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An inclusive solution based on grey
water footprint for performance
evaluation of industrial wastewater
treatment systems
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This study developed a new framework based on grey water footprint (GWF) to inclusively evaluate
and compare the industrial wastewater treatment plants (WWTPs). The conventional approach
typically reports the efficiency of treatment systems on abating the concentration of each pollutant,
individually. As an alternative, GWF can simultaneously include multiple pollutants, pollution loads,
and regional water quality standards in calculations. These advantages are critical for assessing

an industrial WWTP treating complex wastewater, with hazardous pollutants and variable inflow.
Moreover, we introduced four innovative criteria based on GWF and improved it as a multi-functional
index. To verify the applicability of the proposed method, we chose two operating units in parallel,
the activated sludge (AS) and membrane bioreactor (MBR), as case studies treating real industrial
wastewater. Samples were obtained from both treated and untreated wastewater. 36 pollutants
were examined and used for GWF accounting in different scenarios. These scenarios were based on
different maximum allowable concentrations (C__ ). Multi-pollutant GWF reduction (%) was the

first index evaluating the overall removal efficiency. The AS with 93.1% average GWF removal could
outperform MBR with 87.1% removal. Operational reliability was the second index, showed that

AS could reduce GWF variations from inlet to the outlet with 83.7% efficiency, while it was 77.5%

for MBR. The third index was GWF per carbon footprint (GWCF). It quantified the equivalent abated
stress from water bodies per increased pressure exerted by emitting greenhouse gas (GHG) during
wastewater treatment. The GWCF of AS was 347.8 m3/kg-CO, indicating a superior efficiency over
MBR with 84.9 m3/kg-CO,. It means that MBR relatively emitted more GHGs for reducing less GWF.
Heavy metal pollution reduction (HPI) was the fourth index quantified based on GWF. It evaluated the
particular performance of treatment systems for abating hazardous pollutants. The AS with an average
HPI of 56.7% outperformed MBR with 50.4% efficiency. Therefore, this study showed that GWF is a
versatile and applicable index and can provide a more holistic framework for evaluating and comparing
wastewater treatment units.
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Industrial wastewater poses significant risks to human health and ecosystems'. This wastewater contains
various pollutants, e.g. chemical oxidation demand (COD), biochemical oxidation demand (BOD), and heavy
metals?>?. This complexity calls for well-performed wastewater treatment plants (WWTPs) with efficient units
for pollution removal. For example, activated sludge (AS) and membrane bioreactor (MBR) are two commonly
used wastewater treatment units. Recent studies reported the performance of the AS for COD and BOD removal
were 82-90% and 88-98%, respectively®®. These efficiencies for MBR were 60-97% and 86-89%, respectively®=’.
However, these conventional metrics that account for certain and individual pollutant removal efficiency are
insufficient for comprehensively evaluating or comparing treatment units. It is firstly due to the complexity
of industrial wastewater that has multiple pollutants'®. Moreover, the conventional approach ignores pollution
loads and the regional constraints of the receiving environment for different pollution loads'!. As an alternative,
grey water footprint (GWF) is an index with the advantage of including multiple pollutants, pollution load,
and regional water quality standards in evaluations. It basically presents a different view of the performance
evaluation of WWTPs and has the potential to develop a more holistic quantitative method for this purpose.
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The GWF is one key component of the water footprint (WF) that measures the equivalent pressure on water
bodies due to pollution emissions'?. The GWF is the embedded volume of freshwater required to assimilate
the discharged pollution loads regarding the regional capacities of the receiving environment!?. It means that
GWF evaluates water pollution loads of emission sources, e.g. industrial wastewater, and concurrently considers
whether the receiving water body can handle the discharged pollution loads based on quality standards'!. Recent
studies have revealed that WWTPs can significantly reduce the GWE. For example, twelve municipal WWTPs,
using AS and MBR, could reduce the GWF of pharmaceuticals and conventional pollutants by about 26% and
90%, respectively!'®. In a large-scale study, the total annual industrial GWF of petroleum pollutants in China was
reduced by 12-19%, underscoring the significant positive impacts of WWTP'®. Connecting enterprises in an
industrial park to a centralized WWTP could reduce the annual GWF up to 90%'6. Municipal WWTPs could
achieve an average 91% GWF reduction in 15 years, primarily based on ammonium (NH,) and total phosphorus
as key pollutants. Upgrading these systems with MBR could significantly reduce the GWF based on NH, and
total suspended solids (TSS) up to 12.9 and 6.2 million cubic meters per month (MCM/month), respectively'”1%,
More recently,a WWTP could reduce the GWF by about 4-7 MCM/month for BOD'. This literature shows that
GWEF application is increasing for reporting the performance of WWTPs. However, it obviously lacks addressing
other required objectives for evaluating treatment systems. The sustainable performance of a wastewater
treatment unit is not only reliant on pollution removal efficiency. It also depends on energy consumption,
reliable operation, and effluent risk mitigation related to the toxic materials. These objectives have not been
assessed yet in previous literature in the context of GWE

The GWF of WWTPs indicates how much stress would be reduced from water bodies. However, it is not
an only index measuring the equivalent stress on the environment. WWTPs consume energy and indirectly
emit greenhouse gas (GHG), e.g. carbon dioxide (CO,), during purification?. Carbon footprint (CF) is an
environmental index that reflects the equivalent GHG emissions from production and energy consumption?®!.
The heavy metal pollution index (HPI) also determines the hazardous level of remaining pollutants in wastewater.
The HPI considers multiple heavy metals and measures their combined adverse impacts on water quality?. A
recent report showed that the HPI of a river subjected to industrial contamination ranged from 33 to 150 due
to heavy metals, e.g. nickel (Ni), chromium (Cr), lead (Pb), cobalt (Co), cadmium (Cd), copper (Cu), and iron
(Fe)?3. Moreover, literature demonstrated that the CF of AS was 68.9 ton-COZ/month, which can be reduced
to 37.4 ton-CO,/month by using renewable energy sources*. Likewise, MBR had the CF of 2.8-11.9 ton-CO,/
month?. Although CF and HP]I are potential indices for performance evaluation of WWTPs, none of the above
literature has evaluated the energy consumption, CF, or heavy metal toxicity in integration with or in the context
of GWE. The questions remain are whether these indices can combine with GWF or used in association with
GWEFE for comprehensive evaluation? Can we develop these indices based on GWF for performance evaluation
of WWTPs?

Answering the questions above, we have developed a new framework based on multi-pollutant GWF to
inclusively evaluate and compare the performances of industrial wastewater treatment systems. By this framework,
we introduce GWF as a multi-functional index, applicable for performance evaluation in combination with
CF and HPI. Here, four innovative GWF-based criteria were defined to include the overall pollution removal
efficiency, operational reliability, CF, and HPI in this framework. In order to verify the proposed method,
the study delved deep into the details of industrial GWF accounting. At first, we chose two fully operational
treatment systems (AS and MBR) in parallel treating the complex real industrial wastewater. Sampling was
conducted monthly from both treated and raw wastewater. 36 pollutants were examined for multi-pollutant
GWF assessment. Four types of water quality standards and constraints were considered to account the GWF
results in different scenarios. Finally, the results were fully discussed with other studies. It is noteworthy that the
numbers were originally derived from the studied area. However, it obviously does not mean that the research
objectives and main idea are case specific. On the contrary, these results verify the applicability of the proposed
method worldwide with its new holistic approach toward the performance evaluation of WWTPs using GWF
as the multi-functional index.

Materials and methods

Case study

In order to verify the applicability of the developed method based on GWE, we have chosen two secondary
treatment modules (AS and MBR) as the study area. These two biological units are operating in parallel at Jey
Industrial Park WWTP. They receive the same raw complex wastewater from various industrial sectors, including
metal plating, textile dyeing, food production, etc. Their pretreatment units are screening, grit chamber, and an
equalization tank. The Jey Industrial WWTP covers approximately 27,800 m? and is located near the Industrial
Park in Isfahan province, central Iran. Its coordinates are 32° 40" 2.74” N and 51° 50’ 52.68” E. The average
temperature and annual precipitation (1951-2017) are 16.3£0.3 °C and 125 +21.2 mm, respectively®.

There are some backgrounds and reasons for choosing the study area. First, Isfahan is an industrial province
at the centre of Iran with more than 20 industrial parks. Here, Jey industrial WWTP is the largest wastewater
treatment facility with a total daily capacity of 4000 m>. Second, studied area is a centre with complex industrial
enterprises and consequently has complex industrial wastewater. Third, Jey industrial WWTP has two different
biological treatment modules (AS and MBR) fully operational since 2021 in parallel feeding from the same pre-
treated wastewater. This is an exclusive opportunity to our cause to control the applicability of the developed
method for comparing the results (see Fig. 1). The treated wastewater of the study area is currently recycled
for industrial use and irrigating unfruitful plantations. For more information, a block flow diagram (BFD) is
depicted in Fig. 1B, and a process flow diagram (PFD) for WWTP is presented in Fig. S1 (as Supplementary file).

According to Table S1, the AS and MBR modules received about 73% and 27% of the total inflow of WWTP
during the study period (October 2022-March 2023), respectively. On average, the AS treated 1079 + 61 m*/day,
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Fig. 1. A Studied industrial WWTP: AS (blue), MBR (green), B its flow diagram showing other units.

while it was 354 +20 m?/day for MBR. Although the capacities of the two modules were different, this variation
does not have an adverse influence on performance assessment. On the contrary, it was aligned with our cause.
Since we were looking for a study area without limited characteristics, comparing two modules receiving different
flow rate, but with the same concentrations, can better reflect the applicability of the developed method in
GWF context. We should remind that accounting GWF is based on pollution loads, not pollutant concentration
only. Accordingly, these boundaries are clearly defined to separately analyze both systems under their specific
operational frameworks, ensuring robust and comparable insights into their performance.

Sampling and test

Over six months, from October 2022 to March 2023, samples were taken weekly and analyzed from both the
inlet and outlet of the two modules. During this time, the study was carried out simultaneously for both modules,
enabling a consistent evaluation of their efficiencies. A total of 72 samples were collected in triplicate to analyze
36 water quality parameters. The triplicate sampling ensured reliable experimental results, which were further
validated for accuracy through cross-verification with the on-site data of the Jey industrial park laboratory
during this period. The selected parameters (36 pollutants) also ensured a thorough evaluation of the GWF
linked to the studied industrial wastewater. They reflect the wide range of pollutants found in industrial parks
due to diverse sector activities. Other possible pollutants, e.g. cyanide, poly aromatic hydrocarbons (PAHs),
polychlorinated biphenyl (PCBs), were not detected in samples as were insignificant regarding previous data of
Jey laboratory. It is noteworthy that examining these 36 pollutants with 72 samples is fairly a rare study with the
highest variety of pollutants for accurate multi-pollutant GWF assessment'2.

Samples were stored in sterile polyethylene terephthalate (PET) vessels (1.5 L capacity) and kept below 4 °C
during transport to a certified laboratory 30 km away. Analytical procedures were followed regarding american
public health association standard methods for water and wastewater examination?’. For tracing concentrations
of pollutants, such as heavy metals, ICP-MS was employed according to american society for testing and materials
(ASTM) standard methods?3, ensuring accuracy in the parts per billion (ppb) range. Detailed descriptions of the
analyzed parameters can be found in Table S2 (see Supplementary Material).

Energy consumption and CF calculation method

Table S3 summarizes the average energy consumption of each treatment module in the examined WWTP,
showing an average energy input of 112.3 £ 5.3 kWh. The AS module used an average of 51.7 kWh, while the MBR
module required 60.6 kWh. For CF accounting, it’s crucial to identify electricity sources and quantify their GHG
emissions. In Iran’s industrial sector, electricity generation sources include natural gas, oil, coal, nuclear power,
and various renewable energies like hydropower, wind, solar, biomass, geothermal, and tidal®. CO, emissions
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from electricity consumption depend on the average GHG emissions of each source in kg-CO, per megawatt-
hour: natural gas (499 kg-CO,/MWh), oil (733 kg-CO,/MWh), coal (888 kg-CO,/MWh), nuclear (66 kg-CO,/
MWh), and renewables (25 kg-CO,/MWh)*. From 2010 to 2023, natural gas was the main electricity source at
75%, followed by oil and coal at 18%, and low-carbon resources (nuclear and renewable energy sources) at 7%3!.
The average electricity generation was about 296.5 TWh, with 226.5 TWh from gas, 49.5 TWh from oil and coal,
and 20.5 TWh from low-carbon resources as illustrated in Fig. S2%_In 2023, low-carbon resources contributed
only 6.2% of Iran’s total electricity generation®..

The rate of CO, emitted based on electricity consumption is calculated as the carbon footprint (CF) of
electricity, which is the mass of CO, emissions per unit of time (ton/yr), as defined by Eq. 12

CF =EN x CEI (1)

Where:
EN = The total energy input by the purification modules of the WWTP (energy/time).
CEI="The CO, emission intensity (CEI) caused by electricity consumption (mass-CO,/energy).

GWF calculation
The GWF of multiple pollutants for both modules can be calculated by Eq. 2%

[Qeff X CEff} - [Qabst’r X Cact]
GWEF; =
( [C’maz - Cnat} i

)

Where:
Q. is the volumetric flow of the inlet or outlet (volume/time).
Q,; is the abstracted water volume (volume/time).
C,g1s the pollutant concentrations in an inlet or outlet (mass/volume).
C,., is the pollutant’s actual concentration in consumed water (mass/volume).
C,.. is the pollutant natural concentration in the receiving water body (mass/volume).
C,,.x 18 the pollutant’s maximum allowed concentration in the receiving water body (mass/volume).
Since in the study area, the treated wastewater does not return to the original water body from which it was

drawn, the calculation excludes the terms of Qe and C,.e Therefore, Eq. 3 has been used for GWF instead!2.

GWFZ B (Cmaz - C’nat z'. (3)

The GWF for multiple pollutants is determined by identifying the maximum value among the individual GWF,
for each pollutant, as outlined in Eq. 4'2. The dominant GWF is dictated by the pollutant requiring the largest
volume of embedded water to reduce concentrations below allowed limits'!. When determining the GWF over
a time interval, calculate the average GWF for each contaminant, then identify the maximum among these
averages. If the GWF, is less than zero (<0), it is considered null (GWF,=0)"2.

GWF =max {GWF;}. 4)

In this study, the GWF index is analyzed under various scenarios characterized by the strictness of the maximum
permissible concentrations of pollutants (Cmax). These scenarios, detailed in Table S4, cover 36 pollutants. Four
scenarios for C___range from strict (S1) to lenient (S4), tailored to the end-use of treated wastewater, including
discharge into aquatic systems, freshwater, recreational water, and reclaimed water for irrigation. The C,.p Or
natural concentration of pollutants, is based on historical data and regional analyses from a period with no
significant human influence''.

Combined grey water-carbon footprint

Assessment of GWF reduction per energy consumption (GWEN) necessitates calculating the net grey water
footprint (GWF,) based on the inlet and outlet of the treatment plant using Eq. 5. After that, Eq. 6 can assess the
energy efficacy needed for reducing the GWF?>.

GWFn - GWFinlet - GWFoutlet- (5)
GWF,

= . 6

GWEN N (6)

It calculates the GWF,, as the difference between the inlet and outlet GWFs, per consumed energy (EN). It
measures how much GWF would be decreased by one unit of consumed energy for each treatment module.

This study proposed the composite index of GWF and CF (GWCF) instead of GWEN (Eq. 7). It calculates
the ratio of GWF, per CF to assess treatment performance. GWCF evaluates GWF reduction with respect to the
emitted CF. This index considers the potential increases of other environmental pressures (GHGs). It allows for
analyzing treatment efficiency in reducing GWF based on CF generation (m*/kg-CO,).

GWF,

F =
GWC rela

(7)
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This innovative index quantifies the net reduced pressure from aquatic system (GWF,) and links it with
the corresponding CO, emissions (kg-CO,) through wastewater treatment processes (Fig. $3). GWCEF, for
the first time, can integrate the GWF and CF for WWTPs, as two distinct concerns related to water and air
environment, respectively. By linking water quality (GWF) and energy consumption (CF), GWCF introduces
a robust framework for sustainable water management practices. Recent literature calculated equivalent
water required (WF) for generating electricity demand® or GWF reduction per unit of energy input during
wastewater treatment™. The GWCF accounts for this relationship, indicating which category, GWF, or CF, is
comparatively more critical for WWTP operations. If GWCF>1, GWF, is dominant, signifying the priority
of major water pollution removal than GHG reduction. If GWCF<0.1, more energy usage is not justifiable,
highlighting the need for energy-efficient equipment or low-energy treatment units. These thresholds are the
primary recommendations of this study, and can be further updated in future studies. Yet, these assumptions
would not impose biases for the developed method.

Heavy metal pollution index reduction

HPI evaluates the status of heavy metal pollution in water and wastewater?. It assesses multiple heavy metals
and their combined impacts on water quality. HPI calculation involves assigning weights to each pollutant
based on regulatory guidelines, reflecting each metal’s contribution to overall pollution and potential damage
to health and the environment. An HPI<100 indicates a non-contaminated outlet suitable for human use and
irrigation’, while an HPI > 100 suggests significant contamination and hazardous levels. It should be noted that
these thresholds, weights and even pollutants can be updated in future studies. By any updates, HPI can still be
applicable and updated in GWF context as the following equations.

= (3 (%),
2 (50),

In Eq. 8 we can assume that the ideal concentration (C, ) of heavy metals in water bodies matches their C, ,in the

receiving environment, effectively considered zero. Moreover, the standard value (S,) for each parameter is equal
to their C, . Based on these assumptions, Eq. 8 can be reformulated as Eq. 9. This new equation establishes a
relationship between the HPI and GWE The updated equation offers a novel approach, integrating HPI with
GWF to provide a comprehensive method for evaluating the environmental impacts of heavy metal pollution.

n 1 GWF
Z i=1 (C'mam X [ Q ])’L
T .
Z i=1 (C7nam )1
Finally, HPI reduction efficiency is determined as Eq. 10 based on inlet and outlet concentrations. It can evaluate

the treatment system’s effectiveness in abating heavy metals and related risks from industrial wastewater.

HPIinlet - HPImJ,tlet)
HPIinlet '

HPI = (8)

HPI = 9

HPI reduction = 100 x ( (10)

Results

Basic results and estimations

Prior to GWF assessment, pollution removal efficiencies of the AS and MBR modules were evaluated using
the conventional approach to benchmark their treatment capabilities. Inlet flow rates for both modules were
meticulously recorded to account for GWE Additionally, the energy intensity of AS and MBR systems was
calculated, reflecting energy consumption (kWh) per unit volume (m?) of treated wastewater.

Pollution removal

Table 1 summarizes the monthly average removal (%) of pollutants concentrations with their standard errors
(SE) and significance levels (p-values) from the inlet to the outlet of the AS and MBR. The highest reduction
was attributed to TSS with 97.6% for AS and 99.3% for MBR. Conversely, the lowest reduction was attributed to
nitrite (NO,) and nitrate (NO,) (< 1%) due to nitrification, indicating the need for tertiary treatment units. The
non-parametric Mann-Whitney test was used to evaluate the significance level with a 95% confidence interval.
It assessed whether pollutant concentrations in the module outlets were significantly decreased compared to
their inlet concentrations. For example, the p-values of TKN and BOD in the AS and MBR modules were <0.05,
indicating a significant reduction of these pollutant concentrations for each module. However, the p-values of
most pollutants, especially heavy metals, were >0.05. The statistical distribution of all pollutant concentrations
are depicted in Fig. S4 (supplementary file). This figure can illustrate the background statistical analysis leading
to Table 1.

The results (Table 1 and Figure S4) verify that the conventional evaluation method has limitations for
comparing the performances of treatment units for multiple pollutant assessments. For example, MBR has
comparatively higher tin (Sn) removal (59.1%) than the AS (31.6%), while MBR has less cadmium (Cd) removal
(70.2%) than AS (91.3%). In addition, P-values of these pollutants does not approve that the concentration
removals are significant from the inlet to outlet. It underscores lacking an inclusive evaluation system that
determines the superiority of any units.

However, the experimental results imply that both systems were effective on improving water quality. The
AS and MBR systems could reduce pollutants concentrations from influent to their effluents. For example
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TKN 96.2+2.70 1 99.1£0.30 | 0.005 | 0.005 | Cr 46.1+18.7 | 36.4+8.30 | 0.230 | 0.378
BOD 97.2+1.20 | 98.0+0.80 | 0.005 | 0.005 | Cs 68.4+5.10 | 62.2+10.0 | 0.471 | 0.471
TSS 97.6+0.90 | 99.3£0.20 | 0.005 | 0.005 | Cu 33.8+13.3 | 57.9+7.10 | 0.575 | 0.230
P 57.1+15.2 | 72.5+4.30 | 0.128 | 0.093 | Fe 61.0+12.2 | 63.7+12.2 | 0.173 | 0.066
PO, 86.0+2.20 | 86.6+1.90 | 0.005 | 0.005 | Ga 449+15.6 |33.4+10.4 | 0.230 | 0.575
COD 94.9+0.60 | 96.3+0.60 | 0.005 | 0.005 | Hg 66.2+£9.90 | 69.2+12.6 | 0.471 | 0.471
FOG 92.4+1.60 | 90.6+3.70 | 0.005 | 0.005 | Li 36.9+12.9 | 31.2+9.20 | 0.337 | 0.423
Cl 18.4+8.10 | 19.0+8.10 | 0.378 | 0.378 | Mn 56.2+12.7 | 78.2+10.1 | 0.230 | 0.045
NO, 0.00 0.00 - - Mo 49.3+12.7 | 42.0+10.5 | 0.378 | 0.471
NO, 0.00 0.00 - - Ni 68.0+13.6 | 69.1+7.50 | 0.230 | 0.230
ABS 84.4+2.40 | 86.9+2.50 | 0.081 | 0.081 | Pb 74.6+15.6 | 76.1£9.70 | 0.230 | 0.230
Ag 24.3+10.2 | 51.3+7.20 | 0.471 | 0.230 | Sb 66.0+9.30 | 69.4+3.30 | 0.936 | 0.936
Al 84.0+5.90 | 87.7+£4.20 | 0.060 | 0.037 | Se 59.0+£9.10 | 69.2+10.4 | 0.378 | 0.378
As 42.3+15.3 | 41.4+4.60 | 0.471 | 0.378 | Si 48.0+16.2 | 41.6+15.4 | 0.093 | 0.128
Ba 53.4+13.4 | 66.2+5.30 | 0.631 | 0.337 | Sn 31.6+£14.1 | 59.1+11.3 | 0.471 | 0.298
Be 28.4+7.10 | 22.3£13.3 | 0.471 | 0.575 | Sr 50.8+13.5 | 56.4+12.7 | 0.173 | 0.173
Cd 91.3£3.20 | 70.2+12.7 | 0.230 | 0.230 | V 68.8+4.90 | 67.1+10.7 | 0.471 | 0.471
Co 60.8+11.0 | 59.3+11.6 | 0.230 | 0.230 | Zn 58.7+5.20 | 68.2+11.9 | 0.230 | 0.230

Table 1. Pollutant concentrations removal (%) with the standard errors (SE) of the AS and MBR modules, in
addition to the statistical significance levels (P-value) of pollutants concentration from the Inlet to outlet in
each module.

< F g <& K
&
mmm Daily Monthly average Periodic average

Fig. 2. Daily, monthly, and periodic average flow rate (m®/day) in the inlet of the WWTP.

TKN dropped from 193.7+7.7 mg/L in inlet to 8.09+6.0 mg/L (AS) and 1.8+0.7 mg/L (MBR) in outlets.
Likewise, BOD reduced from 1054.7£300.2 mg/L to 21.3+7.1 mg/L (AS) and 13.5+2.2 mg/L (MBR). COD
decreased from 1658.5+258.7 to 80.0+8.4 (AS) and 54.8 + 5.2 mg/L (MBR). PO, removed from 133.3+£14.3 to
18.1+2.6 mg/L (AS) and 17.2+2.2 mg/L (MBR). The concentrations of heavy metals were also declined. For
instance, Aluminum decreased from 456.4 + 154.5 pg/L to 57.1+22.1 ug/L (AS) and 52.1 + 27 (MBR). Manganese
abated from 474.2+116.4 pg/L in inlet to 232.3 +75.0 ug/L and 140.1 £71.6 pg/L in the outlets of AS and MBR,
respectively. More details about pollutants concentration were illustrated in Fig. S4 (supplementary file).

Flow-rates

Figure 2 shows the measured daily flow rates of the raw wastewater entering the whole WWTP from October
2022 to March 2023. These flow rates were measured using flow meters installed separately for each module, with
exact daily recordings maintained. The flow increased sharply in March (2040 + 89 m?/day) when the maximum
daily volume of wastewater was 3337 m> (recorded on the 23rd of March). The monthly average flow rates were
recorded, ranging from 1008 m>/day in October to 2040 m>/day in March. The average flow rate of overall raw
wastewater during the studying period was about 1430 +43 m?/day. The wastewater flow rate is an essential
factor in calculating the GWF and serves as a crucial element in thorough evaluations of wastewater treatment
performance.

Scientific Reports |

(2025) 15:23120 | https://doi.org/10.1038/s41598-025-08959-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Carbon emission intensity (CEI) and footprint (CF)

The average electricity intensity for each module was also determined. Average energy consumption was 51.7
kWh for AS and 60.6 kWh for MBR, with daily flow rates of 1079 +61 m®/day for AS and 354 +20 m>/day for
MBR. The AS module had an average electricity intensity of 1.15 kWh/m? of treated wastewater, significantly
lower than the MBR’s 4.11 kWh/m?, within previously discussed ranges**¥’. From 2010 to 2023, an evaluation
of the CEI in Iran revealed a steady reduction in CO, emissions per unit of electricity produced, declining from
529.3 kg-CO,/MWh to 486.4 kg-CO,/MWh. The average CEI over this period was calculated at 508.6+8.1 kg-
CO,/MWh (Flg S5). In comparison, the mean CEIs for China, the USA, Germany, and South Africa were 1170,
720 680, and 990 kg-CO,/MWh, respectively®. Energy consumption for the AS and MBR modules resulted in
CF estimates of 18.9 and 22 2 ton-CO,/month, respectively.

GWF assessment

While pollutant removal rates (%) are valuable, they are insufficient to fully assess the performance of WWTP.
Thus, accounting GWF is introduced instead for more inclusive evaluation of WWTPs, considering multiple
pollutants, pollution loads, and receiving environmental standards. Based on the experimental results
(Sect. Pollution removal and Flow-rates), the monthly average GWFs of multiple pollutants were quantified in
four scenarios (S1-S4), as illustrated in Fig. 3. In S1 (Fig. 3A), due to the strictest C__, the GWFs of raw and
treated wastewater in the AS and MBR modules were relatively higher than S2-S4. Relaxing the standard limits
by increasing C__ (S2-54) results in decreasing GWFs. Since stricter standards (e.g. S1 and S2) are required
for water bodies with high pollution vulnerability, reflecting this regional limit on pollution assimilation in
calculations is an advantage for GWE By considering C__and C_ , GWF can include this potential in the
performance evaluation of WWTPs. Higher pollution assimilation potential (larger C___-C, ) can reduce
pressure on treatment systems, decreasing the GWF index. For example, the monthly average GWF of nitrate
(NO,) ranged between 0.07 (S4) and 1.2 (S1) MCM/month for the AS outlet, and 0.04 (S4) to 0.7 (S1) MCM/
month for the MBR outlet.

In certain scenarios, the C_ of specific pollutants has surpassed the C___levels. For instance in S1, some
pollutants (e.g. TSS and COD)  have C,,., less than C (GWF <0), and their GWF registered zero for the inlets
and outlets of both modules. It indicates that these parameters could also be critical pollutants in other scenarios
and require targeted control measures'®. The ability to modify the GWF based on the C__, more or less than
C,.p can be seen as a challenging aspect of GWE Therefore, it is crucial to accurately determine the C__ _for
pollutants, taking into account the specific discharge locations.

The total GWF of a treatment system was determined as the maximum of calculated GWFs for multiple
pollutants (Eq. 4), providing a single index for more inclusive performance assessments of industrial WWTPs.
Figure 4 shows the multi-pollutant GWF with different C___. TKN (S1), BOD (S2), TSS (S3), and TKN (54)
were the leading pollutants for the GWF in the AS and MBR Jinlets, having the maximum monthly average GWF
in each scenario. However, the leading pollutants in the outlets were different from those in the inlets. This
unique specification of GWF enabled independent multi-pollutant assessments of treated wastewater (outlet)
from its background (inlet) in WWTPs. The total calculated GWFs in four scenarios for the two modules were
as follows: In S1, the GWF of the AS inlet was 14.436 +2.786 MCM/month (by TKN), reducing to 1.222 +0.588
MCM/month (by NO,) in the outlet, indicating 91.5% performance. For MBR, the inlet GWF was 4.689 +0.489
MCM/month (by TKN), decreasing to 0.699+0.172 MCM/month (by NO,) in the outlet with 85.1% reduction
efficiency. In S2, the AS module reduced the GWF from 7.041 +3.284 MCM/month (by BOD) in the inlet to
0.451+0.217 MCM/month (by NO,) in the outlet, showing 93.6% efficiency. The MBR module reduced the
GWF from 1.871+0.374 MCM/month (by BOD) in the inlet to 0.258+0.063 MCM/month (by NO,) in the
outlet with 86.2% efficiency. In S3, the GWF of the AS inlet was reduced from 5.679+1.667 MCM/month (by
TSS) to 0.387 +0.186 MCM/month (by NO3) in the outlet, indicating 93.2% efficiency. For MBR, the inlet and
outlet GWFs were 1.784 +£0.439 MCM/month (by TSS) and 0.221+0.054 MCM/month (by NO,), respectively,
showing 87.6% efficiency. In S4, the AS and MBR inlet GWFs were 1.274 +0.246 MCM/month and 0.414 +0.043
MCM/month (both by TKN), respectively. The outlet GWFs were 0.077 +0.065 MCM/month (by TKN) and
0.043+0.011 MCM/month (by NO,), with 94% and 89.6% reduction efficiencies for AS and MBR, respectively.
Using GWF, (Eq. 5) was more valid than the GWF based on effluent quality alone, particularly for industrial
wastewater with multiple pollutants. Monthly average GWF, for AS were 13.21 (S1), 6.59 (S2), 5.29 (S3), and 1.2
(S4) MCM/month; for MBR, they were 3.99 (S1), 1.61 (S2), 1 56 (S3), and 0.37 (S4) MCM/month. Both modules
effectively improved the pollutant profile, transitioning from higher-risk pollutants (e.g., TKN) at the inlet to
lower-risk pollutants (e.g., NO,) at the outlet. Heavy metals did not predominate as leading pollutants in any
scenario, suggesting their impacts should be checked with a more innovative approach in the GWF framework.
HPI will be discussed further in this research.

The GHG emissions of each wastewater treatment system were typically reported per inflow volume. Previous
studies indicated that the AS emitted 0.94 kg-CO,/m? and MBR emitted 1.56 kg-CO,/m**. However, this study
introduced GWCF (Eq. 7) to evaluate WW TP performance by indicating the pressure alleviated on water bodies
per unit of CO, emission. The monthly average GWCFs of AS were 699.2 (S1), 348.7 (S2), 280.1 (S3), and 63.3
(S4) m3/kg- CO as illustrated in Fig. 4. In comparison, MBR's GWCFs were 179.7 (S1), 72.7 (S2), 70.4 (S3), and
16.7 (S4) m3/kg CO,. AS was found to be more efficient than MBR with GWCF perspective, reducing equlvalent
pollution from water bodies by 63-699 m* (S4-S1) per unit CO, emission, while MBR reduced 17-180 m?
(S4-S1). This discrepancy was primarily due to MBR’s higher energy consumption. Additionally, the higher
GWCEF of AS was attributed to its larger treatment volume. Optimizing energy usage, transitioning to sustainable
energy sources, and enhancing pollution removal efficiency were deemed crucial for improving environmental
performance based on GWCF.
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Fig. 3. The monthly average of GWF in logarithmic scale (m*/month) based on the scenarios: S1-54.

Figure 5 illustrates the statistical analysis of the GWF, and GWCF of both treatment units regarding their
variations across all scenarios (S1-S4). Here, the monthly average GWF, of AS and MBR are 6.57 and 1.88
MCM/month, respectively. Furthermore, the monthly average GWCFs of these modules are 347.8 m3/kg-CO2

and 84.9 m*/kg-CO,, respectively.

The variations and trajectory of the GWFs for both modules in the inlet and outlet across different months
(October to March) were shown in Fig. 6, along with their monthly GWF reduction efficiency (%). In S1, the
highest GWF for the AS inlet was 36.292 MCM in March, while for MBR, it was 6.977 MCM in December.
Similar complexity was observed in the outlets. For instance, in S1, the highest GWF for the AS outlet was 4.561
MCM in March and 1.318 MCM in October for MBR. Since GWF is monthly variable due to leading pollutants
and pollution loads, it was recommended that GWFs be calculated monthly in both inlet and outlet to ensure
accuracy. The maximum GWF reduction in S1 for AS and MBR were 95.7% (October) and 92.1% (January),
respectively. The monthly average GWF reduction efficiency for AS was 91% (S1), 93% (S2), 93% (S3), and 94%

(S4), while for MBR, it was 85% (S1), 86% (S2), 87% (S3), and 89% (S4).
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Fig. 5. GWF_ and GWCEF box plots based on the monthly average GWF by scenarios (S1-54).

Comparative study through GWF

The monthly multi-pollutant GWF calculation for the raw and treated wastewater of both modules was found
to provide an inclusive quantification framework. Within this framework, multi-pollutant GWF , equivalent
GWCE, and overall GWF removal efficiency (%) were calculated as tools for comparing the performances of
the AS and MBR. This new framework demonstrated advantages over conventional evaluation methods. This
framework for comparative studies was established by emphasizing four main criteria derived from industrial
GWF evaluations.

1) Removal efficiency: The 1st criterion for evaluating wastewater treatment systems was the multi-pollutant
GWF removal efficiency (%). The AS achieved 91-94% GWF removal efficiency, while the MBR achieved
85-89%. Consequently, the AS consistently outperformed the MBR with an average GWF reduction of
93.1%, compared to 87.1% for the MBR, indicating the superiority of AS in overall pollution reduction (Ta-
ble 2).

2) Operational efficiency: The 2nd criterion was the operational reliability (OR,) and efficiency of waste-
water treatment units in controlling and reducing GWF variations from the inlet to the outlet of mod-
ules. This criterion is measured by the reduction (%) amount of standard errors for monthly GWFs
(OR. =100 X [SEinict — SEoutict] /SEiniet). Higher OR, indicated reduced fluctuations and greater
stabilization of GWF at the outlet. The AS demonstrated slightly higher OR_ than the MBR, especially under
stricter standards (S1-S3). The average OR, of the AS was 83.7%, compared to 77.5% for the MBR, indicating
the AS’s superiority in reducing pollution load fluctuations and providing a more consistent outlet (Table 2).

3) Carbon efficiency: The 3rd criterion was the GWCF attributed to energy consumption and carbon emission
for GWF reduction. In all four scenarios, the AS exhibited higher GWCEF, with an average of 347.8 m®/kg-
CO, compared to 84.9 m*/kg-CO, for the MBR (Table 2). This indicated that the AS performed better in
reducing GWF regarding CO, production during the study period.

4) Heavy metals reduction efficiency: The 4th criterion evaluated the efficiency of heavy metals pollution reduc-
tion by Eq. 10, assessing the AS and MBR modules’ performance in mitigating heavy metals contamination.
Although typical pollutants like TKN or COD were leading in GWF assessments, heavy metals required
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S1 915 | 85.1 |78.9 |64.8 |699.2 |179.7 | 595 | 33.8

s2 93.6 (862 |93.4 |829 |3487 |72.7 |57.7 |4L7

$3 93.2 | 87.6 |88.8 |87.7 |280.1 |70.4 |51.1 |62.9

sS4 94.0 | 89.6 |73.6 | 744 |633 |167 |584 |63.1

Average |93.1 |87.1 |83.7 [77.5 |347.8 |849 |56.7 |50.4

Table 2. GWF reduction, OR,, GWCE and HPI reduction criteria to compare the performance of the AS and
MBR modules.

additional consideration due to their health and environmental risks. HPI reduction was introduced as the
fourth index, calculable using the GWE The AS reached an average HPI reduction of 56.7%, outperforming
the MBR’s 50.4% efficiency (Table 2), indicating better performance in heavy metals risk alleviation. The AS
excelled in S1 and S2 scenarios, while MBR performed better in S3 and S4. In scenario S1, the HPI value for
the inlet was 196, which was reduced to 80 by AS and 130 by MBR, with significant reductions in both the
inlet and outlets in the more lenient scenarios (52-54). Therefore, evaluating treatment system performance
must consider the standards and constraints of receiving environment.

Overall, the AS demonstrated superior performance and greater GWF,, with lower overall CF than the MBR due
to less energy consumption, indicating better environmental sustainability. Based on four GWF-based criteria
and the developed method, now we can conclude that the AS excelled in reducing GWF (%), minimizing GWF
variations (%), producing less CO, per GWF removal, and reducing HPI. Despite MBRs’ effective performance
in reducing certain pollutants by the conventional method (Sect. Pollution removal), the AS proved more suitable
based on the multi-parameter GWF evaluation. However, in scenarios S3 and S4 with lenient limitations, the
criteria became closer, showing the influence of ambient variables on this evaluation method.

Discussion

Pollution removal in WWTPs

Industrial WWTPs played a crucial role in mitigating pollution from industrial wastewater. Properly equipped
and operated WWTPs achieved COD, total nitrogen, NH,, and total phosphorus removal efficiencies up to
90%, 81%, 95%, and 80%, respectively, while saving 1.5 GWh of energy annually*’. In this study, MBR reduction
efficiencies for Cd, Cu, and Fe were 70.2%, 57.9%, and 63.7% respectively. Notably, the MBR efficiencies
for mentioned parameters in another study were equal to 85%, 24%, and 96%*!. The AS reduced COD and
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GWEF reduction | CF
Reference | (%) (ton-CO,/month)
This study | 87.1-93.1 18.9-22.2
2 - 2.8-11.9
16 64.0-90.0 -
24 - 37.4-68.9
40 84.8-94.3 -

Table 3. Comparing GWF reductions and CFs in WWTPs.

P concentrations in this study by 95% and 57%, respectively, compared to 96% and 73% in the MBR. In the
industrial sector, COD reduction for AS and MBR was determined 83% and 91% respectively*?. The reduction
efficiencies of heavy metals in the AS system were 74.6%, 33.8%, and 68% for Pb, Cu, and Ni respectively (as
shown in Table 1). Another study reported that the removal efficiencies for Pb, Cu, and Ni ranged from 83.1 to
90%, 74.3-80.6%, and 0-6.2%, respectively®’. These findings indicated that operation methods and wastewater
type significantly influenced reduction efficiencies. However, these reductions alone could not clarify advantages
in comparative studies.

GWF reduction in WWTPs

The GWF was introduced for a comprehensive evaluation of WWTPs, considering multiple pollutants and
receiving environmental standards. Hoekstra et al. (2011) believed WWTPs could reduce the GWE Industrial
WWTPs decreased GWF by up to 90%**, similarly in another study, results showed significant GWF reductions,
achieving 51.5% with secondary treatment units and 72.4% with tertiary units treating phosphorus®. The
characteristics of wastewater and specific pollutants also influenced GWF reduction. The AS and MBR systems
reduced GWF for pharmaceuticals by 26% and for conventional pollutants by 90%'*. Another study achieving
up to 90% annual GWF reduction in an industrial complex, as reported in Table 316. This study showed average
GWF reductions of 93% and 87% for the AS and MBR, respectively, based on 36 pollutants. Upgradinga WWTP
with MBR could achieve a GWF reduction of 12.9 MCM/month for NH, and 6.2 MCM/month for TSS'”. Over
15 years, municipal WWTPs reduced GWF by over 91%, with NH, and TP as key factors'®. In comparison, an
even higher GWF reduction range of 84.8-94.3% in WWTPs observed as given in Table 3%°. Based on reviewed
studies, the type of wastewater and industrial treatment processes significantly affected the pressure on the
receiving environment.

Energy consumption and carbon footprint in WWTPs
Treatment units were evaluated not only on pollutant removal performance but also on energy consumption
and CO, emissions, ensuring a balance between pollution reduction and GHG release. In the current study,
AS utilized 1.15 kWh/m? while this system in other studies consumed 0.109 to 1.63 kWh/m3¥’, and in another
study ranged from 0.128 to 2.28 kWh/m?¥". AS systems with chemical or physicochemical processes consumed
1.3 to 2.8 kWh/m?*?*, The MBR module had an average electricity intensity of 4.11 kWh/m? in this study
however, these technologies used from 0.73 to 0.88 kWh/m>**® to 1.17 kWh/m3*’. Notably, side-stream MBR
systems consumed 4 to 12 kWh/m?*. Accordingly, the GHG emissions varied, with the AS system emitting
0.94 kg-CO,/m? and the MBR system emitting 1.56 kg-CO,/m? of treated wastewater®. The CFs of AS and
MBR modules in this study are estimated about 18.9 and 22.2 ton-CO,/month, respectively. However, these
values can vary significantly, ranging from 2.8 to 68.9 ton-CO,/month (Table 3), depending on factors such as
their size, operational conditions, and the source of energy24’252. A study showed that CF can be used instead of
rough energy consumption in WWTPs to integrate GWF and CF within the life cycle assessment for comparing
the overall performance of WWTPs®!. By considering the critical interplay within the water-energy nexus, this
innovative framework emphasizes the need to evaluate these interconnected sources collectively for sustainable
applications. Despite its significance, the concept currently lacks a comprehensive quantification approach,
presenting an opportunity for further refinement and adoption in environmental management practices. This
study assessed WWTP efficiency by calculating GWF,_ per CO, emitted (m?*/kg-CO,) as GWCE. The AS achieved
an average GWCF of 347.8 m*/kg-CO,, compared to 84.9 m*/kg-CO, for the MBR, suggesting the AS was more
effective in mitigating GWF and potentially had a lower environmental impact on the receiving ecosystem.
Despite GWF and CF reductions, GWF has the potential to expand performance evaluation indices. Based
on two additional criteria introduced in this study, the AS outperformed the MBR by showing less GWF
fluctuations in the outlet and reducing HPI to stricter standards. These GWF-based criteria can expand the
operational and environmental application of GWF assessment in WWTPs.

Conclusion

This study mainly introduced and developed an inclusive quantification method based on GWF to evaluate and
compare the performance of wastewater treatment systems. The primary conclusion of this development was
to introduce GWF as a pivotal multi-functional index. It has basic potentials in assessing multiple pollutants,
including regional water quality limits and standards, and pollution loads instead of pollutants concentration
in calculations. Now, it is verified that GWF can also be integrated with carbon footprint, heavy metal pollution
index, and used for evaluating total pollution removal (%) and operational reliability of treatment units.

Scientific Reports |

(2025) 15:23120 | https://doi.org/10.1038/s41598-025-08959-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

This study also carried out an accurate analysis for verifying the applicability and robustness of the developed

method based on original data. Sampling real complex industrial wastewater, examining multiple pollutants
simultaneously in the influent and effluents of two fully operational treatment units, controlling different water
quality standards, and evaluating flow-rates and energy consumptions, were implemented. This methodological
approach is highly recommended to follow for further studies in any cases. Some secondary conclusions can be
as below:

Multi-pollutant GWF accounting provided a framework for introducing four performance indices: (1) GWF
reduction (%), (2) GWF variation reduction for operational efficiency (%), (3) GWCE for carbon efficiency
per abated pollution, and (4) HPI reduction for reducing heavy metals impacts. These criteria were centered
on GWE

The AS outperformed MBR in GWF removal (93.1% vs. 87.1%), operational reliability (83.7% vs. 77.5%),
carbon footprint (345 vs. 85 m*/kg-CO,), and heavy metals reduction (56.7% vs. 50.4%). By these data we can
now conclude that the AS performed relatively more sustainable than MBR, particularly under stricter water
quality standards, while MBR was comparable to the AS under lenient water quality standards.

Heavy metals were not always dominant in GWF assessments compared to pollutants like TKN, suggesting
their long-term impacts might have been underestimated. Therefore, HPI could add extra assessment toward
the toxicity and long-term impacts of heavy metals in GWF context. Further research was proposed to ad-
dress toxic elements more effectively without altering GWF’s core concept.
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Received: 21 November 2024; Accepted: 24 June 2025
Published online: 02 July 2025

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

Dutta, D., Arya, S. & Kumar, S. Industrial wastewater treatment: current trends, bottlenecks, and best practices. Chemosphere 285,
131245 (2021).

Shrestha, R. et al. Technological trends in heavy metals removal from industrial wastewater: A review. J. Environ. Chem. Eng. 9,
105688 (2021).

Ahmed, ], Thakur, A. & Goyal, A. Industrial wastewater and its toxic effects. In: Biological Treatment of Industrial Wastewater (ed.
Shah, M.P)) (The Royal Society of Chemistry, 2021). https://doi.org/10.1039/9781839165399-00001

. Yang, Y., Wang, L., Xiang, F, Zhao, L. & Qiao, Z. Activated sludge microbial community and treatment performance of wastewater

treatment plants in industrial and municipal zones. Int. J. Environ. Res. Public Health 17 436 https://www.mdpi.com/1660-4601/1
7/2/436 (2020).

. Hu, W, Tian, J., Li, X. & Chen, L. Wastewater treatment system optimization with an industrial symbiosis model: a case study of a

Chinese eco-industrial park. J. Ind. Ecol. 24, 1338-1351 (2020).

. Qin, L. et al. Application of encapsulated algae into MBR for high-ammonia nitrogen wastewater treatment and biofouling control.

Water Res. 187, 116430. https://doi.org/10.1016/j.watres.2020.116430 (2020).

. Gharibian, S. & Hazrati, H. Towards practical integration of MBR with electrochemical AOP: improved biodegradability of real

pharmaceutical wastewater and fouling mitigation. Water Res. 218, 118478. https://doi.org/10.1016/j.watres.2022.118478 (2022).

. Bhattacharyya, A., Liu, L., Lee, K. & Miao, J. Review of biological processes in a membrane bioreactor (MBR): effects of wastewater

characteristics and operational parameters on biodegradation efficiency when treating industrial oily wastewater. J. Mar. Sci. Eng.
10, 1229 (2022).

. Thongsai, A. et al. Efficacy of anaerobic membrane bioreactor under intermittent liquid circulation and its potential energy saving

against a conventional activated sludge for industrial wastewater treatment. Energy 244, 122556. https://doi.org/10.1016/j.energy.
2021.122556 (2022).

Roudbari, M. V., Dehnavi, A., Jamshidi, S. & Yazdani, M. A multi-pollutant pilot study to evaluate the grey water footprint of
irrigated paddy rice. Agric. Water Manag. 282, 108291. https://doi.org/10.1016/j.agwat.2023.108291 (2023).

Arastou, K., Dehnavi, A. & Jamshidi, S. Industrial grey water footprint: principles, evaluation method, and challenges, in: (ed
Muthu, S. S.) Sustainability and Water Footprint: Industry-Specific Assessments and Recommendations, Springer Nature
Switzerland, Cham, : 7-55. https://doi.org/10.1007/978-3-031-70810-7_2. (2024).

Hoekstra, A. Y., Chapagain, A. K., Aldaya, M. M. & Mekonnen, M. M. The Water Footprint Assessment Manual: Setting the Global
Standard (Routledge, 2011).

Mekonnen, M. M. & Hoekstra, A. Y. The green, blue and grey water footprint of crops and derived crop products. Hydrol. Earth
Syst. Sci. 15, 1577-1600 (2011).

Martinez-Alcala, L, Pellicer-Martinez, F. & Ferndndez-Lépez, C. Pharmaceutical grey water footprint: accounting, influence of
wastewater treatment plants and implications of the reuse. Water Res. 135, 278-287 (2018).

Huang, Y. et al. China’s industrial Gray water footprint assessment and implications for investment in industrial wastewater
treatment. Environ. Sci. Pollut. Res. 27, 7188-7198 (2020).

Dong, H., Zhang, L., Geng, Y., Li, P. & Yu, C. New insights from grey water footprint assessment: an industrial park level. J. Clean.
Prod. 285, 124915 (2021).

Stejskalova, L., Ansorge, L., Kucera, J. & Volo$inova, D. Grey water footprint as a tool for wastewater treatment plant assessment—
Hostivice case study. Urban Water J. 18, 796-805 (2021).

Stejskalova, L., Ansorge, L., Kucera, J. & Cejka, E. Role of wastewater treatment plants in pollution reduction-evaluated by grey
water footprint indicator, Przeglad Naukowy. Inzynieria I Ksztattowanie Srodowiska 31 (1), 26-36 (2022).

Ahmed, S. L. et al. Grey water footprint for evaluating Zefta wastewater treatment plant: a case study. Environ. Technol. 1-10.
https://doi.org/10.1080/09593330.2024.2334770 (2024).

Abedini, S., Elektorowicz, M. & Fazeli, S. Sustainable management of CO2 generated by a wastewater treatment plant. In:
Proceedings of the Canadian Society of Civil Engineering Annual Conference 2022 (eds. Gupta, R, Sun, M., Brzev, S., Alam, M.S.,
Ng, K.T.W,, Li, J., El Damatty, A., Lim, C.) 967-976. (Springer Nature Switzerland, Cham, 2024).

Wiedmann, T. & Minx, J. A definition of ‘carbon footprint. Ecol. Econ. Res. Trends. 1, 1-11 (2008).

Badeenezhad, A. et al. Comprehensive health risk analysis of heavy metal pollution using water quality indices and Monte Carlo
simulation in R software. Sci. Rep. 13, 15817. https://doi.org/10.1038/s41598-023-43161-3 (2023).

Scientific Reports |

(2025) 15:23120 | https://doi.org/10.1038/s41598-025-08959-3 nature portfolio


https://doi.org/10.1039/9781839165399-00001
https://www.mdpi.com/1660-4601/17/2/436
https://www.mdpi.com/1660-4601/17/2/436
https://doi.org/10.1016/j.watres.2020.116430
https://doi.org/10.1016/j.watres.2022.118478
https://doi.org/10.1016/j.energy.2021.122556
https://doi.org/10.1016/j.energy.2021.122556
https://doi.org/10.1016/j.agwat.2023.108291
https://doi.org/10.1007/978-3-031-70810-7_2
https://doi.org/10.1080/09593330.2024.2334770
https://doi.org/10.1038/s41598-023-43161-3
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Al-Khuzaie, M. M., Abdul Maulud, K. N., Wan Mohtar, W. H. M., Mundher, Z. & Yaseen Assessment of untreated wastewater
pollution and heavy metal contamination in the euphrates river. Environ. Pollutants Bioavailab. 36, 2292110 (2024).
Pluciennik-Koropczuk, E., Myszograj, S. & Makowski, M. Reducing CO2 emissions from wastewater treatment plants by utilising
renewable energy Sources—Case study. Energies (Basel). 15, 8446 (2022).

Chen, Y. Estimation of greenhouse gas emissions from a wastewater treatment plant using membrane bioreactor technology. Water
Environ. Res. 91,111-118 (2019).

Sharafi, S., Mir, N. & Karim Investigating trend changes of annual mean temperature and precipitation in Iran. Arab. J. Geosci. 13,
1-11 (2020).

APHA. Standard Methods for Examination of Water and Wastewater 23th Edn (American Public Health Association, 2017).
ASTM, Standard Test Method for Analysis of Multiple Elements in Cannabis Matrices by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS).https://www.astm.org/d8469-22.html (2024).

ourworldindata Total electricity generation. https://ourworldindata.org/grapher/electricity-generation?tab=chart&country=~IR
N (2024).

Ozcan, M. Estimation of turkey’ s GHG emissions from electricity generation by fuel types. Renew. Sustain. Energy Rev. 53, 832
840 (2016).

ourworldindata Share of electricity production. https://ourworldindata.org/electricity-mix (2024).

Mneimneh, F, Ghazzawi, H. & Ramakrishna, S. Review study of energy efficiency measures in favor of reducing carbon footprint
of electricity and power, buildings, and transportation. Circular Econ. Sustain. 3, 447-474. https://doi.org/10.1007/s43615-022-00
179-5 (2023).

Gu, Y. et al. Quantification of the water, energy and carbon footprints of wastewater treatment plants in China considering a water—
energy nexus perspective. Ecol. Indic. 60, 402-409 (2016).

Mekonnen, M. M., Gerbens-Leenes, P. W. & Hoekstra, A. Y. The consumptive water footprint of electricity and heat: a global
assessment. Environ. Sci. (Camb). 1, 285-297 (2015).

Majumdar, A. & Avishek, K. Assessing heavy metal and physiochemical pollution load of Danro river and its management using
floating bed remediation. Sci. Rep. 14, 9885. https://doi.org/10.1038/s41598-024-60511-x (2024).

Skouteris, G., Arnot, T. C., Jraou, M., Feki, F. & Sayadi, S. Modeling energy consumption in membrane bioreactors for wastewater
treatment in North Africa. Water Environ. Res. 86, 232-244 (2014).

Molinos-Senante, M., Sala-Garrido, R. & Iftimi, A. Energy intensity modeling for wastewater treatment technologies. Sci. Total
Environ. 630, 1565-1572 (2018).

Wang, H. et al. Comparative analysis of energy intensity and carbon emissions in wastewater treatment in USA, germany, China
and South Africa. Appl. Energy. 184, 873-881 (2016).

Mannina, G., Cosenza, A. & Rebougas, T. A plant-wide modelling comparison between membrane bioreactors and conventional
activated sludge. Bioresour Technol. 297, 122401. https://doi.org/10.1016/j.biortech.2019.122401 (2019).

Abma, W. R,, Driessen, W.,, Haarhuis, R. & Van Loosdrecht, M. C. M. Upgrading of sewage treatment plant by sustainable and
cost-effective separate treatment of industrial wastewater. Water Sci. Technol. 61, 1715-1722 (2010).

Mahmoudkhani, R., Torabian, A., Hassani, A. H. & Mahmoudkhani, R. Copper, cadmium and ferrous removal by membrane
bioreactor. APCBEE Procedia. 10, 79-83 (2014).

Yang, X., Lopez-Grimau, V., Vilaseca, M. & Crespi, M. Treatment of textilewaste water by CAS, MBR, and MBBR: A comparative
study from technical, economic, and environmental perspectives. Water (Switzerland). 12. https://doi.org/10.3390/W12051306
(2020).

Liu, G. et al. Activated sludge process enabling highly efficient removal of heavy metal in wastewater. Environ. Sci. Pollut. Res. 30,
21132-21143. https://doi.org/10.1007/s11356-022-23693-3 (2023).

Shao, L. & Chen, G. Q. Water footprint assessment for wastewater treatment: method, indicator, and application. Environ. Sci.
Technol. 47, 7787-7794 (2013).

Morera, S., Corominas, L., Poch, M., Aldaya, M. M. & Comas, J. Water footprint assessment in wastewater treatment plants. J.
Clean. Prod. 112, 4741-4748 (2016).

Cankaya, S. Evaluation of the impact of water reclamation on blue and grey water footprint in a municipal wastewater treatment
plant. Sci. Total Environ. 903, 166196 (2023).

Siatou, A., Manali, A. & Gikas, P. Energy consumption and internal distribution in activated sludge wastewater treatment plants of
Greece. Water (Basel). 12, 1204 (2020).

Sun, Y. et al. Creation of a new recreational water environment: the Beijing olympic Park — More than ten years of experience,
in: (ed Lahnsteiner, J.) Handbook of Water and Used Water Purification, Springer International Publishing, Cham, : 1255-1284.
https://doi.org/10.1007/978-3-319-78000-9_169. (2024).

Liebminger, L. A. & Prosl, A. Zermatt membrane bioreactor (MBR): case study Switzerland, in: (ed Lahnsteiner, J.) Handbook of
Water and Used Water Purification, Springer International Publishing, Cham, : 639-651. https://doi.org/10.1007/978-3-319-7800
0-9_130. (2024).

Dusa, R. M., Liebminger, L. A. & Lahnsteiner, ]. Water management in oil refining and petrochemical production, in: (ed
Lahnsteiner, J.) Handbook of Water and Used Water Purification, Springer International Publishing, Cham, : 977-1015. https://do
i.0org/10.1007/978-3-319-78000-9_149. (2024).

Jamshidi, S., Farsimadan, M. & Mohammadi, H. A holistic approach for performance evaluation of wastewater treatment plants:
integrating grey water footprint and life cycle impact assessment. Water Sci. Technol. 89, 1741-1756. https://doi.org/10.2166/wst.2
024.081 (2024).

Acknowledgements

Our sincere appreciation goes to Bina Azma Sepahan Laboratory for their meticulous analytical work and gen-
erous financial contribution, referenced under contract 1401/9475. We are also deeply thankful to the Iran Small
Industries and Industrial Parks Organization (ISIPO) for their valuable support and partnership, as denoted by
grant 37720/1/2430.

Author contributions

K. A. worked on Methodology, Formal analysis, Investigation, Data curation, Writing — original draft, Visuali-
zation, A.D. and S. J. were responsible for Conceptualization, Formal analysis, Validation, Supervision, Project
administration, Writing — review and editing. All authors reviewed the manuscript.

Declarations

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2025) 15:23120 | https://doi.org/10.1038/s41598-025-08959-3 nature portfolio


https://www.astm.org/d8469-22.html
https://ourworldindata.org/grapher/electricity-generation?tab=chart&country=~IRN
https://ourworldindata.org/grapher/electricity-generation?tab=chart&country=~IRN
https://ourworldindata.org/electricity-mix
https://doi.org/10.1007/s43615-022-00179-5
https://doi.org/10.1007/s43615-022-00179-5
https://doi.org/10.1038/s41598-024-60511-x
https://doi.org/10.1016/j.biortech.2019.122401
https://doi.org/10.3390/W12051306
https://doi.org/10.1007/s11356-022-23693-3
https://doi.org/10.1007/978-3-319-78000-9_169
https://doi.org/10.1007/978-3-319-78000-9_130
https://doi.org/10.1007/978-3-319-78000-9_130
https://doi.org/10.1007/978-3-319-78000-9_149
https://doi.org/10.1007/978-3-319-78000-9_149
https://doi.org/10.2166/wst.2024.081
https://doi.org/10.2166/wst.2024.081
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-08959-3.

Correspondence and requests for materials should be addressed to S.J.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:23120 | https://doi.org/10.1038/s41598-025-08959-3 nature portfolio


https://doi.org/10.1038/s41598-025-08959-3
https://doi.org/10.1038/s41598-025-08959-3
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿An inclusive solution based on grey water footprint for performance evaluation of industrial wastewater treatment systems
	﻿Materials and methods
	﻿Case study
	﻿Sampling and test
	﻿Energy consumption and CF calculation method
	﻿GWF calculation
	﻿Combined grey water-carbon footprint
	﻿Heavy metal pollution index reduction

	﻿Results
	﻿Basic results and estimations
	﻿﻿Pollution removal
	﻿﻿Flow-rates
	﻿Carbon emission intensity (CEI) and footprint (CF)


	﻿GWF assessment
	﻿Comparative study through GWF
	﻿Discussion
	﻿Pollution removal in WWTPs
	﻿GWF reduction in WWTPs
	﻿Energy consumption and carbon footprint in WWTPs

	﻿Conclusion
	﻿References


