systems considered in this study are defined
as follows. Conventional centralized wastewater treatment collects and
treats domestic wastewater and sometimes stormwater from large urban
or peri-urban regions utilizing extensive networks of pipes and pumps at
a central location and discharge the treated wastewater at a
nearby-located discharge point (Larsen, 2019). Decentralized source
separation is an approach wherein wastewater is separated into different
streams at the source and the treatment, reuse, or disposal of all or some
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of the streams are achieved very close to the point of generation. This
type of treatment is used most commonly for a cluster of homes or iso-
lated settlements (Larsen, 2019).

Domestic wastewater can be separated into black water (BW) and
grey water (GW). BW carries roughly 90 % of the N, 77 % of the P and 55
% of the organic matter measured by COD (Roefs et al., 2017). DSS could
refer to the separate collection of urine, or to the collection of the BW
and GW using different pipes or even the separate collection of urine,
BW, and GW, the latter two options being more promising because of
more resource recovery opportunities (Besson et al., 2021). Due to the
differences in their compositions, while the GW is more suited for
treated wastewater reuse because of low pathogen concentrations
(Paulo et al., 2013), the BW can be targeted for energy and nutrient
recovery (Pasciucco et al., 2022). Fig. 1 demonstrates the basic idea
behind conventional centralized and decentralized source separation
approaches to wastewater treatment and resource recovery.

DSS can offer some advantages from the resource recovery
perspective. Due to the lower dilution of organic matter and nutrients,
resource recovery is more efficient from source-separated streams
(Pasciucco et al., 2022). For example, Kjerstadius et al. (2017) found a
higher nutrient recovery efficiency with a lower carbon footprint
resulting from the separate GW and BW collection when compared to a
mixed stream collection.

On the other hand, DSS treatment often lacks adequate financial and
technical support and suffers from diseconomies of scale, especially for
energy use efficiency, and technological and political lock-in
(McConville et al., 2017). The lock-in can be attributed to the narra-
tive that a DSS approach needs to be profitable from the start and
thereby can preclude the government from funding such a transition
(Ampe et al., 2020). Additionally, SS is often considered immature and
risky by wastewater experts (Guest et al., 2009), and expensive to
monitor (Diaz-Elsayed et al., 2019). Furthermore, high upfront capital
costs for retrofitting toilets and installing extra pipelines are barriers to
the more widespread adoption of DSS (Diaz-Elsayed et al., 2019).
Additionally, due to a lower dilution, the higher concentration of con-
taminants in the source-separated streams are a risk for sudden point
source pollution and a threat to public health (Schoen and Garland,
2017).

Therefore, a DSS-based treatment has both advantages and disad-
vantages depending on factors such as energy consumption, freshwater
sources, and nutrient emissions (Opher and Friedler, 2016). These pros
and cons need further study subject to different contexts and system
boundaries (Lam et al., 2015; McConville et al., 2017). Further, the
advantages of DSS may be more prominent when considering the other
sectors where the resources recovered from a WWTP are used. There-
fore, a WFE framework can clearly demonstrate and quantify the ad-
vantages of a DSS WWTP. Yet, to the extent of the author’s knowledge,
no WFE framework has been used to compare a conventional centralized
and a DSS treatment approach. This knowledge gap will be covered in
this paper.

2.2. The water-food-energy nexus

The water-food-energy (WFE) nexus refers to the complex links and
dependencies between the three resources and the need for cross-
sectoral coordination for their utilisation (Smajgl et al., 2016). The
need for a cross-sector perspective was felt as numerous interactions
exist between the three sectors. Water is required to produce food (e.g.,
irrigation) and for energy production (e.g., for cooling of power plants,
to produce hydroelectricity). Energy is used throughout food production
and transportation and for water production and treatment (El-Gafy,
2017).

Most of the discussion around the WFE nexus remains theoretical
(Albrecht et al., 2018). Although there is a limited number of frame-
works addressing all three sectors (Shannak et al., 2018), an integrated
approach to facilitate cross-sectoral coordination is needed (Nhamo
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Fig. 1. General representations of the (a) conventional centralized and (b) decentralized source separation approaches to wastewater treatment and resource re-
covery. Whereas, in the conventional centralized approach, the wastewater (WW) from multiple household clusters are treated at a centralized WWTP, in a
decentralized source separation approach, grey water (GW) and black water (BW) are separately treated at multiple decentralized WWTPs.

et al., 2020). Fetanat et al., (2021) developed a decision-making WFE
framework for energy recovery from WWTPs, but other resources, such
as treated wastewater and nutrients, were not covered.

Yi et al. (2020) and Simpson et al. (2022) developed composite in-
dicators to measure and monitor the individual performances and the
linkages between the three sectors at a national level and the provincial
scales. However, this may not serve the decision-makers to design and
monitor the resource recovery solutions at a WWTP scale. Furthermore,
these frameworks lack the consideration of circularity indicators. The
WEFE nexus index method developed by El-Gafy (2017) included in-
dicators to calculate the total water and energy consumption for food
production, but it does not account for the circularity and is focused on
the FP sector. Thus, the few existing frameworks lack in some aspects.

Moreover, Shannak et al. (2018) pointed to the fact that the eco-
nomic dimension is not sufficiently included in most WFE frameworks.
Also, these lack factors such as the local climate which will dictate the
water requirement (e.g., for irrigation) (Shannak et al., 2018). The
frameworks have also been criticised for lack of practical applicability
(Cairns and Krzywoszynska, 2016), and a lack of analytical tools and
reproducible methods to evaluate real-world cases (Albrecht et al.,
2018; Nhamo et al., 2020).

Therefore, a new WFE framework with reproducible methods is
presented in this paper to compare a conventional centralized and a DSS-

based approach to wastewater treatment and resource recovery. The
novelty of this framework is that it offers an integrated and a more
holistic way to account for the links between the water, food, and energy
sectors, allowing for a better comparison. The assessment is centred
around a WWTP and is meant for the decision-makers to assess the
resource recovery solutions at the WWTP scale. The methods of this
framework will allow the decision-makers to evaluate how a particular
resource recovery solution can contribute positively to the FP sector
subject to the specific water requirements of a particular region. This
may also serve to improve the inter-sectoral communication which is
often found wanting in the WFE nexuses (Greer et al., 2020). Further, a
circularity assessment method will also be used as part of this framework
as the current WFE frameworks usually lack circularity indicators.

3. Material and methods
3.1. WEFE assessment framework

The WFE assessment framework developed in this paper is presented
in Fig. 2. This framework centres on the water treatment sector while
integrating the food and energy production sectors. It uses indicators
from all three sectors, with functional units assigned to water treatment
and food production. For water treatment, the functional unit is the
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Fig. 2. The novel WFE framework showing some common resource exchanges. The figure shows the three sectors i.e., the water treatment, energy production, and

food production, along with the their indicators.
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treatment of a specific volume of wastewater to meet effluent standards.
In food production, it is the irrigation and fertilization of agricultural
land. From the energy perspective, the goal is wastewater treatment
plant (WWTP) self-sufficiency. Below, the framework’s indicators are
briefly discussed, as some were detailed in previous publications.

3.1.1. Efficiency assessment

Efficiency can be broadly defined as the ratio between useful outputs
(benefits) and the inventoried flows (of resources, energy, money, etc.)
or environmental impacts. Huysman et al. (2015) defined two levels of
efficiency: Level 1 refers to the ratio between benefits and inventoried
flows and level 2 is the ratio between the intended effects or benefits and
the environmental impact (eco-efficiency). In this paper, level 1 effi-
ciency indicators will be used. This is because this framework is meant
for decision-makers who may not have the necessary skills and resources
to conduct an LCA. If necessary and in the case that LCA results are
available, they can be easily included as denominators in the efficiency
formulae. The efficiency indicators will be expressed as the ratio be-
tween the functional unit of a process (the useful output) and the in-
ventoried flows (material, energy, and economic investment). To
illustrate, the energy efficiency of the water treatment sector will be
defined as the ratio between the volume of wastewater treated (m3/y) to
the energy consumed (kWh/y). A higher efficiency value is naturally
more desirable. For the material efficiency indicators, the ratio between
the functional unit of a process and the linear flowing material flows
(kg-linear/year) of the process is used. The linear flow is obtained as part
of the material circularity indicator calculation, which is explained in
depth in Bhambhani et al. (2023).

Efficiency is calculated separately for the water treatment and food
production sectors, using their respective functional units as
numerators.

Water Treatment: The functional unit is the annual volume of
wastewater treated (m>/year) per person equivalent (p.e.) to meet local
effluent standards.

Food Production: The functional unit is defined as the irrigation and
fertilization of arable land required to support the same p.e. Here, the
arable land area per person, based on The world bank (2024), and the
most cultivated EU crop, common wheat (Eurostat, 2024), are used to
estimate water and nutrient needs. These requirements can also be
calculated for other crops if necessary.

The authors focus on the inventoried flows most relevant to the
interaction between the water treatment and food production sectors.
For the water treatment sector, these include material, energy, and
economic costs (Capex and Opex). For the food production sector,
freshwater, nutrients, and energy are considered. Although the
centralized WWTP is already operational, the Capex pertains to up-
grades aimed at improving resource recovery, detailed in the case study
section. Based on the above-mentioned functional units and inventoried
flows, the following indicators are used:

Material Efficiency (Ewr.mat in m3/kg—1inear): The ratio of the
annual wastewater volume treated (Vww, m®/y) to the linear mass flow
of resources through the WWTP. The linear mass flow is calculated as the
product of the mass of resources used (Mj,, kg/y) and a linear flow in-
dicator (1 - MClpixed)-

Energy Efficiency: The volume of wastewater treated annually per
unit of energy input to the WWTP (E;,, kWh/y).

Economic Efficiency: The annual wastewater volume treated
divided by the total annualized costs (€/y), including capital and oper-
ational expenditures of the WWTP.

For the food production process, efficiencies are calculated as
follows:

Freshwater Efficiency (Egp.rw, m?2/m3-linear): The annual irri-
gated land area (Aagi, m?/y) divided by the linear flow of irrigation
water, expressed as the product of the irrigation water volume (Viy, m3/
y) and the linear flow indicator (1 - MCIgw).

Nutrient Efficiency (Epp.Nut, m2/kg-linear): The annual irrigated
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land area divided by the linear flow of nutrients, calculated as the
product of the nutrient mass used (Myuyt, kg/y) and the linear flow in-
dicator (1 - MClIyy).

Energy Efficiency (Egp_gn, m?2/kWh): The annual irrigated land area
divided by the energy consumed for irrigation (E;, kWh/y).

These efficiency equations, along with those for circularity, nature
reciprocity, and energy self-sufficiency, are summarized in Table 1.

3.1.2. Circularity assessment

The circular economy (CE) is an alternative to the current linear
economy that aims to recirculate resources within the economic pro-
duction system to maximise the recovery of value (Corona et al., 2019).
Circularity is a measure of the extent to which the CE has been imple-
mented, in other words, the extent to which virgin resource extraction
and unrecovered waste generation are avoided (Ellen MacArthur
Foundation, 2019). Circularity may be assessed at the level of the
economy but here the focus is on the water treatment and food pro-
duction sectors. In this paper, the modified material circularity indicator
(MCI) from Bhambhani et al. (2023) will be used.

Here, the circularity assessment measures the percentage of the total
resource flows through the water treatment and the food production
processes that are circular and the focus is on resources that are relevant
to the WWTP and/or are exchanged between the two sectors. These
include mixed resources which refer to any material resource (precipi-
tation chemicals, acids, bases, biochar, etc.) being used in the water
treatment process. Further, the circularity values are calculated for

Table 1
Indicators used in the novel WFE Framework.

Water treatment (WT) Formulae

Circularity (mixed, biotic, nutrients, V = M(1 — RSIF)

and water) W = M(1 — RSOF — RGOF)
V4+w
LFI = oM
MCI =1—- LFI
Material efficiency Ewr_ma (m® /kg linear) =
Vww (ms/J’)
M in(kg) x (1 — MClmixed)
Energy efficiency Vww (m®/y)
Ewr-— 3 ="
e ( [KWR) = e y)
Economic efficiency Vww (m3 /y)
3 _
Ewr-seon (m° /€) = Capex + Opex (€/y)

Food production (FP)
Circularity (water and nutrients) V = M(1 — RSIF)

W = M(1 — RSOF — RGOF)

V+w
LFI = ———
2M
MCI =1— LFI
Freshwater efficiency Epp_pw (m? /m® linear) =
Adggri (M /y)

Vir(m®/y) x (1 — MCIzw)

Epp_nue (m? /kg linear) =
Aggi (m*/y)

M nue(kg/y) x (1 — MClyu)

- (m2
Epp_pa (m* /kWh) :%

Nutrient efficiency

Energy efficiency

Nature reciprocity
Freshwater restoration

12
FR =" (Qusi x (1 — WPL))
BA = My x NRE x NUE
8§ = (1 — V§/100) x OMjy

Biomass assimilation of nutrients

Soil organic matter sequestration

Energy production (EP)

Energy self-sufficiency ESS — Erec (kWh/y)

Ein(kWh/t)

Acronyms
V = virgin mass; W = unrecovered mass; RSIF = restorative input fraction; RSOF =
restorative output fraction; RGOF = regenerative output fraction; M = mass of
resources; MCI = material circularity indicator; LFI = linear flow indicator; Qq;s j =
treated wastewater discharge in month i; WPL; = water pollution level in month i;
NRE = nutrient recovery efficiency; NUE = nutrient uptake efficiency; VS = volatile
solid component; OM,; = organic matter added to the soil; E... = Recovered

energy; Ei, = Input energy.
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biotic resources, nutrients, and water for the water treatment. For food
production, the circularities of freshwater and nutrients are calculated.
The MCIs are calculated as follows:

Virgin input (V in kg/y): The fraction of resource input that is
restorative in nature (RSIF) is subtracted from 1 and multiplied by the
total resource input (M in kg/y).

Unrecovered waste (W in kg/y): The fraction of restorative and
regenerative output flows (RSOF and RGOF) is subtracted from 1 and
multiplied by the total resource input (M in kg/y).

Linear flow indicator (LFI): The sum of W (kg/y) and V (kg/y) is
divided by two times the total resource input (M in kg/y).

Material circularity indicator (MCI): The LFI is subtracted from 1
to give the MCIL.

The relevant equations are presented in Table 1. To understand the
background of the equations, the reader is directed to Bhambhani et al.
(2023).

3.1.3. Nature reciprocity assessment

Nature reciprocity can be defined as the positive effects on the nat-
ural environment through a re-balancing of resource stocks (Bhambhani
et al., 2024). The potential as well as duty of human society to actively
benefit the natural environment has been ignored in conventional sus-
tainability discourses (Bhambhani et al., 2024). In this framework, this
potential will be considered and assessed using the nature reciprocity
indicators. Nature reciprocity is here defined as the re-balancing of the
stocks of freshwater, N, P, and organic matter that can be achieved using
the resources recovered from WWTPs.

The three nature benefits considered here are related to the water,
nutrient, and carbon cycles and the three indicators used are freshwater
restoration (FR), biomass assimilation of nutrients (BMA), and soil
organic matter sequestration (SS). The first indicator represents the
quantity of freshwater that a WWTP restores to the natural environment
through treated wastewater discharge, considering the quality of the
treated wastewater. This is calculated by subtracting the fraction of the
stream flow (measured using the water pollution level or WPL) required
to dilute the WWTP effluent from the monthly discharge of the WWTP
(Qqis in m3/month).

The BMA quantifies the N and P that are cycled back into the natural
environment through biomass assimilation. This indicator accounts for
the mass of nutrients flowing into a WWTP (Mjy¢ in kg/y), the WWTP’s
nutrient recovery efficiency (NRE in fractions), and the recovered
nutrient uptake efficiency (NUE in fractions) of the recovered nutrient
products applied to agricultural fields.

Lastly, the SS indicator measures the quantity of organic matter
sequestered in the soil. The indicator considers the total organic matter
applied to the soil (OM;, in kg/y) and the stability of the organic matter
measured using the volatile solids component (VS in %).

The three nature benefits assessed are linked to the water, nutrient,
and carbon cycles, measured using freshwater restoration (FR), biomass
assimilation of nutrients (BMA), and soil organic matter sequestration
(SS).

Freshwater Restoration (FR): This measures the quantity of
freshwater a WWTP returns to the environment via treated wastewater
discharge, adjusted for effluent quality. It is calculated as the WWTP’s
monthly discharge volume (Qg;s in m3/month) minus the stream flow
fraction needed to dilute the effluent, determined by its water pollution
level (WPL).

Biomass Assimilation of Nutrients (BMA): This indicator quan-
tifies the nitrogen (N) and phosphorus (P) cycled back into the envi-
ronment via biomass. It factors in the WWTP’s nutrient recovery
efficiency (NRE), the nutrient uptake efficiency (NUE) of recovered
products, and the nutrient inflow to the WWTP (Mjy¢ in kg/y).

Soil Organic Matter Sequestration (SS): This measures the organic
matter sequestered in soil, based on the total organic matter applied
(OM,01 in kg/y) and its stability, evaluated by the volatile solids content
(VS%).
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These equations are presented in Table 1, and for a detailed expla-
nation of these indicators, the readers are referred to Bhambhani et al.
(2024).

3.1.4. Energy self-sufficiency assessment

Energy self-sufficiency is here defined as the quantity of energy
recovered (kWh/y) from a WWTP (heat + electricity) expressed as a
percentage of the energy used (kWh/y) by the WWTP. This is the defi-
nition used by several authors when discussing the concept of energy
self-sufficiency including Maktabifard et al. (2018), Wang et al. (2016),
Yan et al. (2017), among others. This is one way to measure the progress
of a WWTP towards sustainability concerning energy use and will be
used in the novel framework.

Water treatment and agriculture account for up to 5 % of the total
electrical energy demand of some countries (Longo et al., 2016). WWTPs
require energy to run several treatment processes and the requirement
varies according to factors such as the processes, the location of the
WWTP, pollutant loads, environmental standards, and the infrastructure
age (Maktabifard et al., 2018). The energy use is expected to grow
significantly in the coming years (Yan et al., 2017). However, energy can
also be recovered from WWTPs in various ways. Whereas, anaerobic
digestion of excess sludge can yield biogas that can be used to produce
electricity, heat exchangers and heat pumps may be employed to recover
thermal energy. Further, microbial fuel cells can convert the organic
energy present in the wastewater directly to electricity (Wang et al.,
2016). This has led to the discussion of energy-self-sufficient or
energy-neutral WWTPs. This indicator is calculated as follows:

Energy self-sufficiency (%): This is the ratio between the energy
recovered (kWh/y) and the energy used by a WWTP (kWh/y) multiplied
by 100.

Therefore, 100 % energy self-sufficiency implies that the WWTP can
theoretically supply all of its energy requirements. If the WWTP can
produce more energy than it requires for its functioning, then the indi-
cator value will be more than 100 % and if no energy is produced by the
WWTP, the value will be 0 %. In the latter case, all of the energy
requirement of the WWTP has to be externally produced. It is important
to note that even if the energy produced at the WWTP is used for a
purpose unrelated to the WWTP (e.g., transportation fuel), it is still
counted. The indicators for the efficiency, circularity, nature reciprocity
and energy self-sufficiency assessment can be found in Table 1.

4. Case studies

The semi-hypothetical case studies described here are based on two
real-life cases but contain a few assumptions and simplifications which
will be pointed out in their descriptions. These have to do with the fact
that some features of the real cases are still under planning and may be
implemented in the future but have been included in this paper.

4.1. Corleone: a centralized conventional WWTP

Corleone is an activated sludge (AS) WWTP treating 3700 m3/d of
domestic wastewater and is designed for 12000 p.e. (Mannina et al.,
2022). The AS reactor is supplied with an intermittent aeration (IA)
system to decrease energy use. Furthermore, an oxic settling anaerobic
(OSA) reactor is present to reduce the excess sludge quantity. Some of
the wastewater will pass through an ultrafiltration (UF) unit to produce
irrigation water (Mannina et al., 2022). A single UF module is currently
operational and has a capacity of 25 m®/h thus limiting the quantity of
irrigation water that can be supplied. Since this WWTP is a conventional
one, the authors here have assumed that its distance from the agricul-
tural fields is 2 km on average. This has been chosen arbitrarily since no
data was available and a sensitivity analysis is conducted. It must be
noted that the excess sludge is landfilled. In the future, it is expected to
be composted and the compost to be used in agriculture. The composting
process has been included in this case study. A flowchart of the Corleone
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case study is shown in Figs. 3 and 4 shows a map and some elements of
the Corleone WWTP.

4.2. Helsingborg: a DSS WWTP

The Helsingborg case study consists of a DSS WWTP with a capacity
of 12000 p.e. Each house has three sewer pipes: one for BW, another for
GW, and the last one for food waste collection. For the case study, food
waste collection and treatment have been excluded from the system
boundary, and only the wastewater flows are considered for a fair
comparison with Corleone.

The BW is collected from the vacuum toilets using vacuum sewers
and transported directly to an up-flow anaerobic sludge blanket septic
tank (UASB-ST) for biogas production. The digestate is subject to stru-
vite precipitation for P recovery and ammonia stripping for the recovery
of ammonium sulphate for agriculture. The digested sludge is composted
to produce soil (75 %) or applied to fields directly (25 %) (Kjerstadius
et al., 2017). The GW is separately collected through a low-pressure
sewer and treated in an activated sludge (AS) unit. The excess sludge
is directed to the UASB-ST along with the BW. Furthermore, thermal
energy is recovered using heat pumps from the GW effluent from the AS
unit.

The effluent of the AS unit is treated in a post-precipitation unit
before being discharged into the ocean (Kjerstadius et al., 2017). Ac-
cording to the case study owners, the treated wastewater may be used
for irrigation of urban farms for food production in the future. Therefore,
it has been assumed here that the same quantity of treated wastewater as
in the Corleone case study is used for irrigation of these farms. The case
study flow chart, a map and a photo are presented in Figs. 5 and 6.

5. Results

The detailed calculations of all the indicators are shown in the
Supplementary material. The water treatment material efficiency of
Corleone (735.8 m®/kg-linear) is much higher compared to that of
Helsingborg (1.4 m®/kg-linear). Helsingborg uses resource-intensive
treatment processes such as struvite precipitation requiring magne-
sium, and citric acid and ammonia stripping requiring sodium hydrox-
ide, sulphuric acid, and citric acid. These processes require industrial
chemicals that are difficult to recycle leading to a largely linear flow (i.
e., a low MClpixed)- Thus, the material efficiency equation discussed in
Table 1 penalizes for a low circularity of these resources. Corleone, in
contrast uses lower quantities of chemicals relying more on producing
treated wastewater for irrigation and not on nutrient recovery processes.

The precipitation chemicals such as magnesium chloride (for struvite
precipitation) in Helsingborg add to the material use of the WWTP. But,
this chemical gets recovered as part of the struvite crystals and can be
recycled in agriculture. However, the bigger problems are the chemicals
used for pH control, such as NaOH, which are manufactured in in-
dustries and are difficult to recycle. NaOH is used here to control the pH
of the ammonia stripper and citric acid for cleaning the precipitation
equipment. Ye et al. (2020) and Sakthivel et al. (2012) mention a high
chemical use intensity of precipitation-based nutrient recovery tech-
nology. The industrial chemicals used for pH control and/or cleaning are

{ Households ]»WW~>[ Pre-treatment}WW—){ |A-ch;t(;\gaeted ]—WW OSA reactor WW-
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difficult to recycle and cause a low circularity and consequently, a low
material efficiency.

The energy efficiency of the Corleone WWTP (4.6 m3/kWh) is also
significantly higher compared to Helsingborg (0.2 m®/kWh). This is
because the energy efficiency is calculated by dividing the volume of
wastewater treated (Vyw) by the input energy (Ej,) as explained in the
equation of energy efficiency in Table 1. The main reasons for the low
energy efficiency of Helsingborg are the energy-intensive heat pumps
that recover thermal energy, responsible for 75 % of the total energy use
(Ein). However, they pay off in a high energy self-sufficiency, discussed
later. Heat pumps transfer thermal energy from a low-grade source (such
as wastewater) to a working fluid and then raise its thermal energy
content using mechanical energy (Culha et al., 2015). More
energy-efficient designs for heat pumps need to be researched (Chae and
Ren, 2016) but the inclusion of heat energy recovery using heat pumps
can support energy-positive WWTPs as noted by Barroso Soares (2017)
and confirmed by this study.

In terms of economic efficiency, a similar relationship is found where
Corleone (6.5 m>/€) performs substantially better than Helsingborg (0.2
m>/€) because of a higher capex for Helsingborg in the economic effi-
ciency formula discussed in Table 1. All costs were normalized using
purchasing power parity (PPP). This result was expected as Corleone is
an existing WWTP and the only capital costs it incurs are for the repair of
the UF unit and the infrastructure required to connect the WWTP to a
storage tank for irrigation. Helsingborg was constructed recently and
thus involves green-field costs. Yet, this comparison is important for the
consideration of constructing decentralized/source separation systems
to replace old conventional WWTPs. Since most existing WWTPs are of
the conventional centralized type, their associated capital costs only
pertain to the repair of the existing infrastructure. In contrast, to
construct DSS WWTPs, new infrastructure needs to be installed which
adds up to significant costs.

When it comes to food production, Helsingborg performs better
overall than Corleone. With regards to the freshwater efficiency, the
Helsingborg WWTP (1.7 m?/m>-linear) is a better option than the Cor-
leone WWTP (0.8 m?/m°>-linear). This implies that nearly twice the land
area can be irrigated using a unit linear flow of freshwater in Helsing-
borg than in Corleone. The freshwater efficiency is calculated by
dividing the agricultural land area by the product of the irrigation water
demand and the water circularity as shown in Table 1. Corleone’s arid
climate demands a higher evapotranspiration of a crop than in Hel-
singborg leading to a higher irrigation water demand (i.e., a high Vj).
Helsingborg currently does not use any treated wastewater for irrigation
with the effluent being discharged into the ocean and Corleone only has
a capacity of 25 m>/h to provide treated wastewater for irrigation.
Although the circularity (MClIgy) of Corleone’s agriculture is higher
than Helsingborg’s the irrigation water required in Corleone is much
larger than what this WWTP can currently provide leading to a low
freshwater efficiency.

This observation supports the view that treated wastewater reuse for
irrigation is much more important in arid and semi-arid regions, such as
Corleone, which are prone to water scarcity (Ofori et al., 2021) and have
high evapotranspiration needs (Liu et al., 2023). Moreover, most of
Corleone’s treated wastewater is discharged into the Eleuterio River

TW discharge
into river

Ultrafiltration

Irrigation
water Agricultural

fields

Compost
Compost
windrow

Fig. 3. Flowchart depicting the Corleone (conventional) case study. WW-Wastewater, TW-Treated wastewater, IA-intermittent aeration, OSA-Oxic settling anaerobic.
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Fig. 4. (a) Google Earth. (2024). Corleone wastewater treatment plant: Satellite view. Retrieved December 16, 2024, from https://earth.google.com/), (b) The

biological IA reactor, (c) The settling tank.
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Fig. 5. Flowchart depicting the Helsingborg (source separation) case study. GW-Grey water, BW-Black water, TW-Treated wastewater, UASB-ST-Upward anaerobic

sludge blanket-septic tank.

which has a relatively small flow rate that is insufficient to dilute the
nutrients and organic matter present in the effluent, revealed by the
negative freshwater restoration. Therefore, increasing the treated
wastewater reuse for irrigation is strongly suggested.

The nutrient efficiency for Helsingborg (80.4 m?/kg-linear) is
slightly better than that of Corleone (75.0 mz/kg-linear) but the differ-
ence is not substantial. However, this assumed that the nutrients present

in the treated wastewater used for irrigation will be taken up by the
crops with the same efficiency as the zeolite and ammonium sulphate
fertilizer products obtained in Helsingborg. Additionally, the quality of
the fertilizer products, in terms of lower heavy metal or organic
micropollutants concentrations, are not accounted for by this indicator.
For future research, indicators to capture the quality of the recovered
products must be developed and included in the nutrient efficiency
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(a)

Fig. 6. (a) Google Earth. (2024). Recolab, Helsingborg: Satellite view. Retrieved December 16, 2024, from https://earth.google.com/). (b) A photo of the Hel-

singborg WWTP.

calculations.

The biggest advantage for FP is seen in terms of the energy efficiency
of irrigation with Helsingborg (14.1 m%/kWh) performing almost 30
times better than Corleone (0.3 mz/kWh). The energy input (Ej;), for
irrigation, which is the denominator in the equation for energy effi-
ciency as shown in Tables 1 and is much higher in Corleone for two
reasons. Firstly, the distance between the WWTP and the point of irri-
gation is assumed to be 0.1 km in Helsingborg and 2 km in Corleone.

Water treatment material efficiency

Water treatment energy efficiency

Secondly, some irrigation water is assumed to be sourced from under-
ground. The average groundwater depth in Sweden is only 2 m (Barthel
et al., 2021) which translates into a much lower pumping energy use
when compared to an average of 25 m in Sicily (Morici et al., 2023).
Therefore, since much higher energy is required to irrigated a unit area
of land in Corleone, its FP energy efficiency is low.

The FP energy efficiency can significantly benefit from the close-
distance reuse of treated wastewater. DSS does help to reduce the

Water treatment economic efficiency
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Fig. 7. The various efficiencies for the water treatment and the food production processes. (a), (b), and (c) show that Corleone performs better than Helsingborg in
terms of the water treatment efficiencies. (d), (e), and (f) show that Helsingborg is the preferred choice with regards to the food production efficiencies.
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energy use of transporting irrigation water and thereby favour local
water reuse (Capodaglio, 2017). Therefore, to maximise the benefit of
treated wastewater reuse for irrigation, reducing the distance between
the WWTP and the agricultural fields is crucial and decentralization may
help with this. The WT and FP efficiency results are shown in Fig. 7.

The circularities are calculated by subtracting the linear flow frac-
tions in each case study from 1 and the linear flows depend on the sum of
virgin resources (V) and unrecovered waste (W) as shown in Table 1.
Helsingborg’s use of chemical-intensive treatment technologies leads to
a very low mixed resource circularity (1 %) compared to Corleone’s (40
%). Corleone also performs better (84 %) in comparison to Helsingborg
(65 %) in terms of biotic resource circularity. This is because in Hel-
singborg, the BW and excess sludge are digested to produce energy from
biogas, and therefore the unrecovered waste (W) value is high. On the
contrary, in the case of Corleone, the excess sludge is composted and
thus, the material resources are retained, leading to a low ‘W’ value. The
low biotic circularity of Helsingborg need not be a negative thing as
biogas is a renewable energy source and the use of sludge products for
soil application may not be suited in all cases. Therefore, in such cases,
maximising the circularity is not so important given that biogas pro-
duction is quite valuable from the sustainability perspective.

The water circularities of both cases are the same (98 %) because the
assumption is that only 5 % of the wastewater volume is lost during
conveyance and treatment. Helsingborg, however, shows a much better
performance for nutrient circularity (95 %) compared to Corleone (58
%). This is consistent with the fact that at Helsingborg, nutrients are
recovered using struvite precipitation and ammonia stripping. In the

Mixed resource circularity (WT)

Helsingborg (DSS)
Hmm Corleone Hm Corleone

(a) (b)

Nutrient circularity (WT)

Helsingborg (DSS)
Il Corleone I Corleone

(d) (e)

Biotic resource circularity (WT)

Helsingborg (DSS)

Freshwater circularity (FP)

Helsingborg (DSS)
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Corleone case study, nutrients are not recovered separately. Yet the
nutrient circularity of Corleone is not negligible. Some of the nutrients
present in the excess sludge become part of the compost and the nutri-
ents present in the treated wastewater get used in agriculture through
irrigation.

For food production, the water circularities of both cases are low
because only a small percentage of the irrigation water requirement to
produce wheat for a population of 12000 is met by treated wastewater.
Both cases largely depend on groundwater leading to high ‘V’ values in
the equation for water circularity shown in Table 1. The FP water and
nutrient circularities can be improved by using the recovered treated
wastewater and nutrients. However, treated wastewater irrigation is not
practised at either location, but it is a part of the future plan.

The FP nutrient circularity of Helsingborg is slightly better (35 %)
compared to Corleone (30 %). This is mainly because the quantity of
nutrients recovered from the WWTP is much higher for Helsingborg than
for Corleone and thus more of the agricultural fertilizer need can be met
with the recovered nutrients (i.e., with a lower V). The circularity
assessment results of the two case studies are shown in Fig. 8.

When it comes to the three nature reciprocity indicators, Helsingborg
is found to be the better option. No freshwater restoration is achieved by
Helsingborg because some of the treated wastewater is used for irriga-
tion and the rest is discharged into the ocean. This is not necessarily a
negative point as long as the effluent quality does not disturb the ocean
ecosystem. Contrary to this, the Corleone WWTP discharges its treated
wastewater into the Eleuterio River. However, the FR value is —8.1 x
107 m®/y implying that the treated wastewater requires a large quantity

Water circularity (WT)

Helsingborg (DSS)
mmm Corleone

(c)

Nutrient circularity (FP)

Helsingborg (DSS)
M Corleone

(f)

Fig. 8. Two case studies circularities for: (a) Mixed resources, (b) biotic resources, (c) water, (d) nutrients for the water treatment process; (e) freshwater, and (f)
nutrients for the food production process. As it can be seen from these figures, Corleone performs better in terms of the mixed and the biotic resource categories, and
Helsingborg in the nutrient category for the water treatment process. Also, Corleone performs slightly better for freshwater circularity but Helsingborg has a higher

nutrient circularity in food production.
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of water for its dilution. The phosphorus concentration in the effluent
combined with the low stream flow contribute towards a WPL value
greater than 1 implying that the stream flow is insufficient for dilution.
And since the FR is calculated as a product of Qgjs and 1-WPL (see
Table 1), a negative value is obtained. Although dilution of the treated
wastewater discharge does not consume the river water, the river water
quality can suffer through the non-consumptive use of it. The stream-
flow of Eleuterio is simply insufficient to provide this dilution capacity
therefore, reuse of the treated wastewater is strongly recommended
instead of the discharge to avoid further degradation in the river water
quality. Arid regions like Corleone are expected to have even lower
stream flows in the future due to climate change. Therefore, reuse of the
treated wastewater for irrigation or other purposes is needed.

The biomass assimilation of the nutrients, calculated as the product
of NUE, NRE, and M;j,¢ (shown Table 1), is higher (2.9 x 10* kg/y) for
Helsingborg than Corleone (1.1 x 10* kg/y) as expected because the
nutrients are recovered as ammonium sulphate and struvite to be used in
agriculture. In Corleone, the nutrients are not recovered by a dedicated
recovery process but, are used in agriculture by applying treated
wastewater and the sludge compost. Consequently, the nutrient recov-
ery efficiency (NRE) of Corleone (43 % for N and 38 % for P) is lower
than that of Helsingborg (78 % for N and 98 % for P). Incorporating
nutrient recovery is recommended for Corleone to improve the NRE.

The soil organic matter sequestration is calculated by subtracting the
volatile solids (VS) component from the mass of organic matter applied
to soil as shown in Table 1. The SS value of Helsingborg (20.8 x 10* kg/
y) is higher than that of Corleone (9.0 x 10* kg/y) mainly because the
VS component of the sludge after anaerobic digestion (35 % in Hel-
singborg’s case) is lower than that of the compost product (60 % in
Corleone’s case). The lower VS content leads to more of the organic
matter present in the sludge being sequestered into the soil upon
application.

Helsingborg achieves an energy self-sufficiency of over 200 %
implying that more than twice the energy (electricity + heat) spent on
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the treatment is recovered according to the equation in Table 1. This was
despite the higher energy consumption (Ej;) of the DSS WWTP when
compared to the conventional one. Including thermal energy recovery
using heat pumps contributes to the high self-sufficiency of Helsingborg.
A high thermal energy recovery is favoured by the GW separation as this
stream contains most of the heat energy (Larsen, 2015). The thermal
energy that can be recovered from DSS WWTPs is estimated to be be-
tween 477 kWh/capita/year and 840 kWh/capita/year (Kjerstadius
et al., 2016). Thus there is a large variability in this. In any case, the
recovery of thermal energy with SS treatment is very promising for
energy-positive WWTPs. In contrast, energy is not recovered in Corleone
and thus it relies entirely on an external energy supply. The nature
reciprocity and the energy self-sufficiency results are shown in Fig. 9.

6. Discussion
6.1. DSS vs conventional centralized treatment

Using the WFE framework revealed the different pros and cons of the
two approaches. Firstly, the material efficiency of WT is strongly
dependent on the type of treatment technology used irrespective of the
decentralization scale. This means that the use of chemical-intensive
treatment will negatively affect the material efficiency of the treat-
ment, and these should be avoided to keep the DSS WWTP’s material
efficiency high.

Secondly, most of the DSS treatment advantages result from the
source separation of BW and GW. These include a higher efficiency of
biogas recovery from the BW and excess sludge digestion, a higher
thermal energy recovery, and higher nutrient recovery. The main
advantage of decentralization is the reduction in energy use for the
transport of irrigation water. However, this advantage may not be sig-
nificant in regions with shallow groundwater depths, as in Helsingborg,
since the advantages of treated wastewater reuse depend upon the
availability of other water resources (Pannirselvam et al., 2019). This
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Fig. 9. The nature reciprocity and the energy self-sufficiency compared for the Helsingborg and Corleone case studies. (a) Freshwater restoration, (b) Biomass
assimilation of nutrients, (c) SOM sequestration, (d) Energy self-sufficiency. Helsingborg performs better on the four criteria.
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confirms the view of Rahman et al. (2024) that arid and semi-arid re-
gions stand to gain the most from decentralized wastewater reuse
because of seasonal stream flows and low water table depths. Conse-
quently, for the future infrastructure, the local climate should be care-
fully considered and SS should be implemented before decentralization
because of more benefits. However, decentralized treated wastewater
reuse may be given equal importance in arid and semi-arid regions.

Thirdly, maximising circularity may not always be desirable, subject
to the context. Some biotic material may be lost if the excess sludge is
digested for energy recovery, causing a lower circularity. This is the case
in Helsingborg which has a biotic resource circularity of 65 % compared
to the 84 % in Corleone. Although composting the excess sludge may
lead to a higher circularity than biogas production, it can also lead to
higher environmental impacts as shown in Morsink-Georgali et al.
(2022). Moreover, the recovery of renewable biogas energy is desirable
despite reducing the WWTP’s circularity. The decision-makers need to
consider whether they want to maximise the circularity or recover
renewable energy.

Further, the conventional centralized approach performs better on
the economic criteria for wastewater treatment as also show in the study
of Fort Collins conducted by Cole et al. (2018) and that of Garrido-Ba-
serba et al. (2018). This is attributable to the high initial capital cost for
decentralization and source separation. However, as demonstrated in
this study, DSS can lead to higher freshwater and energy efficiencies for
food production, which could lead to cost savings. Therefore, further
studies need to be done to quantify the potential cost savings and extra
income for the overall nexus.

6.2. Novelty of the WFE framework

The proposed WFE framework has several elements of novelty.
Firstly, this is the first WFE framework that incorporates nature reci-
procity indicators. The WFE framework of Li & Ma (2020) takes a
life-cycle assessment approach to evaluating the environmental dam-
ages of the three sectors focussing thereby only on the negative impacts
of the three sectors. A more holistic view is provided by the inclusion of
nature reciprocity in the novel framework enabling the user to evaluate
the balance between the positive and negative environmental impacts of
the nexus.

Secondly, this framework includes the most commonly recovered
resources from wastewater and its application is not limited to any single
resource in contrast to the WFE studies presented by Fetanat et al.
(2021), centred on energy recovery and Yao et al. (2018), focused on
nutrient recovery and reuse. The inclusion of nutrients, energy, and
treated wastewater ensures that the decision makers can assess many
more resource recovery options and plan them in an integrated and
comprehensive manner.

Thirdly, this framework is meant specifically for planning the
resource recovery solutions related to WWTPs and comparing the DSS
and conventional approaches to wastewater treatment. To the best of the
author’s knowledge, this is the first framework to serve this purpose. The
adoption DSS and the holistic WFE nexus-based planning have tradi-
tionally been separate discussions. This framework bridges the gap be-
tween the two consequential topics.

6.3. Advantages of the WFE framework

The proposed WFE framework allows us to use the functional units
and indicators of direct relevance to each sector thereby facilitating the
communication of their benefits. It was shown how the framework
makes it possible to evaluate the effect of resource recovery directly on
the water treatment efficiency. The efficiency assessment of the WT
sector helps to compare the case studies on their performance solely
from treating wastewater to the relevant effluent standards. Addition-
ally, the framework can explicitly quantify the benefits to the FP sector.
These benefits were shown here in terms of higher nutrients, freshwater
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circularity, and efficiency in the production of the wheat crop, as well as
in the form of a higher energy efficiency of food production as a result of
the DSS treatment. These indicators are directly relevant to the FP
sector. A lack of clear communication within the nexus results in a lack
of integrated planning and management of the resources and an inclu-
sive tool is required to bridge the communication gap (Mohtar and
Daher, 2016). The clear communication of the benefits of resource re-
covery to the water treatment and food production sectors is the first
advantage of this WFE framework that will likely lead to a more holistic
and integrated resource management.

This framework accounts for the relevant local climate and
geographical factors. The FP efficiency assessment is done for the
freshwater, the nutrients and the energy flows. The agricultural condi-
tions of different regions demand varying quantities of water based
primarily on the evapotranspiration (ET) needs. Treated wastewater
may be used to grow a wide variety of crops. Standardizing the crop to
the common wheat offers a proxy way of judging the efficiency of the FP
sector irrespective of the crop type. It aids in the comparison of different
real-life case studies while still retaining the local climate factors in the
form of evapotranspiration value. Therefore, a second advantage of the
framework is that it can help account for the agricultural water re-
quirements subject to the local climate.

The use of reciprocity indicators as part of the framework helps to
ensure that the sectors take responsibility for making a positive impact
on the natural environment. The FR indicator can also help to evaluate if
discharging the treated wastewater is causing too much pressure on the
natural streams as shown in the Corleone case study. A negative FR
value informs the decision-maker of the natural stream’s insufficient
dilution capacity. A lack of acceptance of treated wastewater reuse for
irrigation from a certain percentage of the population has been discussed
by Verhoest et al. (2022) and Saliba et al. (2018). Verhoest et al. (2022)
pointed to the crucial need to make people aware of how their decision
to consume treated wastewater-irrigated crops can protect the natural
environment. Showing that discharge of the treated wastewater could be
having a net negative effect on the natural streams can contribute to this.
It can potentially lead to higher acceptance, which is the third advantage
of the framework.

6.4. Limitations and future outlook

The WFE framework does not account for the revenues generated by
a WWTP in return for providing the recovered resources due to the lack
of data. This needs to be considered for a more accurate economic ef-
ficiency assessment. Furthermore, this framework does not capture the
benefit assessment of discharging treated wastewater into the ocean or a
lake since only the FR benefits to a stream can be assessed. In the future,
methods to assess the other benefits should be developed.

In addition to the above, the circularity assessment in the WFE
framework is focused on mixed materials, biotic resources, nutrients,
and water. While these resources are mostly targeted for recovery, a few
other resources, such as metals, are also sometimes recovered. Methods
to assess the circularities of other resources should also be developed for
a more comprehensive assessment framework.

Another limitation of this study is that the authors have not
accounted for the quality of the recovered products. The chemical- and
energy-intensive treatment processes of Helsingborg that were
damaging from the energy efficiency and circularity perspectives are
important because they also lead to a higher quality of the recovered
products. For example, the recovered nutrients contain lower heavy
metal and PFAS concentrations. Also, the higher quality of water being
used for irrigation is not captured by this framework. For future work,
indicators need to be developed that can capture the effect of improved
quality of the recovered resources.

Additionally, the economic efficiency assessment in this paper
included a comparison between the capex of upgrading an existing
centralized WWTP with that of the green-field costs of a DSS treatment
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plant. This naturally favours the existing infrastructure. The DSS treat-
ment plants can be seen as a replacement for the conventional central-
ized ones at the end of their service period. Then, the choice would be
between constructing a new conventional and a DSS WWTP. Therefore,
a life cycle cost comparison is recommended for future work.

Lastly, the WFE framework lacks an assessment of social factors such
as public acceptance because the authors do not have expertise in this
area. It is recommended that the social dimension be included in the
framework for future work.

7. Conclusions

The paper covers a literature gap in using a novel WFE framework to
compare a conventional centralized and a decentralized source separa-
tion approaches to wastewater treatment and resource recovery. The
framework with its reproducible assessment methods achieves the
following.

The framework covers multiple dimensions, such as economic per-
formance, nature reciprocity, efficiency of water treatment and food
production, energy self-sufficiency of the water treatment process,
and circularity.

It takes into account the local climate and the agricultural conditions
by including factors such as the agricultural land use per capita and
the evapotranspiration needs of crops.

It contains indicators specific to the water treatment and food pro-
duction sectors that make the benefits of resource recovery easier to
communicate.

It can potentially help to increase the acceptability of treated
wastewater reuse for irrigation by explicitly showing the positive/
negative effect of treated wastewater discharge into a stream.

All this makes the proposed WFE assessment framework more inte-
grated and holistic in nature when compared to the existing assessment
frameworks.

The new framework was applied to two case studies, one consisting
of a decentralized source separation treatment (Helsingborg) and the
other one being a conventional centralized treatment (Corleone). The
related assessments of two different approaches resulted in the following
observations.

e The Helsingborg approach to heat and electricity recovery leads to
an energy-positive water treatment. However, the construction of the
new infrastructure leads to a low economic efficiency. Additionally,
the chemical- and energy-intensive processes reduce its material and
energy efficiencies but also lead to better quality recovered resources
and new methods to quantify the resource quality need to be
developed. The food production becomes substantially more efficient
and circular by the Helsingborg approach.

e In Corleone, the centralized infrastructure is already present and
therefore this remains the more economically efficient approach at-
least for the duration of the infrastructure life. Due to a low water
table in Corleone, replacing groundwater with treated wastewater
for irrigation is strongly recommended. This would also reduce the
pressure on the local river where the effluent is discharged.

Lastly, the future of the WWTP infrastructure must be planned based

on the local conditions. Source separation may be the first step in the

infrastructure upgrade for most places except for arid and semi-arid
regions where decentralized treated wastewater reuse is crucial.
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