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A new approach to circularity assessment for a sustainable water sector: 
Accounting for environmental functional flows and losses 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Circular flows are redefined to include 
the biogeochemical resources. 

• Returning biogeochemical resources to 
their natural cycle constitutes 
circularity. 

• New assessment method shows higher 
circularity than the original MCI. 

• Treated wastewater fertigation im
proves water and nitrogen circularity.  

A R T I C L E  I N F O   
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A B S T R A C T   

Resource recovery solutions can reduce the water sector's resource use intensity. With many such solutions being 
proposed, an assessment method for effective decision-making is needed. The water sector predominantly deals 
with biogeochemical resources (e.g., nitrogen) that are different from technical resources (e.g., industrial co
agulants) in three ways: (1) they move through the environment in natural cycles; (2) they fulfil different human 
and environmental functions; and (3) they are subject to substantial environmental losses. Whilst several 
circularity assessment methods exist for technical resources, biogeochemical resources have received less 
attention. To address this, a well-established material circularity indicator (MCI) method is modified. This is 
done by redefining the terms: restoration, regeneration, and linear flows to create a new circularity assessment 
approach. The new approach is demonstrated in a real-life case study involving treated wastewater (TW) fer
tigation. The new approach reveals that using the original MCI method underestimates the circularity of resource 
recovery solutions involving biogeochemical resources. This is because, in the original MCI method, only the 
flows that are reused/recycled for human functions can be considered circular, whereas, in the new approach, 
one also considers flows such as N2 emission and groundwater infiltration as circular flows. Even though these 
may not be reuse/recycle type flows, they still contribute towards future resource availability and, thus, towards 
sustainability. The modified assessment method shows that TW fertigation can significantly improve nitrogen 
and water circularity. However, careful planning of the fertigation schedule is essential since increasing ferti
gation frequency leads to lower water but higher nitrogen circularity. Additionally, collecting drainage water for 
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reuse can improve nitrogen circularity. In conclusion, using the modified MCI approach, circularity can be 
assessed in a manner that is better aligned with sustainability.   

1. Introduction 

Growing resource use intensity and waste production are causing 
scarcity of resources and environmental pollution. Therefore, reducing 
the reliance on virgin resources and avoiding their dissipation are 
fundamental for sustainability, and this is well understood in the water 
sector. Consequently, concepts of carbon neutrality (Mo and Zhang, 
2012), wastewater reuse (Lyu et al., 2016), and nutrient recovery (Mo 
and Zhang, 2013) have been explored in recent years. The strategies to 
recover resources from the urban water cycle can be broadly classified as 
resource recovery solutions. As a part of the circular economy, they are 
meant to decouple economic development from resource extraction by 
recirculating resources (Corona et al., 2019). 

Different resource recovery strategies can contribute to resource 
conservation to varying degrees. Therefore assessment methods are 
needed to select the most effective CE transition strategy (de Oliveira 
et al., 2021) and to measure progress towards the circular economy 
(Saidani et al., 2019). However, circularity assessment in the water 
sector can get complex because of a mix of technical (e.g., industrial 
coagulants) and biogeochemical (e.g., nitrogen) resources. The technical 
resources are generally abiotic, non-renewable, and synthetic and have 
the potential to remain circulating in the production system (i.e., in
dustrial manufacturing, recovery, and reuse) (Braungart et al., 2007; 
Ellen MacArthur, 2015; Mestre and Cooper, 2017), without being 
disposed in landfills or used as fuel for energy generation (Navare et al., 
2021). Biogeochemical resources move in a continuous cycle, passing 
alternatively between a non-living form and as part of living matter 
(Bertrand et al., 2015). While most assessment methods are designed for 
the technical cycle resources, not much research has gone into the 
circularity assessment of biogeochemical resources. 

The circularity assessment of biogeochemical resources is not 
straightforward because of three factors. Firstly, these resources (e.g., 
water) naturally recirculate (e.g., in the hydrological cycle); hence they 
can become scarce because a particular resource form may not be easily 
used (e.g., water vapour) or accumulate in an environmentally perni
cious form (Rijsberman, 2006) (e.g., untreated wastewater). Secondly, 
while flowing through the cycles, different forms of biogeochemical 
resources serve different environmental functions (Gleeson et al., 2020; 
Zipper et al., 2020) (e.g., while the water flowing in an over-land stream 
sustains aquatic ecosystems, evaporating water helps to cool down the 
environment). Therefore, simply maximising a particular resource form 
for human benefits can disrupt critical ecosystem functions. Finally, the 
availability of biogeochemical resources can be significantly affected by 
the environmental loss mechanisms (Vicente-Serrano et al., 2014) (e.g., 
evaporation loss of irrigation water). These losses have to be determined 
according to local conditions; otherwise, the circularity assessment re
mains superficial. Further complications arise because some of these 
losses on a smaller spatial and temporal scale may be beneficial on a 
larger scale (Grafton et al., 2018). Thus, certain biogeochemical flows 
categorized as losses can also be considered circular because they enable 
future resource availability. Guidance is lacking on how to determine if a 
certain resource flow can be categorized as linear or circular. 

Given above, what constitutes circular flows is different for biogeo
chemical resources than for technical ones, and a different approach to 
assessing circularity is needed. Current methods designed for technical 
resources may underestimate or overestimate the circularity of resource 
recovery solutions if applied to biogeochemical resources. For the cir
cular economy to support sustainability, the definition of the circularity 
of all resources should be aligned with sustainability. 

This study aims to develop a new and improved approach to the 
circularity assessment of biogeochemical resources commonly found in 

the water sector in two steps. Firstly, current assessment methods do not 
account for environmental functional flows. In this paper, a method is 
introduced for segregating biogeochemical flows as linear or circular 
that ensures that the resource flows serving environmental functions are 
counted towards improved circularity. Also, very few studies base their 
circularity assessment on resource flow models accounting for the local 
conditions. Here, a more realistic circularity assessment of biogeo
chemical resources is achieved by basing the assessment on a resource 
flow model that accounts for the local climate and resource application 
schedule. 

Section 2.1 starts with the definitions of circularity and sustainabil
ity, and it highlights that circularity should be assessed in a way that can 
support sustainability. Next, some circularity assessment methods are 
discussed in Section 2.2 to indicate that they are mainly suited for the 
technical cycle resources. Thereafter in Section 2.3, three factors related 
to the biogeochemical resources are presented that make defining and 
assessing their circularity more complicated than doing so for the 
technical resources. In Section 2.4, the existing material circularity in
dicator (MCI) method is described, the restorative, regenerative, and 
linear flows, as originally introduced by the Ellen MacArthur Founda
tion (2019) as part of their MCI method, are presented, and also the lack 
of consensus on how to define these terms is discussed. Next, new def
initions for the three terms (linear, restorative, and regenerative flows) 
and the new assessment approach based on the modification of the MCI 
method are presented. The new circularity assessment approach is 
demonstrated in a real-life case study involving treated wastewater 
fertigation in Section 2.5. Also, DSSAT and CLIMWAT, tools for 
modelling resource flows, are briefly discussed in this section. Section 3 
presents the circularity assessment results. This is followed by a dis
cussion of the case study results in Section 4, where factors that improve 
water and nitrogen circularity in fertigation are analysed. Subsequently, 
the differences between the new assessment approach and the original 
MCI are presented. Finally, the conclusions about the new circularity 
assessment method and the fertigation case study follow in Section 5. 

2. Material and methods 

2.1. Circularity and sustainability 

The concepts of sustainability and circularity are introduced here, 
not to discuss the details of their various definitions. The purpose is to 
support the opinion of the authors that circularity should be defined and 
assessed in a way that supports sustainability. This is to avoid ignoring 
the wider environmental implications of the resource recovery solutions 
and thereby propagating circularity for circularity's sake (Harris et al., 
2021). 

Several definitions of sustainability exist, but the most popular one is 
based on Brundtland (1987): Economic development that meets current 
needs without compromising the needs of future generations. 
Conserving natural resources for future generations is thus essential for 
sustainability, and this is where the circular economy fits in. 

The circular economy is a concept of recirculating resources within 
the economic system to maximise the value recovered from them. This 
concept has been developed as an alternative to the linear economy, 
where resources are extracted, used, and discarded as waste (Corona 
et al., 2019). The goal of resource recovery solutions is to decouple 
economic development from virgin resource extraction and thereby 
promote sustainability (Bhambhani et al., 2022). Although circularity is 
meant to promote sustainability (Corona et al., 2019; Terra dos Santos 
et al., 2022), it may not always do so (Mancini and Raggi, 2021; Terra 
et al., 2022). Thus, it is crucial to define and assess circularity in a way 
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that supports sustainability (Harris et al., 2021). 

2.2. Circularity assessment 

Since a method is needed to assess the water sector's circularity 
transition, some of the current methods were analysed. Since most 
methods are focussed on the technical cycle (Navare et al., 2021; Rocchi 
et al., 2021), these are discussed first. Collection rates (Haupt and 
Hellweg, 2019), the percentage of a resource collected after use for 
recycling, may be used to measure circularity. The recycling rate (Haupt 
and Hellweg, 2019) is another similar indicator representing the fraction 
of resources that becomes part of a secondary product. Thus, higher 
collection and recycling rates may imply higher circularity. In the case of 
using treated wastewater for irrigation, even though avoiding fresh
water will lead to improved circularity, only a tiny percentage of the 
irrigation water becomes part of the crop (secondary product). A large 
portion is evaporated, transpired, or seeps underground, leading to a 
low recycling rate yet contributing to groundwater recharge and thus 
water sustainability (Kazem Attar et al., 2020). The circular economy 
index method (Di Maio and Rem, 2015) assesses circularity as the ratio 
between the market economic value produced by a recycler to the ma
terial economic value entering a recycling facility. This is fine from an 
economic point of view, but a method solely based on economic value 
maximisation might lead to biogeochemical resources being diverted 
towards activities that generate the highest economic returns even at the 
cost of maintaining environmental functions (e.g., improving irrigation 
efficiency at the cost of groundwater recharge). The circularity indicator 
developed by Franklin-Johnson et al. (2016) measures the time duration 
of resource use, focussing on ‘materials moving perpetually within in
dustrial systems’ (Franklin-Johnson et al., 2016). This indicator maxi
mises resource access for human functions which can lead to undesirable 
consequences. This is demonstrated by the fact that maximising treated 
wastewater reuse at the cost of reduced discharge into a stream is known 
to cause a reduction of stream flow quantity and degradation of the 
stream water quality (Wolfand et al., 2022). 

Next, the methods directly relevant to the water sector are discussed. 
While several water balance studies exist, including Kenway et al. 
(2011), Venkatesh et al. (2017), and Currie et al. (2017), circularity 
assessment of water and the resources present in water has received very 
little attention (Arora et al., 2022; Renfrew et al., 2022). Preisner et al. 
(2022) compiled a set of indicators for the circularity assessment of the 
water sector. They proposed a method using the average of the recovery 
rates of nutrients, and organic matter, the reuse rate of treated waste
water, and the energy sufficiency of a WWTP. This indicator is relatively 
simple to calculate and can help summarize the WWTP performance in 
recovering important resources. But, the application scope of this indi
cator is limited to a WWTP and does not include the resource application 
process (e.g., irrigation). Kakwani and Kalbar (2022) have developed 
the water circularity indicator (WCI) based on the MCI method devel
oped by the Ellen MacArthur Foundation (2019). A city-wide urban 
water circularity framework has been developed by Arora et al. (2022). 
Both approaches help to assess the urban water systems but exclude 
hydrological flows such as evaporation, transpiration, runoff, and 
infiltration losses. Nearly 70 % of the total water used by humans is for 
agricultural irrigation (Cassardo and Jones, 2011), and flows such as 
evapotranspiration, runoff, and infiltration constitute a large part of the 
agricultural water flows (Kazem Attar et al., 2020). Therefore, a dis
cussion needs to be started about modelling these environmental losses 
and assessing their effect on circularity. 

Based on the discussion above, three observations about the current 
assessment methods are presented. Firstly, with these methods, one as
sumes that retaining resources for human use alone (through high 
collection rates, high recycling rates, and lengthening the use duration) 
constitutes circularity, i.e., resource availability for human functions is 
maximized while every other flow is considered as a ‘waste’. This may be 
appropriate for technical resources for which defining ‘waste’ flows such 

as landfills is straightforward. However, for the biogeochemical re
sources, ‘waste’ flows may also be beneficial as long as they contribute 
towards the sustainability of a resource. For example, irrigation water 
leakage can contribute to a large portion of groundwater recharge in 
some regions (Bouimouass et al., 2020; Qi et al., 2023). Secondly, using 
the existing methods that maximise the human functions of resources 
can backfire and lead to resource scarcity. To illustrate, maximising 
agricultural water efficiency by reducing groundwater infiltration is 
known to contribute to groundwater scarcity and reduce environmental 
flows necessary for sustaining aquatic ecosystems (Batchelor et al., 
2014; Simons et al., 2020). Thirdly, when using the existing assessment 
methods, one cannot account for the environmental losses of biogeo
chemical resources, a factor that substantially affects circularity. For 
example, nitrogen recovered from wastewater can be applied to agri
cultural soil as a recycled fertilizer. However, the recycled nitrogen that 
leaches into groundwater cannot be considered circular because this will 
contaminate the groundwater. And the amount of nitrogen leaching 
strongly depends on factors such as climate, precipitation (Jabloun 
et al., 2015), and application rate (Bowles et al., 2018; Shepherd, 1996). 
Therefore, modelling these factors is crucial for an accurate assessment. 

Therefore, the discussed methods do not take into account the 
complexities of assessing the circularity of biogeochemical resources. 

2.3. Biogeochemical and technical resources 

Resources can be categorized as technical and biological (Ellen 
MacArthur, 2015; Moreno et al., 2016). The technical resources are 
generally abiotic, non-renewable, and synthetic and have the potential 
to remain circulating in the technical cycle (i.e., industrial 
manufacturing, recovery, and reuse) (Braungart et al., 2007; Ellen 
MacArthur, 2015; Mestre and Cooper, 2017), without being disposed in 
landfills or used as fuel for energy generation (Navare et al., 2021). For 
example, metals need to be reused as many times as possible to avoid 
their disposal in nature (Velenturf et al., 2019). In contrast, biological 
resources can safely cycle between the technical cycle and the natural 
environment (Braungart et al., 2007; Moreno et al., 2016). 

‘Biogeochemical’ is a better term to describe those resources that can 
cycle between the technosphere and the natural environment since these 
resources need not always be of biological origin. Biogeochemical re
sources are those resources that move in a continuous cycle, passing 
alternatively between a non-living form and as part of living matter 
(Bertrand et al., 2015). This study is concerned with the short–term 
biogeochemical cycles with a time scale of a few years, such as the short- 
term carbon or nitrogen cycle. For the same reason, phosphorus is not 
included because it is mainly mined from non-renewable phosphate 
rocks (Liu et al., 2023; Scholz et al., 2013). 

There are three main differences between the two resource cate
gories that are relevant to circularity. Firstly, differentiating between the 
linear and circular flows for biogeochemical resources is more complex. 
Landfilling or energy recovery are linear flows for technical resources 
because they render these resources permanently unavailable for future 
use. In contrast, biogeochemical resources naturally flow in short-term 
cycles (i.e., several years), making it more complicated to differentiate 
between their linear and circular flows. For example, releasing inert N2 
into the atmosphere can be considered a waste flow (van der Hoek et al., 
2018), but simultaneously, closing the nitrogen cycle (by releasing N2 
back into the atmosphere) is considered a pathway for indirect reuse of 
nitrogen (Spiller et al., 2022) and a way to remove excess reactive ni
trogen from the environment (Galloway et al., 2021). So, are dinitrogen 
emissions from the WWTP linear or circular flows? 

Secondly, unlike technical cycle resources, biogeochemical resources 
serve both human and environmental functions. For instance, treated 
wastewater (TW) discharge is beneficial for sustaining stream flows and 
the ecosystems linked to it (Rice and Westerho, 2017) (environmental 
function), but the TW may be diverted for irrigation (human function), 
leading to a stream flow reduction and potential ecosystem losses (Rice 
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and Westerho, 2017). So does complete water circularity mean max
imising water use for human benefits at the cost of the ecosystems? 

Thirdly, environmental loss mechanisms can be a significant cause of 
biogeochemical resource scarcity, despite recycling. For example, 
recovered nitrogen used in agriculture may be dissipated in reactive 
forms causing substantial economic and environmental damage (Müller 
and Clough, 2014). Similarly, rising evaporative water loss can be a 
cause of water scarcity (Vicente-Serrano et al., 2014). Such environ
mental losses depend on the local climate, soil characteristics, rainfall, 
etc. Furthermore, some losses may even contribute to circularity. For 
instance, groundwater infiltration is considered to be irrigation loss at 
the farm scale, but this ‘loss’ may simultaneously recharge groundwater 
(Grafton et al., 2018; Kazem Attar et al., 2020). So, should infiltration 
loss of water be considered a linear flow even though it may prevent 
future water scarcity? 

To assess the circularity of biogeochemical resources in a way that 
supports sustainability, the complexities of the biogeochemical cycles 
have to be considered. Fig. 1 shows a typical technical resource cycle 
and the nitrogen cycle as an example of a biogeochemical resource to 
illustrate how much more complicated the flows of the latter can be. 

2.4. The material circularity indicator 

Out of the circularity assessment methods discussed in Section 2.2, 
the MCI is the most promising for the water sector because of two rea
sons. Firstly, the MCI covers the input as well as the output circularity of 
a process. Therefore, one can assess the percentage of the resource 
feedstock as well as products that can be considered circular. Secondly, 
the MCI relies on readily-available mass or volume data. Thus, as also 
considered by Kakwani and Kalbar (2022), the material circularity in
dicator (MCI) provides a good starting point for developing a novel 
circularity assessment method for the water sector. Still, it is only a 
starting point as the MCI method, too has limitations to be addressed. 

The MCI method is based on differentiating restorative and regen
erative flows from linear flows. Restorative flows are defined as those 
that are reused/recycled, and linear flows are the ones that originate 
from virgin sources, ending up in landfills or energy recovery processes 
(Ellen MacArthur Foundation, 2019). Regeneration refers to the 
returning of biotic resources to the natural environment such that the 
resources remain biologically accessible and the production capacity of 
the natural source is maintained (Ellen MacArthur Foundation, 2019). 
However, these definitions do not help distinguish between linear and 
restorative/regenerative biogeochemical flows. For example, recovered 
nitrogen applied to the soil may leach into groundwater which is a linear 

flow even though it is not landfilled nor used for energy recovery. Thus, 
direct application of the MCI method to the water sector resource re
covery solutions is problematic because this restricted way of defining 
linear and restorative/regenerative flows does not apply to most 
biogeochemical resources. 

2.4.1. Original MCI method 
Below, the first two steps of the MCI method are shown to calculate 

the virgin resource input and the unrecovered waste of a process, and 
then these steps are used as a framework for calculating biogeochemical 
resource circularity.  

1. Calculate virgin resource input as follows: 

V = M(1 − FR − FU − FS) (1)  

where V is the virgin resource input, M is the total resource input, FR is 
the feedstock fraction derived from recycled sources, FU is the feedstock 
fraction derived from reused sources, and FS is the fraction of biological 
resources obtained from sustained production.  

2. Calculate the unrecovered waste output as follows: 

W = M(1 − CR − CU − CC − CE) (2)  

where M is the total resource input, CR is the fraction of the resource 
flowing into a recycling process, CU is the fraction of the resource 
flowing into component reuse processes after the use phase, CC is the 
fraction composted, and CE is the fraction originating from sustained 
biological production and used for energy recovery. 

As can be seen from Eqs. (1) and (2), the MCI requires the estimation 
of linear flows by subtracting the regenerative/restorative flows from 
the total resource throughput. Resources that originate from reuse/ 
recycle sources or from sustained biological production are considered 
restorative/regenerative. On the other hand, all resource outputs that go 
into a reuse/recycle process, are composted, or are used for energy re
covery are considered restorative/regenerative. These definitions of 
regenerative/restorative flows work well for technical resources but not 
for biogeochemical flows. For example, WWTPs denitrify nitrogen ox
ides to emit nitrogen gas (N2) and nitrous oxide (N2O). Should inert N2 
emissions be considered linear only because they are not reused/recy
cled? Clear guidance is lacking that would help to classify biogeo
chemical flows as regenerative or linear. 

2.4.2. Redefining restorative, regenerative, and linear flows 
Morseletto (2020) has pointed to the lack of a clear definition for the 

Fig. 1. (a) A typical technical resource cycle for which it is relatively simple to differentiate between circular (green) and linear flows (red); (b) The nitrogen cycle 
makes it complex to segregate circular and linear nitrogen flows. 
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terms ‘restoration’ and ‘regeneration’ in CE literature and has defined 
the term ‘restoration’ as a return to a previous or original state. Mor
seletto (2020) also proposes a definition for ‘regeneration’ as aiding the 
self-renewal capacity of natural systems against overexploitation by 
humans. But, the authors also suggest omitting the concept of ‘regen
eration’ as a central CE principle due to a lack of robust guidance on how 
to apply this concept to resource recovery solutions. Since returning a 
resource to a previous state for human use and releasing the resource 
into nature are two very different kinds of flows, the term ‘regeneration’ 
is retained here as a CE principle. The terms restorative, regenerative 
and linear flows are redefined as follows: 

Restorative flow is that which recovers a resource for direct human use (e. 
g., recovery of the struvite fertilizer out of wastewater through 
precipitation). 
Regenerative flow is that which returns a resource to the state in which it 
was originally appropriated from nature for human use. This is to promote 
the self-renewal and ecosystem-sustaining capacity of biogeochemical 
cycles in response to overexploitation (e.g., releasing reactive nitrogen as 
N2 into the atmosphere to close the nitrogen cycle). 
Linear flow is that which is obtained from virgin sources and/or discarded 
in a form different from how the resource was originally obtained for 
human use (e.g., returning water obtained from a river as water vapour to 
the atmosphere). 

These definitions can now be used to differentiate between restor
ative, regenerative, and linear biogeochemical flows. For example, ni
trogen (N2) is converted into biologically active forms through the 
Haber Bosch process (Razon, 2018), and if this nitrogen is returned to 
the atmosphere as N2, then the return flow can be considered regener
ative. On the contrary, water obtained from a freshwater source in liquid 
form, used for irrigation and returned to nature as water vapour is a 
linear flow. While it is true, that any water body exposed to the atmo
sphere will have some evaporation but this is usually a natural process 
and of a much smaller magnitude compared to the evaporation from an 
irrigated field. A concern may be raised about the high energy use of 
obtaining reactive nitrogen from the atmosphere. Energy use is an 
inevitable factor to be considered for the sustainability of a process. 
However, the concept of energy use should not be mixed up with 
circularity. Often high circularity comes at the cost of high energy 
(Campbell-Johnston et al., 2019; Gregson et al., 2015). Even certain 
nitrogen recovery technologies, such as air stripping, can have an energy 
consumption in the same order as required for fixing atmospheric ni
trogen using the Haber Bosch process and converting back to N2 using 
nitrification-denitrification (van der Hoek et al., 2018). 

2.4.3. New material circularity assessment approach 
The circularities of the biogeochemical and technical resources are 

assessed using the following equations:  

1. Calculate the virgin inputs as follows: 

V = M(1 − RSIF) (3)  

where V is the virgin resource input, M is the total resource input, and 
RSIF is the restorative input fraction comprised of the input resource 
that originates from the same or another use process.  

2. Calculate the unrecovered waste output as follows: 

W = M(1 − RSOF − RGOF) (4)  

where W is the total unrecoverable waste, M is the total resource input, 
RSOF is the restorative output fraction defined as accumulated resource 
fraction (below saturation) or modified to a previous state for human 
functions, and RGOF is the regenerative output fraction defined as the 
resource fraction modified to the original state in which these were 

obtained from nature.  

3. Calculate the linear flow indicator as follows: 

LFI =
V + W

2M
(5)  

where LFI is the linear flow indicator, V is the virgin resource input (Eq. 
(3)), W is the unrecoverable waste output (Eq. (4)), and M is the total 
resource input.  

4. Calculate the material circularity indicator as follows: 

MCI = (1 − LFI)× 100 (6)  

where MCI (%) is the material circularity indicator of a resource, and LFI 
is the linear flow indicator of the resource (Eq. (5)). 

In the original MCI method, a utility factor (F(X)) is used to penalize 
for potentially lower product durability resulting from recycled in
gredients. However, the industrial analogy of product durability does 
not apply to the water sector (Kakwani and Kalbar, 2022), and hence, 
the utility factor is excluded from the MCI calculation. In the next sec
tion, the new circularity assessment method is demonstrated in a case 
study. The new MCI values are generated and compared to the values of 
the original MCI method. 

2.5. Case study 

2.5.1. System description 
A block scheme of the Corleone case study in Italy is shown in Fig. 2. 

An activated sludge wastewater treatment plant (WWTP) treats 3700 
m3/d of domestic wastewater (Mannina et al., 2022). A portion of the 
treated wastewater (TW) will pass through an ultrafiltration unit which 
is added to the existing WWTP to produce irrigation water for agricul
ture (Mannina et al., 2022). The system boundary starts at the point 
from where the irrigation water is sourced for irrigation and ends at the 
agricultural land. For assessing a resource recovery solution, the WWTP 
should also be included within the system boundary. But, in this 
demonstration, the choice of a narrower system boundary is inspired by 
two reasons. Firstly, the difference in the assessment results between the 
original MCI and the modified approach will show up in the irrigation 
process because of environmental losses such as groundwater infiltra
tion. Such losses do not form any significant part of the flows through 
the WWTP, and thus, the difference in the assessment results will not be 
substantial. Secondly, since the focus is on the demonstration of the new 
method, including only the irrigation process allows for simplicity 
without losing any generalizability. The circularity is assessed over the 
crop growing period within a year. 

2.5.2. Water and nitrogen circularity assessment 
First, the circularity of irrigating every three days using freshwater 

(FW_3) is compared to using treated wastewater (TW_3). Next, the cir
cularities of fertigation every three (TW_3) and ten days (TW_10) are 
compared since the schedule is an important factor affecting water and 
nutrient balance in agriculture (Mermoud et al., 2005). The recom
mended irrigation schedule for the tomato crop is highly location- 
dependent and can range from every three days (Shao et al., 2010) to 
every ten days (Karuku et al., 2014). Since no irrigation schedule was 
specified by the case study owners, a three-day and a ten-day schedule 
are used to cover a wide range. Furthermore, the most extensively used 
soil and water management intervention in agriculture is subsurface or 
tile drainage (TD) (Williams et al., 2015). Tile drains are pipes installed 
underground to collect percolating irrigation water and enable drainage 
water recycling (DWR) (Ghirardini and Verlicchi, 2019), which is the 
practice of collecting drained water from fields in a reservoir for use in 
times of soil water deficit (Reinhart et al., 2019). Tile drainage collection 
also helps to reduce nutrient load to water reservoirs by preventing the 
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discharge of nutrient-rich irrigation water (Reinhart et al., 2019). The 
effect of drainage water recycling (DWR) on the water and nitrogen 
circularity is analysed. 

Therefore, the circularity results from the original MCI and the 
modified approach are compared for four alternatives: (1) Irrigation 
using freshwater from the river and industrial nitrogen fertilizer appli
cation every three days (FW_3); (2) Fertigation using treated wastewater 
every three days (TW_3); (3) Fertigation using treated wastewater every 
ten days (TW_10); (4) Fertigation using treated wastewater every ten 
days with drainage water recycling (TW_10_DWR). 

2.5.3. Water and nitrogen supply 
To assess the water circularity of this resource recovery solution, the 

irrigation water quantity is required, which depends on the choice of the 
crop, the climate, and the irrigation method. For the assessment, a field 
area of 200,000 m2 (20 ha) is assumed, and the method of irrigation is 
drip irrigation with an irrigation efficiency of 85 %. An irrigation effi
ciency (IE) of 100 % means that all the irrigation water supplied is used 
either for a crop's evapotranspiration (ET) or stored in the soil for future 
use (Malik and Dechmi, 2019). Thus, an 85 % IE implies that 15 % of the 
supplied water is neither part of ET nor stored in the soil. This water is 
assumed to be evaporated during the water application. The tomato crop 
is irrigated using treated wastewater which requires 400–600 mm of 
water over its growing season of 90–150 days (FAO, 2022b), which 
translates to 80,000–120,000 m3 for a 200,000 m2 field. The growing 
period is 108 days, from 1 June 2021 to 16 September 2021. 

The climate data for the nearest (Palermo) weather station was ob
tained using the CLIMWAT tool (FAO, 2022a). CLIMWAT is a climate 
database that enables the calculation of crop water requirements, irri
gation supply, and scheduling based on climate data across the globe. 
Based on the temperature data from the Palermo weather station gath
ered using the CLIMWAT tool and the crop coefficient obtained from 
FAO (2022b), shown in Fig. 3, the ET requirement for tomatoes is esti
mated over the growing season to be in the order of 112.1 × 103 m3. 
Adding up monthly rainfall data obtained using CLIMWAT, total rainfall 
in the order of 10.6 × 103 m3 is estimated, and a net irrigation 
requirement of 101.5 × 103 m3 is obtained as the difference between ET 
requirement and rainfall. Assuming an 85 % irrigation efficiency gives 
119.4 × 103 m3 of gross irrigation water estimation, as shown in Table 1. 
The complete calculations are shown in the supplementary material. 

Since TW nitrogen can serve as a secondary source of fertilizers, the 
nitrogen circularity is also calculated. The total nitrogen concentration 
in the Corleone effluent is 20 mg N/L (or 0.02 kg N/m3 water), which 
lies within the concentration range of 5 and 30 mg N/L specified by 
Chojnacka et al. (2020). With a total fertigation water requirement of 
119.4 × 103 m3 (see Table 1), this means a total of 2.4 × 103 kg nitrogen 
is applied to the 20 ha field over the growing season. This is equivalent 
to 120 kg N/ha which falls within the 100 to 150 kg N/ha range of ni
trogen requirement for tomato crops as specified by FAO (2022a). 

Next, the three and ten-day irrigation schedules are entered into the 

Decision Support System for Agrotechnology Transfer (DSSAT) tool. 
DSSAT is a tool developed by an international network of scientists to 
integrate the knowledge of soil, crops, climate, and management for 
better decision-making in agriculture (Jones et al., 2003). DSSAT is used 
to model the fate of irrigation water and the nitrogen used for the 
fertilization of crops. The soil type is specified as deep sandy loam, and 
the field size is specified as 200,000 m2 into DSSAT. The tomato crop 
and Sunny S–D 2010 cultivar are selected. The initial soil water content 
on the day of planting (01.06.21) was 106 m3. Based on the irrigation 
schedule and the precipitation, DSSAT calculates the soil water content 
on harvest day. The difference between the soil water on harvest and 
planting days has been specified as soil water used. In the next section, 
the obtained circularity results of the original and the modified MCI 
methods are presented. 

Fig. 2. Block scheme for reuse of treated wastewater (TW) for fertigation in Corleone, Italy. The circularity for the irrigation process is assessed.  

Fig. 3. Tomato crop evapotranspiration coefficient (Kc) for the different crop 
development stages (initial, mid, and end). Values obtained and figure adapted 
from FAO (2022b). 

Table 1 
Irrigation water requirement for a 20 ha tomato field in Corleone, Italy, based on 
ET requirement and rainfall over the entire crop growing season from 01.06.21 
to 16.09.21.  

Month Days ET 
(x103 

m3) 

Rainfall 
(x103 m3) 

Net irrigation 
requirement 
(x103 m3) 

Gross irrigation 
requirement 
(x103 m3) 

June  30  18.2  1.8  16.4  19.3 
July  31  40.8  0.6  40.2  47.3 
August  31  40.1  3.7  36.4  42.8 
September  16  13  4.5  8.5  10 
Total  108  112.1  10.6  101.5  119.4  
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3. Results 

3.1. Nitrogen and water fate 

DSSAT was used for simulating irrigation water and nitrogen fate for 
the four alternatives discussed in Section 2.5.2 using the inputs provided 
in Section 2.5.3. DSSAT calculates the soil water and nitrogen balance 
components. The soil water balance is shown in Table 2. The nitrogen 
balance can be found in the supplementary material. 

The irrigation water inflow and the precipitation were specified by 
the authors, and DSSAT estimated the soil water used, which differs for 
the two irrigation schedules. The soil water used (difference between 
soil water content on the planting and the harvest day) is higher in the 
case of TW_3 (17.1 × 103 m3) than for TW_10 (13.1 × 103 m3). This may 
be due to the crop using more soil water in the three-day interval case 
due to higher evaporative losses. Further, the groundwater infiltration is 
higher for the TW_10 (18.6 × 103 m3) than for the TW_3 (6.8 × 103 m3) 
case. In the TW_10_DWR case, part of the drainage water (11.9 × 103 

m3) is collected for reuse, while in the rest of the cases, all of the 
drainage water is assumed to recharge groundwater. While the soil 
evaporation is higher for the three-day interval (89.5 × 103 m3) than the 
ten-day interval irrigation (69.5 × 103 m3), the transpiration and crop 
uptake are higher for the ten-day interval case (3.7 × 103 m3). 

The industrial/wastewater nitrogen input was specified, and DSSAT 
calculated the soil nitrogen used and mineralized nitrogen. Soil nitrogen 
used for the TW_10 and TW_10_DWR alternatives was higher (0.3 × 103 

kg N/GS) than for the TW_3 alternative (0.2 × 103 kg N/GS). This may 
be because, in the lower frequency applications, the crop relies more 
heavily on internal nitrogen cycling (Dawson et al., 2008). Nitrogen loss 
with drainage was higher for the TW_10 case (0.7 × 103 kg N/GS) than 
for the TW_3 case (0.4 × 103 kg N/GS) because more water infiltrates 
with lower frequency fertigation, also draining the nitrogen along with 
it. TW_3 had a higher crop uptake of nitrogen (3.6 × 103 kg N/GS) as 
compared to the TW_10 and TW_10_DWR alternatives (3.5 × 103 kg N/ 
GS) because high-frequency fertigation leads to higher crop uptake of 
nitrogen (Farneselli et al., 2015). 

3.2. Circularity assessment 

The original MCI method was applied to the above case study. For 
the FW_3 alternative, both the water and nitrogen circularity values are 
0. This is because freshwater was used for irrigation along with indus
trial nitrogen fertilizer, and on the output side, none of the nitrogen or 
water flows can be considered circular. The water and nitrogen 

circularities for the TW_3 alternative are 41 % and 29 %, respectively. 
This improvement (relative to FW_3) is due to the use of treated 
wastewater containing nitrogen. For the TW_10 case, water circularity 
improves further to 42 %. This slight improvement results from lower 
net soil water used in the ten-day interval than in the three-day interval 
irrigation schedule. The nitrogen circularity remains at 29 % for TW_10. 
Finally, the water circularity of 46 % and nitrogen circularity of 37 % is 
obtained in the TW_10_DWR alternative. The higher water and nitrogen 
circularity values obtained in this alternative (compared to the TW_10 
alternative) are due to the drainage water collected for reuse. 

The new MCI method was applied to the same case study. The water 
and nitrogen flows were classified as linear, restorative or regenerative 
flow. Fig. 4 shows the difference between regenerative and linear water 
flows as part of the original and the modified MCI. Precipitation, FW 
irrigation, and soil water use do not originate from reuse/recycle sources 
and, thus, are linear flows. Evaporation and transpiration are linear 
flows because the water used in liquid form is returned to the atmo
sphere as vapour. It was assumed that the water contained in the tomato 
would re-enter the WWTP through the human diet. Also, it was assumed 
that the crop residue is mulched and its water content replenishes soil 
water. Therefore, the crop uptake of water was treated as restorative. 
Irrigation water infiltration can contribute to groundwater recharge (Jia 
et al., 2020), and thus, infiltration was considered to be a regenerative 
flow. 

Regarding nitrogen flows, soil nitrogen use, industrial nitrogen fer
tilizer addition, and soil nitrogen mineralization are considered linear 
input flows since they do not originate from any reuse/recycle sources. 
But, nitrogen added with treated wastewater is a restorative flow. 
Further, losses in the form of ammonia (NH3) or nitrogen oxide (NO) are 
both linear output flows because they are not reused/recycled. How
ever, N2 loss is a form of regenerative flow because nitrogen is released 
in the form in which it was originally obtained from the atmosphere. 

To illustrate the new MCI method, the water MCI calculation steps 
for the TW_3 alternative are shown here.  

1. Calculate total water and nitrogen inflows as follows: 

Mwater = Gross irrigation water +Precipitation+Reduction in soil water

= (119.4+ 10.6+ 17.1)× 103 = 147.1× 103 m3   

MN = Fertigation N +Reduction in soil N +Mineralized N

= (2.4+ 0.2+ 1.5)× 103 = 4.1× 103 kg    

2. Calculate virgin inflows for water and nitrogen as follows: 

V = M(1 − RSIF)

Vwater =

(

147.1
(

1 −
119.4
147.1

))

× 103 = 27.7× 103 m3  

VN =

(

4.1
(

1 −
2.4
4.1

))

× 103 = 1.7× 103kg    

3. Calculate unrecovered water and nitrogen outflows as follows: 

W = M(1 − RSOF − RGOF)

Table 2 
Water inflows and outflows from DSSAT for the irrigation and rainwater spec
ified in our case study. The water quantities are expressed in m3/GS where GS 
stands for the growing season of the tomato crop running from 1 June to 16 Sept.   

FW_3 
(x103 m3/ 
GS) 

TW_3 
(x103 m3/ 
GS) 

TW_10 
(x103 m3/ 
GS) 

TW_10_DWR 
(x103 m3/ 
GS)  

Inflows 
Treated wastewater 

input  
0  119.4  119.4  119.4 

Freshwater input  119.4  0  0  0 
Precipitation  10.6  10.6  10.6  10.6 
Soil water used  17.1  17.1  13.1  13.1   

Outflows 
Irrigation loss  17.9  17.9  17.9  17.9 
Groundwater 

infiltration  
6.8  6.8  18.6  6.8 

Drainage collected  0  0  0  11.9 
Soil evaporation  89.5  89.5  69.5  69.5 
Transpiration  29.5  29.5  33.3  33.3 
Crop uptake  3.3  3.3  3.7  3.7  
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Wwater =

(

147.1
(

1 −
6.8

147.1
−

3.3
147.1

))

× 103 = 137× 103m3  

WN =

(

4.1
(

1 −
3.6
4.1

−
0

4.1

))

× 103 = 0.5× 103kg    

4. Calculate the linear flow indicators as follows: 

LFI =
V + W

2M   

LFIwater =
27.7 + 137
2 × 147.1

= 0.56  

LFIN =
1.7 + 0.5
2 × 4.1

= 0.27    

5. Calculate the material circularity indicators as follows 

MCI = (1 − LFI)× 100   

MCIwater = (1 − 0.56)× 100 = 44%  

MCIN = (1 − 0.27)× 100 = 73% 

Table 3 shows the results of the modified MCI and the original MCI. 
As can be seen, when compared to the circularity assessed using the 
original MCI method, the modified MCI method shows higher water and 
nitrogen circularity values for all four alternatives. This higher circu
larity is because of the consideration that both the water taken up by the 
crops and the water infiltrating underground contribute to the circular 
economy. Groundwater infiltration of the irrigation water may increase 
the cost for the farmers. However, it is known that improving the water 
use efficiency of irrigation often comes at the cost of groundwater 
recharge (Ebrahimi et al., 2016; Jiménez-Martínez et al., 2010; Xu et al., 
2010). So, from the perspective of resource availability alone (despite 

the increased economic costs for the farmers), groundwater recharge 
does contribute to water circularity. A higher nitrogen circularity is 
because of the consideration that the plant uptake of nitrogen is 
restorative and N2 emission is a regenerative flow. 

As seen in Table 3, water circularity improved from 3 % to 44 % 
because of switching to reused water. Nitrogen circularity improved 
from 41 % to 73 % when replacing industrial fertilizers with TW-N. A 
lower fertigation frequency improved water circularity from 44 % to 50 
% while reducing nitrogen circularity from 73 % to 71 %. The water 
circularity improvement is due to lower evaporation losses, and the 
reduced nitrogen circularity is due to a lower crop nitrogen uptake. 
Lastly, collecting drainage water for reuse along with the runoff nitrogen 
improved nitrogen circularity from 71 % to 78 % because this prevented 
the dissipation of the TW-N. However, this intervention did not affect 
the water circularity because it was assumed that the uncollected 
drainage contributes to groundwater recharge. 

The nitrogen and water circularities for the alternatives are shown in 
Fig. 5. Switching from FW and industrial nitrogen fertilizers to TW fer
tigation leads to the largest circularity improvement. Reducing fertiga
tion frequency improves water circularity but reduces nitrogen 

Fig. 4. (a) Restorative/regenerative (green) and linear (red) water flows based on the original MCI. (b) Regenerative (green) and linear (red) flows based on the 
modified MCI. In the modified approach, flows such as crop uptake and groundwater infiltration of water are counted as restorative/regenerative flows unlike in the 
original MCI approach. 

Table 3 
The circularity of the alternatives using the original and the modified MCI 
methods.  

Alternatives Original MCI results Modified MCI results 

Water 
circularity 
(%) 

Nitrogen 
circularity 
(%) 

Water 
circularity 
(%) 

Nitrogen 
circularity 
(%) 

Freshwater 
irrigation +
industrial 
fertilizer (FW_3)  

0  0  3  41 

Fertigation every 
three days 
(TW_3)  

41  29  44  73 

Fertigation every 
ten days 
(TW_10)  

42  29  50  71 

Fertigation +
drainage 
recycling 
(TW_10_DWR)  

46  37  50  78  
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circularity. However, the decrease in nitrogen circularity can be offset if 
the nitrogen in the drainage water can be collected for reuse. The 
complete results can be found in the supplementary material. 

4. Discussion 

When comparing the circularity values of the original MCI with the 
new approach, the circularity of the fertigation case study was found to 
be lower using the original MCI method (e.g., 42 % water circularity for 
TW_10 using the original MCI compared to 50 % using the modified 
MCI). The reason is that in the original method, only recycling/reuse of 
resources for human functions can be considered circular since the 
original MCI and most other methods were developed for the technical 
cycle resources. This is remedied by the modified approach to the MCI 
assessment. 

The first factor leading to a higher water circularity of the modified 
MCI is the consideration of groundwater infiltration as a regenerative 
flow. Treated wastewater fertigation is mostly practised in arid and 
semi-arid regions of the world (Elgallal et al., 2016; Farhadkhani et al., 
2018). Additionally, irrigation water is a major source of groundwater 
recharge flows, especially in arid and semi-arid regions (Jiménez-Mar
tínez et al., 2009; Qin et al., 2011), contributing to future water avail
ability. Thus, groundwater infiltration should be considered a 
contribution to circularity, even though it is an irrigation loss. Through 
the definitions provided in this paper, the groundwater infiltration flow 
falls under a regenerative type flow. 

A disadvantage of the new method is that it does not account for the 
quality of the infiltration water. Reuse of treated wastewater for ferti
gation can lead to excess biogenic compounds and pharmaceuticals 
leaching into groundwater (Chojnacka et al., 2020). The impact of water 
quality should also be accounted for when considering the holistic sus
tainability impact of fertigation, but the method only deals with the 

quantity of water since the focus is on the circularity aspect alone. 
The second factor is crop water uptake. The total crop water uptake 

comprises the water in the edible as well as the non-edible parts. Here, it 
was assumed that the water flowing into the edible part is a restorative 
flow because this water will be directly used for human consumption. 
Further, it was assumed that the rest of the water would remain in the 
soil because the non-edible parts of the crop could be cut and left on the 
soil. Both of these are simplifications as some water will evaporate, and 
more accurate models are required to quantify such losses. For now, the 
total plant uptake of water is considered to be a restorative flow. 

Similarly, the nitrogen circularity values from the modified MCI are 
higher compared to those from the original MCI (e.g., 29 % nitrogen 
circularity for TW_3 using the original MCI as compared to 73 % using 
the modified MCI). The reason for this is the crop uptake of nitrogen. The 
nitrogen uptake to the edible part of the crop is a restorative flow 
because this nitrogen is meant for direct human use. A large quantity of 
nitrogen taken up by the non-edible part of a crop mostly remains in the 
soil after harvest (Fan et al., 2014; Gao et al., 2022; Poudel et al., 2001) 
and hence may be available for the subsequent crop (Kolberg et al., 
1999; Poudel et al., 2001). Enhancing plant uptake of nitrogen is 
necessary for sustainability because the uptake can prevent nitrogen 
dissipation (Chen et al., 2019; Dimkpa et al., 2020). 

It may be a simplification to assume that all of the nitrogen uptake 
remains in the soil after harvesting. Using more accurate nitrogen fate 
models is recommended to estimate exactly how much of the plant 
uptake nitrogen remains in the soil after harvest, but, for now, the plant 
uptake of nitrogen can be considered a restorative flow. 

With the modifications to the MCI method, the circularity assessment 
was aligned better with sustainability in two ways. Firstly, by defining 
regeneration as the return of resources to the state in which the re
sources were appropriated from the natural environment, it was ensured 
that flows such as groundwater infiltration and N2 emissions count 

Fig. 5. Water and nitrogen (N) circularities for 
different fertigation schedules and drainage man
agement using the modified MCI method. Whereas, 
freshwater irrigation every three days (FW_3) has the 
lowest water and N circularities of 3 % and 41 %, 
treated water irrigation every ten days with drainage 
water recycling (TW_10_DWR) leads to the highest 
water and N circularities of 50 % and 78 %. When 
comparing treated water Irrigation every three days 
(TW_3) with every ten days irrigation (TW_10), it 
was found that the water circularity is improved 
from 44 % to 50 % with a lowered irrigation fre
quency, but the N circularity is reduced from 73 % to 
71 %.   
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towards circularity improvement even though they are fertigation los
ses. Furthermore, crop uptake of water and nitrogen was considered to 
be restorative flows which means that maximising these flows also 
translates into improved circularity. This is logical because increasing 
the crop uptake of these resources can improve agricultural productivity 
and reduce losses. 

Secondly, the circularity assessment was based on a resource flow 
model. Recycling a biogeochemical resource does not necessarily lead to 
a high circularity because of potential environmental losses such as the 
evaporation of reused water. A drastic reduction in river flows due to the 
growing consumptive use through evapotranspiration is a well-known 
phenomenon (Falkenmark and Lannerstad, 2005; Zisopoulou and Pan
agoulia, 2021). Without estimating environmental losses, which depend 
on local conditions, one risks an inaccurate assessment. It was shown 
how factors such as fertigation schedule and drainage water manage
ment could affect the circularity results. 

Although the new approach was demonstrated on the short-time- 
scale biogeochemical resources involved in treated wastewater fertiga
tion, the approach can be applied to any resource recovery solution 
related to the water sector that deals with biogeochemical resources. 
This is because no restrictions were introduced by the modification 
presented in this study; rather, only the scope of application of the MCI 
method was extended by introducing some details related to the short- 
term biogeochemical cycles. 

Circularity values of fertigation are affected by the water and ni
trogen fates which in turn are affected by the fertigation schedule and 
possibly other factors such as climate and rainfall. However, it was 
found that changing the fertigation frequency has opposite effects on 
water and nitrogen circularity values. The water circularity was found to 
be 50 % when the field was irrigated every ten days as compared to 44 % 
for every three days irrigation. Evaporative losses increase with a higher 
irrigation frequency (Mermoud et al., 2005; Mukherjee et al., 2010) 
since a smaller depth of water applied with a higher frequency leads to 
superficial wetting of soil, causing high evaporation (Mermoud et al., 
2005) and lower infiltration, thus reducing circularity. Interestingly, the 
opposite effect of fertigation frequency is observed for nitrogen circu
larity which decreases from 73 % to 71 % when shifting from a three-day 
to a ten-day interval. This effect may be because crop uptake of nitrogen 
is known to increase with higher frequency fertigation of the tomato 
crop (Farneselli et al., 2015). The opposite effects on circularity based on 
the fertigation frequency means that careful planning is necessary to 
maximise both the circularities of water and nitrogen. This also means 
that in some cases, recovering nitrogen from wastewater and using it 
separately from irrigation water may be advisable for optimal 
circularity. 

Collecting drainage water for reuse did not show any effect on the 
water circularity, which remained at 50 %. This is because water drained 
from the irrigated field was considered to be contributing to circularity 
regardless of being collected. In arid and semi-arid regions, where fer
tigation is most practised, infiltrating irrigation water is one of the major 
groundwater recharge flows (Ebrahimi et al., 2016; Jiménez-Martínez 
et al., 2010; Xu et al., 2010) and therefore, this flow was considered to be 
regenerative. If part or whole of the infiltrating water is collected for 
reuse using controlled drainage methods, then the collected flow will 
count as a restorative flow. In either case, the same water circularity is 
achieved. On the contrary, nitrogen circularity improved from 71 % to 
78 % for the TW_10_DWR alternative. Collecting drainage water for 
reuse is known to reduce nitrogen loss (Reinhart et al., 2019; Williams 
et al., 2015) and thus contributes to improved nitrogen circularity, as 
confirmed by the assessment. 

5. Conclusions 

This study aimed to develop a new and improved circularity 
assessment approach for resource recovery solutions in the water sector. 
The novel approach resulted in higher circularity values compared to the 

original MCI method. This was because the new approach accounts for 
the fact that certain biogeochemical flows commonly classified as losses 
can contribute towards circularity. The application of this method to a 
real-life fertigation case study confirms that water circularity can be 
significantly improved with treated wastewater fertigation, especially 
with a low-frequency schedule. However, irrigation also leads to sub
stantial water losses, mainly in the form of evapotranspiration and 
infiltration. While some of these losses (e.g., evapotranspiration) reduce 
water circularity, other losses (e.g., groundwater infiltration) may even 
contribute to water circularity. To ascertain the losses that are to be 
considered circular flows, the new definitions of restorative, regenera
tive, and linear flows provide a guideline. Further, using nitrogen con
tained in treated wastewater as a substitute for industrial fertilizers 
improves nitrogen circularity. However, contrary to water circularity, a 
lower application frequency can decrease nitrogen circularity by 
reducing its crop uptake. Nitrogen lost with infiltrating water should be 
collected for reuse, further improving nitrogen circularity. Summing up, 
a high-frequency application of TW-N along with drainage water 
collection can improve nitrogen circularity. 

This method treats all irrigation water infiltrating underground as a 
desirable flow without accounting for its potentially low water quality. 
Future studies should explore how to quantify the effect of different 
infiltration water qualities on the sustainability of the groundwater and 
include this factor in the circularity assessment method. Further, the 
case study system boundary only included the irrigation field. Expansion 
of the system boundary to include the WWTP is recommended for future 
work. To conclude, the new approach to circularity assessment works 
well and can help to optimise the resource recovery solutions in the 
water sector. Although more accurate resource flow models and further 
discussion on restorative and regenerative flows are needed, the new 
approach is a crucial step towards ensuring a more circular and sus
tainable water sector. 
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Jiménez-Martínez, J., Candela, L., Molinero, J., Tamoh, K., 2010. Groundwater recharge 
in irrigated semi-arid areas: quantitative hydrological modelling and sensitivity 
analysis. Hydrogeol. J. 18 (8), 1811–1824. https://doi.org/10.1007/s10040-010- 
0658-1. 

Jones, J.W., Hoogenboom, G., Porter, C.H., Boote, K.J., Batchelor, W.D., Hunt, L.A., 
Wilkens, P.W., Singh, U., Gijsman, A.J., Ritchie, J.T., 2003. The DSSAT cropping 
system model. Eur. J. Agron. 18 (3–4) https://doi.org/10.1016/S1161-0301(02) 
00107-7. 

Kakwani, N.S., Kalbar, P.P., 2022. Measuring urban water circularity: development and 
implementation of a water circularity Indicator. Sustain. Prod. Consum. 31, 
723–735. https://doi.org/10.1016/j.spc.2022.03.029. 

Karuku, G.N., Karanja, N., Cornelis, W.M., Verplancke, H., 2014. Use of CROPWAT 
Model to Predict Water Use in Irrigated Tomato Production at Kabete, Kenya. 
https://www.researchgate.net/publication/293377084. 

Kazem Attar, H., Noory, H., Ebrahimian, H., Liaghat, A.M., 2020. Efficiency and 
productivity of irrigation water based on water balance considering quality of return 
flows. Agric. Water Manag. 231 (July 2019), 106025 https://doi.org/10.1016/j. 
agwat.2020.106025. 

Kenway, S., Gregory, A., McMahon, J., 2011. Urban water mass balance analysis. J. Ind. 
Ecol. 15 (5), 693–706. https://doi.org/10.1111/j.1530-9290.2011.00357.x. 

Kolberg, R.L., Westfall, D.G., Peterson, G.A., 1999. Influence of cropping intensity and 
nitrogen fertilizer rates on in situ nitrogen mineralization. Soil Sci. Soc. Am. J. 63 
(1), 129–134. https://doi.org/10.2136/sssaj1999.03615995006300010019x. 

Liu, W., Zhang, Y., Yu, M., Xu, J., Du, H., Zhang, R., Wu, D., Xie, X., 2023. Role of 
phosphite in the environmental phosphorus cycle. In: Science of the Total 
Environment, 881. Elsevier B.V. https://doi.org/10.1016/j.scitotenv.2023.163463. 

Lyu, S., Chen, W., Zhang, W., Fan, Y., Jiao, W., 2016. Wastewater reclamation and reuse 
in China: opportunities and challenges. J. Environ. Sci. (China) 39, 86–96. https:// 
doi.org/10.1016/j.jes.2015.11.012. 

Malik, W., Dechmi, F., 2019. DSSAT modelling for best irrigation management practices 
assessment under Mediterranean conditions. Agric. Water Manag. 216 (February), 
27–43. https://doi.org/10.1016/j.agwat.2019.01.017. 

Mancini, E., Raggi, A., 2021. A review of circularity and sustainability in anaerobic 
digestion processes. J. Environ. Manag. 291 (May), 112695 https://doi.org/ 
10.1016/j.jenvman.2021.112695. 

Mannina, G., Badalucco, L., Barbara, L., Cosenza, A., Di Trapani, D., Laudicina, V.A., 
Muscarella, S.M., Presti, D., 2022. Roadmapping the transition to water resource 

A. Bhambhani et al.                                                                                                                                                                                                                            

https://doi.org/10.1016/j.resconrec.2021.106042
https://doi.org/10.1016/j.resconrec.2021.106042
https://doi.org/10.1016/j.jhydrol.2013.11.063
https://doi.org/10.1007/978-94-017-9118-2
https://doi.org/10.1007/978-94-017-9118-2
https://doi.org/10.1016/j.resconrec.2021.106151
https://doi.org/10.1016/j.resconrec.2021.106151
https://doi.org/10.1002/hyp.13685
https://doi.org/10.1002/hyp.13685
https://doi.org/10.1038/s41893-018-0106-0
https://doi.org/10.1016/j.jclepro.2006.08.003
http://refhub.elsevier.com/S0048-9697(23)05145-8/rf0045
https://doi.org/10.1016/j.jclepro.2019.06.106
https://doi.org/10.3390/w3020618
https://doi.org/10.1016/j.scitotenv.2018.11.376
https://doi.org/10.1016/j.scitotenv.2018.11.376
https://doi.org/10.1016/j.rser.2020.109959
https://doi.org/10.1016/j.resconrec.2019.104498
https://doi.org/10.1016/j.cities.2017.06.005
https://doi.org/10.1016/j.cities.2017.06.005
https://doi.org/10.1016/j.fcr.2008.01.001
https://doi.org/10.1016/j.fcr.2008.01.001
https://doi.org/10.1016/j.spc.2020.11.024
https://doi.org/10.4236/jep.2015.610096
https://doi.org/10.1016/j.scitotenv.2020.139113
https://doi.org/10.1007/s11269-016-1261-6
https://doi.org/10.1007/s11269-016-1261-6
https://doi.org/10.1016/j.agwat.2016.08.027
https://doi.org/10.1016/j.agwat.2016.08.027
http://refhub.elsevier.com/S0048-9697(23)05145-8/rf0110
http://refhub.elsevier.com/S0048-9697(23)05145-8/rf0110
http://refhub.elsevier.com/S0048-9697(23)05145-8/rf0115
http://refhub.elsevier.com/S0048-9697(23)05145-8/rf0115
http://www.copernicus.org/EGU/hess/hess/9/15/SRef-ID:1607-7938/hess/2005-9-15EuropeanGeosciencesUnion
http://www.copernicus.org/EGU/hess/hess/9/15/SRef-ID:1607-7938/hess/2005-9-15EuropeanGeosciencesUnion
https://doi.org/10.1016/j.agwat.2014.05.010
https://doi.org/10.1016/j.agwat.2014.05.010
https://www.fao.org/land-water/databases-and-software/climwat-for-cropwat/en/
https://www.fao.org/land-water/databases-and-software/climwat-for-cropwat/en/
https://www.fao.org/land-water/databases-and-software/crop-information/tomato/en/
https://www.fao.org/land-water/databases-and-software/crop-information/tomato/en/
https://doi.org/10.1016/j.watres.2018.07.047
https://doi.org/10.1016/j.watres.2018.07.047
https://doi.org/10.1016/j.agwat.2015.03.002
https://doi.org/10.1016/j.jclepro.2016.05.023
https://doi.org/10.1016/j.jclepro.2016.05.023
https://doi.org/10.1146/annurev-environ-012420
https://doi.org/10.1111/sum.12749
https://doi.org/10.1111/sum.12749
https://doi.org/10.1016/j.scitotenv.2018.11.249
https://doi.org/10.1029/2019WR024957
https://doi.org/10.1029/2019WR024957
https://doi.org/10.1126/science.aat9314
https://doi.org/10.1080/03085147.2015.1013353
https://doi.org/10.1016/j.spc.2020.09.018
https://doi.org/10.1016/j.spc.2020.09.018
https://doi.org/10.1016/j.indic.2019.100005
https://doi.org/10.1016/j.indic.2019.100005
https://doi.org/10.1016/j.eja.2014.09.007
https://doi.org/10.1016/j.scitotenv.2020.137170
https://doi.org/10.1016/j.scitotenv.2020.137170
https://doi.org/10.1016/j.jhydrol.2009.01.002
https://doi.org/10.1007/s10040-010-0658-1
https://doi.org/10.1007/s10040-010-0658-1
https://doi.org/10.1016/S1161-0301(02)00107-7
https://doi.org/10.1016/S1161-0301(02)00107-7
https://doi.org/10.1016/j.spc.2022.03.029
https://www.researchgate.net/publication/293377084
https://doi.org/10.1016/j.agwat.2020.106025
https://doi.org/10.1016/j.agwat.2020.106025
https://doi.org/10.1111/j.1530-9290.2011.00357.x
https://doi.org/10.2136/sssaj1999.03615995006300010019x
https://doi.org/10.1016/j.scitotenv.2023.163463
https://doi.org/10.1016/j.jes.2015.11.012
https://doi.org/10.1016/j.jes.2015.11.012
https://doi.org/10.1016/j.agwat.2019.01.017
https://doi.org/10.1016/j.jenvman.2021.112695
https://doi.org/10.1016/j.jenvman.2021.112695


Science of the Total Environment 903 (2023) 166520

12

recovery facilities: the two demonstration case studies of Corleone and Marineo 
(Italy). Water (Switzerland) 14 (2). https://doi.org/10.3390/w14020156. 

Mermoud, A., Tamini, T.D., Yacouba, H., 2005. Impacts of different irrigation schedules 
on the water balance components of an onion crop in a semi-arid zone. Agric. Water 
Manag. 77 (1–3), 282–295. https://doi.org/10.1016/j.agwat.2004.09.033. 

Mestre, A., Cooper, T., 2017. Circular product design. A multiple loops life cycle design 
approach for the circular economy. Des. J. 20, S1620–S1635. https://doi.org/ 
10.1080/14606925.2017.1352686. 

Mo, W., Zhang, Q., 2012. Can municipal wastewater treatment systems be carbon 
neutral? J. Environ. Manag. 112, 360–367. https://doi.org/10.1016/j. 
jenvman.2012.08.014. 

Mo, W., Zhang, Q., 2013. Energy-nutrients-water nexus: integrated resource recovery in 
municipal wastewater treatment plants. J. Environ. Manag. 127, 255–267. https:// 
doi.org/10.1016/j.jenvman.2013.05.007. 

Moreno, M., De los Rios, C., Rowe, Z., Charnley, F., 2016. A conceptual framework for 
circular design. Sustainability (Switzerland) 8 (9). https://doi.org/10.3390/ 
su8090937. 

Morseletto, P., 2020. Restorative and regenerative: exploring the concepts in the circular 
economy. J. Ind. Ecol. 24 (4), 763–773. https://doi.org/10.1111/jiec.12987. 

Mukherjee, A., Kundu, M., Sarkar, S., 2010. Role of irrigation and mulch on yield, 
evapotranspiration rate and water use pattern of tomato (Lycopersicon esculentum 
L.). Agric. Water Manag. 98 (1), 182–189. https://doi.org/10.1016/j. 
agwat.2010.08.018. 

Müller, C., Clough, T.J., 2014. Advances in understanding nitrogen flows and 
transformations: gaps and research pathways. J. Agric. Sci. 152, S34–S44. https:// 
doi.org/10.1017/S0021859613000610. 

Navare, K., Muys, B., Vrancken, K.C., Van Acker, K., 2021. Circular economy monitoring 
– how to make it apt for biological cycles? Resour. Conserv. Recycl. 170 (August 
2020), 105563 https://doi.org/10.1016/j.resconrec.2021.105563. 

Poudel, D.D., Horwath, W.R., Mitchell, J.P., Temple, S.R., 2001. Impacts of cropping 
systems on soil nitrogen storage and loss. Agric. Syst. 68 (3), 253–268. https://doi. 
org/10.1016/S0308-521X(01)00011-7. 

Preisner, M., Smol, M., Horttanainen, M., Deviatkin, I., Havukainen, J., Klavins, M., 
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