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Abstract: Wastewater treatment plants are highly energy-intensive systems. This research uses Life
Cycle Assessment (LCA) to determine the impacts generated during the operation of a wastewater
treatment plant. Three different scenarios are analyzed: a baseline scenario that considers a con-
ventional activated sludge treatment technology exploiting data from an existing plant located in
central Italy, a second scenario that involves the implementation of MBR technology applied to the
baseline scenario, and finally a third scenario that consists of the addition of an anaerobic digester
that allows energy recovery from biogas production, followed by a photovoltaic plant capable of
supplying the plant energy demand. Global warming potential, eutrophication, and acidification
are the environmental categories considered most relevant to emissions. The results showed that
the effluent had the highest impact in terms of CO2 equivalent in all three situations due to the
presence of N2O. Since emissions from biological processes, transportation, and wastewater are
almost similar in all three scenarios, it is preferable to focus on the environmental impacts associated
with energy consumption. The third scenario involves careful resource management and the use of
treatment technologies that allow for a reduction in the use of nonrenewable energy sources in favor
of renewable ones.

Keywords: life cycle assessment; wastewater treatment plant; environmental impacts

1. Introduction

In a historical period such as the one we are living through nowadays, in which
the consequences of industrial development, population growth, and more generally
anthropization are increasingly evident and concerns about environmental sustainability
are now an integral part of everyday life, it is necessary to implement environmental
protection measures. Indeed, the economic, political, and industrial landscape is shifting
towards the accomplishment of the principle of sustainable development, i.e., development
that meets the needs of current generations without compromising the freedom of future
generations to meet their own [1]. Therefore, efforts are being made to implement tools
that are in line with energy–environmental sustainability.

Wastewater treatment plants can play an important role within this pathway, as they
are energy-intensive systems, thus leading to significant environmental impacts [2]. Suffice
it to say that about 4% of global energy is used to treat, pump, and distribute water [3].
It is necessary to improve the efficiency of these plants in order to get closer to the “zero
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pollution” concepts proposed in the European Green Deal set for 2050, as well as to comply
with the Kyoto Protocol limits on emissions [4].

The Life Cycle Assessment procedure (LCA) is one of the analytical tools often used to
define the complex relationship between production systems and the environment, and it
is employed here to evaluate environmental assessment. This methodology enables the
determination of emissions generated throughout the life cycle of a product or process,
“from cradle to grave” allowing comparisons between scenarios and estimating which one
has the lowest impacts [5].

Several studies have applied the LCA methodology to wastewater treatment plants
to assess their impacts [6–9]. Allami et al. [10] used the LCA methodology to define the
best plant configuration among three different scenarios: a traditional activated sludge
plant with a sand filter, another with the use of a sand filter and nitrogen removal, and
finally a plant with the implementation of MBR technology. The analysis showed that the
configuration with MBR used less energy and consequently produced lower emissions than
the other two configurations using sand filters. It is therefore important to define the flow
pattern of the plant. Although the MBR is considered a highly energy-intensive system, it
consumes less energy than sand filters.

A further configuration considers the use of an anaerobic digester, where the ap-
plication of biogas instead of natural gas can reduce the negative impacts of fossil fuels
by approximately three times. The result was studied by Tabesh et al. [11] through the
application of the LCA methodology, which was able to provide an environmental impact
analysis and simplify decision making in the wastewater treatment sector.

Also, Pasqualino et al. [12] used LCA to compare different plant solutions, reaching
the conclusion that the implementation of the anaerobic digester can provide sufficient
energy to power all the plant stages, thus reducing the environmental impact.

In the study by Zhang et al. [13], LCA methodology was used to determine the benefit
of reusing tertiary effluent for industrial and domestic purposes, resulting in water savings.
This type of benefit is considered equivalent to energy savings that would otherwise be used
to produce the same amount of tap water. According to Zhang et al. [13], the average energy
consumption for tap water production in the city of Xi’an is around 4440 kJ/m3, considering
both the development of water resources and the application of water treatment.

Another case study in China was analyzed by Li et al. [14], where LCA was used to
evaluate the environmental impacts in different phases of WWTP: construction, operation,
sludge landfilling, and transportation of chemicals to the plant. Based on the study, the
Kunshan wastewater treatment plant’s environmental impacts are mainly due to the
operation and maintenance phases. In fact, under the hypothesis of 50 years of operation
of the plant and of electricity production exclusively from a coal-fired power plant, the
consumption of electricity by the plant provides the most significant contribution to the
depletion of abiotic resources (91%), global warming (94.9%), photochemical oxidation
(88.8%), and acidification (78.9%).

Amores et al. [15] compared three scenarios using LCA to perform an analysis of
the different phases (water abstraction, drinking water treatment, intermediate pumping,
distribution network, wastewater collection, and wastewater treatment) of the urban water
cycle in Terragona, Spain: (1) current situation, (2) use of reclaimed water and desalination
plants, and (3) reclaimed water to provide water during droughts. In all three scenarios, the
main source of impact was the energy consumed through the collection and intermediate
pumping of fresh water.

The following article presents the use of LCA methodology during the operational
phases of a wastewater treatment plant. Data from an existing plant in central Italy were
used as input for the study. Through the application of the LCA, it was possible to compare
the base case of a conventional activated sludge plant with two different scenarios, which
are part of the development strategy of the plant management, to be able to compare the
impacts generated. The application of LCA to different scenarios and its environmental
results depend on several boundaries. The reference scenario (scenario A), a typical sludge-
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activated treatment, will be compared to a second scenario where the MBR technology
was added (scenario B), and to a third scenario where the implementation of scenario A is
the introduction of the anaerobic digester in the sludge line with energy recovery together
with a photovoltaic plant in order to satisfy the energy demand of the plant (scenario C)
are used. No commercial software was used in this study, but a specific one was designed
to best represent the study needs. According to the analysis of the three scenarios, the
environmental categories of acidification and eutrophication remain unchanged because
they are related to transportation, and the latter does not alter depending on the plant
configuration used. The situation is different for the global warming potential, where there
are significant differences according to energy consumption. The third scenario, in fact,
which envisages the adoption of the anaerobic digester to partially feed the plant, has very
low emissions, unlike the second scenario, which, using MBR technology, has considerable
impacts, the greatest among the three scenarios analyzed.

2. Materials and Methods

The present study uses LCA to quantitatively determine the environmental input and
output flows of energy and matter throughout the life of a WWTP. This methodology differs
from environmental impact assessment (EIA) since the latter is based on actual impacts,
quantified considering the alterations introduced into the environmental system, while the
LCA study is based on the concept of potential impact. Through this tool, it is determined
whether, under certain conditions, any emission or extraction can be transformed into a
contribution to different impact categories [16].

Life Cycle Assessment has several applications and makes it possible to compare
products with the same function, compare the environmental impact of a product with a
referenced standard, identify the process that results in the greatest environmental impact
over the life cycle of a system or a product, design new production processes or new
products in general, and evaluate different scenario comparisons and thus, is a planning
support tool for decision-makers or stakeholders [2].

According to ISO 14040:1997 [17] (International Standard Organisation, 1997) and ISO
14044:2006 [18] (International Standard Organisation, 2006), LCA is a procedure consisting
of four main steps:

1. Goal and scope phase, composed of the definition of the system boundaries and scope
system functions, functional units, allocation procedures, impact types, required data,
assumptions or simplifications, and finally, the quality of the data [19];

2. Inventory analysis, known as Life Cycle Inventory (LCI) in which the data needed for
the study system are reported [19]. In this phase, for example, the quantities of raw
material requirements or energy sources associated with each stage of the life cycle of
a product or process are reported [20];

3. Impact assessment phase, defined as Life Cycle Impact Assessment (LCIA): Once
the data have been collected, they must then be converted into impact measures to
assess the environmental effects of the system under consideration [21]. After the
equivalence factors definition, the final result will be environmental profiles consisting
of a series of impact scores for each category [16]. The different existing impact
categories include global warming, ozone depletion, human toxicity, ecotoxicity,
photo-oxidation, acidification, eutrophication, odors, noise, radiation, accidents, and
disasters. Several authors discuss the above impact categories, assessing what the
emissions are for each category, excluding odors, noise, radiation, accidents, and
ecotoxicity [21,22]. Further studies have found that energy consumption is one of the
most impactful factors within sewage treatment plants [23–26]. Furthermore, some
literature studies [11,14,27–30] analyze, starting from impact categories, different
environmental effects at different stages of construction, operation, and demolition;

4. Data interpretation, defined by ISO 14044 [18], with the aim of performing a critical
evaluation of the entire LCA study.
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2.1. Goal and Scope Definition

The goal of this model is to demonstrate how LCA can be used as a tool for technolog-
ical or management choices by comparing the impacts generated by two or more different
configurations of wastewater treatment plants. In the reported case study, a traditional
activated sludge plant is used to represent the first scenario under analysis, while the
second scenario considers the implementation of MBR (Membrane BioReactor) technology
removing the secondary settler in order to have better performance in effluent clarification.
Finally, a third scenario considers the implementation of an anaerobic digester within the
traditional wastewater treatment plant. This system uses biogas energy to partially power
the plant, while a photovoltaic system provides the remaining energy required to create a
self-sufficient plant.

2.2. Life Cycle Impact Assessment (LCIA)

The reported study considers the following impact categories as the most affected by
sewage treatment plants: global warming potential (GWP), potential acidification (PA),
and potential eutrophication (PE). Within each impact category, an equivalence factor
is defined to express the potential environmental impact of the considered substance
relative to a weight unit of the reference substance. The conversion factors given in the
following paragraphs were extrapolated from the Ecoinvent database, within which the
CML (Centrum voor Milieukunde, Leiden, The Netherlands) 2001 software was used as a
reference. Once the equivalence factors have been defined for each environmental sector,
the impact is calculated as the product between the output produced in terms of emissions
and the related conversion factor.

2.3. Functional Unit (F.U.)

The functional unit is a measurable and clearly determined quantity (ISO 14040:2006),
which is essential for comparing different scenarios. In this study, 1 m3/d of influent was
used as a functional unit, since it has been considered in several studies with satisfactory
results [22,27,31].

2.4. System Boundaries

The system boundaries for the three case studies are shown in Figures 1–3. Within the
system, the incoming energy flows necessary for the operation of the electromechanical
components of the various sections, the transport of materials into and out of the plant,
and finally the pollutant emissions produced from these processes are considered. The
treatment of solid sludge leaving the plant as well as the treatment of further different
wastes from the various sections of the plant do not fall within the boundaries of the system.
The cradle-to-gate approach is then just for the main stream of wastewater. Sludge is
briefly considered in the paper just for a rough evaluation of the different possible systems
of disposal in terms of GWP impacts. The flow diagram of scenario A with its system
boundaries is shown in Figure 1.

One of the most advanced technologies that can be used in wastewater treatment plants
is bioreactive membranes (MBRs), which have been largely studied [11,16,21,27,31–35]. MBR
allows the enhancement of effluent quality.

The MBR system makes use of a side stream ultrafiltration module. Some components,
such as the secondary settler tank, are eliminated if compared to the traditional activated
sludge case. Flow diagram of scenario B is shown in Figure 2.

In the third scenario, the conventional activated sludge process is combined with
an anaerobic digester, allowing greater sludge stabilization if compared with scenario A,
reducing the mass of solid organic material and pathogens in the sludge itself [36]. The
most important aspect is that the anaerobic process produces biogas with characteristics
suitable to be used as a biofuel to generate energy [37]. In this scenario, a photovoltaic
system was also added to try to satisfy the plant’s remaining energy requirements, which
the digester cannot supply. Flow diagram of scenario C is shown in Figure 3.
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2.5. Life Cycle Inventory (LCI)

The primary data used in the LCA application were collected from a wastewater
treatment plant in central Italy (Tables 1–3).

Table 1. Input data from wastewater treatment plant located in central Italy.

Parameters Symbol Value Unit of Measurement

Number of inhabitant equivalent P 75,000 Inhab. equivalent
Per capita net water supply D 400 L/inhab*d

Sewer inflow coefficient Φ 0.8 adim
Average flow rate QA 24,000 m3/d

Table 2. Concentrations of incoming pollutants.

Parameters Value Unit of Measurement

Influent concentration BOD5 104 g/m3

Influent concentration COD 397 g/m3

Influent concentration TSS 284 g/m3

Influent concentration TKN 37 g/m3

Influent concentration PTOT 10 g/m3

Table 3. Concentrations of pollutants in the effluent.

Parameters Value Unit of Measurement

Effluent concentration BOD5 25 g/m3

Effluent concentration COD 62 g/m3

Effluent concentration TSS 2 g/m3

Effluent concentration TKN 1.45 g/m3

Effluent concentration PTOT 0.8 g/m3

The study was carried out by subdividing the plant according to the different occur-
ring treatment phases. For each phase, the energy associated with the operation of the
single section was calculated using the technical specification of the electromechanical
components present:

Energy [kWh/d] = P [kW/d] * t [h] * n [adimensional] (1)

where P is the machinery power, t represents the hours of machinery work, and finally n is
the number of machineries used. Once the total required energy is defined, the associated
CO2 emission is determined using the emission factor EFEP referred to the national energy
production equal to 380 gCO2/kWh (Ecoinvent v 3.8):

CO2 [g/d] = Energy [kWh/d] * EFEP [gCO2/kWh] (2)

In biological processes, direct CO2 emissions should be considered due to the bacteria
methabolism: during bacterial growth, in fact, chemical reactions are responsible for the
production of CO2, which can be evaluated stoichiometrically:

C5H7O2N + 5O2 → 5CO2 + 2H2O + NH3 (3)

EF [gCO2/gSSV] = [(44 * 5) gCO2/mol]/[113 gSSV/mol] = 1.947 gCO2/gSSV (4)

where EF is the conversion factor defined through the carbon dioxide molecular weight
multiplied by the number of moles and divided for the organic substance molecular weight.
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By means of the conversion factor determined stoichiometrically, the CO2 associated with
biological processes is defined as follows:

CO2 [g/d] = EF [gCO2/gSSV] * QA [m3/d] * (CODI[g/m3]-CODE[g/m3]) (5)

In which Q is the average flow rate (Table 1) and CODI and CODE are, respectively,
the influent concentration and the effluent concentration of COD (Tables 2 and 3).

IPCC guidelines [38] and several authors [39] consider that the biogenic production
of CO2 should not be included in the amounts of GWP, and some chemicals, like fossil
carbon-based substances, should be included within a range between 4–14%. In the present
study, 9% of the biogenic CO2 production was taken into account. N2O is also produced in
the plant for the protein content present in wastewater flow. Due to its high greenhouse
potential, which is 298 times greater than that of CO2, it has a significant impact on the
environment.

The direct N2O emissions is calculated as follows according to IPCC Chapter 6 [40],
whose terms are defined in Table 4:

N2O [kg/year] = P * U * FIND-COM * EFplant (6)

Table 4. Parameters of Equation (6) and their typical values for direct N2O emissions [41].

Parameters Symbol Default Range Unit of Measurement

Number of inhabitant equivalent P Specific Specific Inhab
Utilization factor of the plant U Specific Specific Adimensional

Industrial and commercial
protein production factor FIND-COM 1.25 1–1.5 Adimensional

Emission factor (from IPCC) EFplant 3.2 2–8 g N2O/inhab*year

About the utilization factor, it is equal to one in case the plant is in operation all year
round, such as in this study. In addition to direct production, there is also indirect N2O
emission in the effluent [40]:

N2OEff [kg/year] = NEff * EFEff * (44/28) (7)

where NEff is the nitrogen output load, EFEff is the N2O emission factor for outlet flow, and
the factor (44/28) is a conversion from kg of N2O-N to kg of N2O. The nitrogen output load
is calculated as follows [41], whose terms are defined in Table 5:

NEff [kg/year] = (P * Protein * FNPR * FNON-COM * FIND-COM) − NR (8)

Table 5. Parameters of Equation (8) and their typical values for indirect N2O emissions.

Parameters Simbol Default Range Unit of Measurement

Number of inhabitant
equivalent P Specific Specific inhab

Per capita protein
consumption Protein Specific Specific kg_proteins/inhab*year

Protein production
factor FIND-COM 1.25 1–1.5 Adimensional

Protein consumption
factor FNON-COM 1.3 1–1.5 Adimensional

Emission factor for
outlet flow EFEff 0.005 0.0005–0.25 kgN2O/kgN

Nitrogen fraction in
proteins FNPR 0.16 0.15–0.17 kgN/kg_Proteins

Nitrogen removed
with sludge NR

13.4% of TKN
in input kg/year



Water 2024, 16, 1177 8 of 24

Once the amount of N2O produced has been calculated and transformed in g/d, it is
then converted to CO2 via the equivalence factor (Ecoinvent CML, 2001).

3. Results and Discussion
3.1. Scenario A

Table 6 and the related Figure 4 show the total energy of the various sections accord-
ing to the electromechanical components present (the total kWh/d is referred to as the
functional unit):

Table 6. Energy consumption [kWh/d per F.U.] related to the number of electromechanical compo-
nents in the different sections of the plant—scenario A.

Sections Number of Electromechanical
Components kWh/d Per F.U.

Pumping station 1 0.055
Pretreatments 8 0.026
Primary settler 2 0.0045

Biological 7 0.21
Secondary settler 3 0.0028

Chemical phosphorus removal 2 0.0019
Disinfection 2 0.0010
Thickening 4 0.0012

Conditioning 6 0.0037
Dewatering 1 0.019

Total 34 0.33
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Once the required energy for each section of the plant has been defined, the related
CO2 emissions are determined through Equation (2) and reported in Table 7 and Figure 5.
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Table 7. CO2 emissions [kg/d per F.U.] due to energy consumption, transportation, and direct
emissions—scenario A.

Sections kg/d Per F.U.

Pumping station 0.021
Pretreatments 0.013
Primary settler 0.0017

Biological 0.13
Chemical phosphorus removal 0.00080

Secondary settler 0.0011
Disinfection 0.00044
Thickening 0.00045

Conditioning 0.0015
Dewatering 0.035

Effluent 0.38
Total 0.591Water 2024, 16, x FOR PEER REVIEW 10 of 26 
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reactions—scenario A.

The data reported in Table 7 and shown in Figure 5 demonstrate that the biological
reactor contributes to 22% of the total CO2 emissions for its energy consumption, and the
largest contribution derives from the effluent with its N2O content [42].

In addition to energy-related CO2 emissions, the transport of waste materials to treat-
ment or disposal, as well as the delivery of chemical supplies, all contribute to additional
emissions that must be considered. The operating transports are reported in Table 8.

Table 8. Transport emissions [g/d per F.U.] for chemical reagents and waste disposal.

Sections NOX CO NH3 SO2 N2O CO2 Unit of Measurement

Pretreatments 1.0 × 10−2 3.3 × 10−3 3.2 × 10−5 1.2 × 10−5 1.0 × 10−4 2.7 × 100 g/d per F.U.
Chemical

phosphorus
removal

2.6 × 10−4 8.5 × 10−5 8.3 × 10−7 3.1 × 10−7 3.4 × 10−6 7.1 × 10−2 g/d per F.U.

Disinfection 2.5 × 10−4 8.0 × 10−5 7.8 × 10−7 2.9 × 10−7 3.1 × 10−6 6.7 × 10−2 g/d per F.U.
Conditioning 3.9 × 10−4 1.2 × 10−4 1.2 × 10−6 4.6 × 10−7 4.9 × 10−6 1.0 × 10−1 g/d per F.U.
Dewatering 1.0 × 10−1 3.1 × 10−2 3.0 × 10−4 1.2 × 10−4 1.2 × 10−4 2.6 × 101 g/d per F.U.
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Figure 6 shows which sectors of the plant have the greatest environmental impact
in terms of GWP. The effluent greatly exceeds the values of the other sections due to the
presence of N2O. The biological reactor is surely one of the most impactful sections of the
system, since it requires a large quantity of energy and, in addition to the energy required
for operating, there is additional CO2 production as a result of reactions by micro-organisms,
which is assumed equal to 9% of the biogenic activity, as previously reported.
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Within the potential acidification, pollutants such as NOX, SO2, and NH3 emitted by
vehicle exhausts are considered. Thus, acidification has impact contributions at the plant
stages in which road transport is considered. It reaches a peak in the dewatering section
and in the pretreatments due to the transportation to further treat or dispose of dewatered
sludge and screenings, respectively. The values obtained in terms of kg SO2 equivalent
are 1.6 kg SO2 equivalent/d for the dewatering section and 0.2 kg SO2 equivalent/d for
the screenings. They represent the contribution to the PA impact from the plant operating
phase. The effluent has a very high eutrophication potential, caused by the release of
residual phosphates eventually not removed during treatment. Regarding the PE impact,
the effluent has the highest contribution equal to 67.1 kg PO4 equivalent/d. This high value
is linked to the presence of N2O, which contributes to the PE impact. Smaller contributions
are also present in the biological section (0.2 kg PO4 equivalent/d) and dewatering (0.3 kg
PO4 equivalent/d). Both contributions are due to the residual phosphorus present in the
wastewater mainstream and in the extracted sludges.

3.2. Scenario B

As mentioned above, the second scenario considers the implementation of MBR
technology in the plant. Table 9 and the related graph in Figure 7 show the energy in
kWh/d per functional unit associated with each compartment and based on the number of
electromechanical components used.
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Table 9. Energy consumption [kWh/d per F.U.] related to the number of electromechanical compo-
nents in the different sections of the plant—scenario B.

Sections Number of Electromechanical
Components kWh/d Per F.U.

Pumping station 1 0.055
Pretreatments 8 0.026
Primary settler 2 0.0045

Biological 7 0.19
MBR 3 0.22

Chemical phosphorus removal 2 0.0019
Disinfection 2 0.0010
Thickening 4 0.0012

Conditioning 6 0.0037
Dewatering 1 0.019

Total 39 0.51
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The energy-related CO2 emissions are determined through Equation (2). Table 10
shows the carbon dioxide emissions related to energy consumption, transportation, and
biological processes in scenario B. The same data are reported in Figure 8.

Table 10. CO2 emissions [kg/d per F.U.] due to energy consumption, transportation, and direct
emissions—scenario B.

Sections kg/d Per F.U.

Pumping station 0.021
Pretreatments 0.013
Primary settler 0.0017

Biological 0.12
MBR 0.08

Chemical phosphorus removal 0.00080
Disinfection 0.00044
Thickening 0.00045

Conditioning 0.0015
Dewatering 0.035

Effluent 0.38
Total 0.66
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Figure 8. CO2 emissions [%] related to energy consumption, transportation, and biological
reactions—scenario B.

The results for transport impacts (PA, PE, and GWP) are the same as those reported for
scenario A (Table 8), since the assumption is that the implementation of the MBR technology
does not involve further material or larger waste transports.

The addition of MBR technology reduces the biological reactor’s energy consumption
compared to scenario A (3396.1 kg CO2 eq.—A → 31772.2 kg CO2 eq.—B) due to the
removal of some electromechanical components, such as the energy-intensive recirculation
pumps. However, the traditional activated sludge plant requires more energy when the
MBR is used in place of the secondary settler (Figure 9). Similarly to scenario A, the
environmental category of GWP is also the most impactful, as well as the contribution
of the effluent is larger than the other items due to the presence of the pollutant N2O
(Figure 9) [42].
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3.3. Scenario C

In scenario C, an anaerobic digester is added to the sludge line. The anaerobic digestion
process enables the biological stabilization of sewage sludge and the production of biogas,
which is composed of CH4 (60%) and CO2 (40%), with traces of further substances (such as
H2S, N2, and H2). With regard to the treatment of secondary sludge, biogas production
rate is around 28m3/(103 inhab*d). Biogas has a wide range of applications, including
the heating of the digesters themselves as well as the generation of mechanical energy
and/or electricity. In Table 11 are reported all the data necessary to calculate the energy
obtained from biogas, and in Table 12 is reported the energy required for the digestion
operation, both in kWh/d per functional unit. Equations (9) and (10) show the formulas
used to calculate, respectively, the energy obtained from the biogas and required to operate
the digester:

Energy obtained from biogas [kWh/d per F.U.] = CH4_production [m3/d] * CF [kWh/m3] (9)

where the production of CH4 and CF (conversion factor) are reported in Table 13. Regarding
the calculation of methane production, this is calculated by taking 60% of the biogas
production from the total number of inhabitants to be served.

Table 11. Energy from biogas [kWh/d per F.U.].

Parameters Value Unit of Measurement

Biogas production per habitant 0.028 m3/inhab*d
Total biogas production 1400 m3/d

CH4 in biogas 60 %
Total CH4 production 840 m3/d
Conversion factor (CF) 10.7 kWh/m3

Energy from biogas 0.37 kWh/d per F.U.

Table 12. Energy necessary for digester operation [kWh/d per F.U.].

Parameters Value Unit of Measurement

Dewatered sludge 5400 kg/d
Final sludge temperature 35 ◦C
Sludge inlet temperature 10 ◦C

Heat required for digester 157.5 J/d
Specific heat sludge 4200 J/(kg*◦C)
Conversion factor 2.8 × 10−8 kWh/J

Energy required for digester operation 6.5 × 10−3 kWh/d per F.U.

An estimate of the amount of heat required to heat the sludge can be made using the
following approach:

Q [J/d] = specific heat sludge [J/kg◦C] * (Final sludge temperature [◦C]—
Sludge inlet temperature [◦C]) * sludge quantity [kg/d]

(10)

The product between the heat required for the digester and the conversion factor in
Table 12 gives the energy required for digester operation.

The energy used within the plant for each section is shown in Figure 10. The negative
value in reference to the anaerobic digester represents the energy produced by the biogas
and used to feed a part of the energy demand of the plant itself (Figure 10).
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Figure 11 shows the values of CO2 emissions in the third scenario. A distinction must
be made between two types of CO2: approximately 40% of the CO2 in biogas is considered
biogenic, i.e., of biological origin and therefore not impacting, as opposed to CO2 from the
use of fossil fuels. For this reason, the only contribution of CO2 in terms of environmental
impact is from the combustion of methane. From the chemical reaction, it is obtained
stoichiometrically that 2.75 kg CO2 is formed from 1 kg CH4. Considering the net energy
shown in Figure 10, given the difference between the energy obtained from the biogas and
the energy required to operate the digester, and considering an efficiency of 65% that takes
into account the yield coefficient, any losses, and energy for the flare and for heating, we
obtain an available energy of 0.24 kWh/day. In order to calculate the avoided impact, the
CO2 emission value is first determined by considering the conversion factor relating to the
use of energy from fossil fuels, and then it is compared with the CO2 emission following
the use of energy from biogas:

• In the first case, a value of 92.5 g CO2 per F.U. is obtained, calculated as follows:

CO2 [g/d per F.U.] = EFEP*EAD (11)

where EFEP is the emission factor equal to 380 gCO2/kWh (IPCC) as already mentioned
in Paragraph 2.5 and EAD is the energy related to the anaerobic digestor equal to
0.24 kWh/d per F.U.;

• While the second is calculated from the quantity in kg resulting from the stoichiometry
of the chemical reaction, i.e., 1,214,000 gCO2, which, when compared to the functional
unit, is equal to the following:

CO2 [g/d per F.U.] = (1,214,000 [gCO2])/QA[m3/d] = 50.6 gCO2/d per F.U. (12)



Water 2024, 16, 1177 15 of 24Water 2024, 16, x FOR PEER REVIEW 16 of 26 
 

 

 
Figure 11. CO2 Emissions related to energy consumption, transportation and biological reactions 
[%]—scenario C. 

To support this last calculation obtained stoichiometrically, a conversion factor from 
the IPCC 2006 of (195 gCO2/kWh) was used to calculate CO2 emissions using energy from 
biogas (Equation (9)), obtaining a value of 47 gCO2 per F.U. comparable with the result of 
Equation (12). 

The avoided impact is determined as the difference between the CO2 emission value 
calculated from biogas energy and the amount of CO2 produced through fossil energy. 
The value obtained is calculated using Equation (13): 

CO2 [g/d per F.U.] = 92.5 [gCO2/d per F.U. − 50.6 [gCO2/d per F.U.] = 41.9 
gCO2/d per F.U. (13) 

In order to have an operating plant that can be considered almost completely self-
sufficient, a photovoltaic plant can be added to supply the remaining part of the energy 
required by the plant. The residual needed energy is as follows: 

Energyresidual [kWh/d per F.U.] = Energyplant − EnergyAD = 0.33 [kWh/d per 
F.U.] − 0.24 [kWh/d per F.U.] = 0.082 [kWh/d per F.U.] (14) 

The photovoltaic panels chosen with the highest efficiency (i.e., ratio of solar energy 
converted to electricity) of around 20%, are monocrystalline panels. The PVGIS 5.2 
(Photovoltaic Geographical Information System) from the EU Science Hub is a shareware 
software that was used for sizing the photovoltaic system. The location chosen to perform 
the calculation is Rieti (central Italy). Given the need to supply energy to the plant 
throughout the year, it was decided to refer to the month with the lowest irradiation, 
December. According to [43], the average sunshine equivalent hours per day in Rieti in 
December are 1.39 h. The data from the cited study express the monthly average daily 
global solar radiation on a horizontal plane with a spatial resolution of about 1 km × 1 km. 
These maps are estimated from the satellite images of cloud cover acquired by the 
European agency EUMETSAT; they are published on ENEA’s Climate Archive website, 
where monthly average values are also given for about 1600 Italian locations. The maps 

Figure 11. CO2 Emissions related to energy consumption, transportation and biological reactions
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To support this last calculation obtained stoichiometrically, a conversion factor from
the IPCC 2006 of (195 gCO2/kWh) was used to calculate CO2 emissions using energy from
biogas (Equation (9)), obtaining a value of 47 gCO2 per F.U. comparable with the result of
Equation (12).

The avoided impact is determined as the difference between the CO2 emission value
calculated from biogas energy and the amount of CO2 produced through fossil energy. The
value obtained is calculated using Equation (13):

CO2 [g/d per F.U.] = 92.5 [gCO2/d per F.U. − 50.6 [gCO2/d per F.U.] = 41.9 gCO2/d per F.U. (13)

In order to have an operating plant that can be considered almost completely self-
sufficient, a photovoltaic plant can be added to supply the remaining part of the energy
required by the plant. The residual needed energy is as follows:

Energyresidual [kWh/d per F.U.] = Energyplant − EnergyAD = 0.33 [kWh/d per F.U.]
− 0.24 [kWh/d per F.U.] = 0.082 [kWh/d per F.U.]

(14)

The photovoltaic panels chosen with the highest efficiency (i.e., ratio of solar energy
converted to electricity) of around 20%, are monocrystalline panels. The PVGIS 5.2 (Photo-
voltaic Geographical Information System) from the EU Science Hub is a shareware software
that was used for sizing the photovoltaic system. The location chosen to perform the calcu-
lation is Rieti (central Italy). Given the need to supply energy to the plant throughout the
year, it was decided to refer to the month with the lowest irradiation, December. According
to [43], the average sunshine equivalent hours per day in Rieti in December are 1.39 h. The
data from the cited study express the monthly average daily global solar radiation on a
horizontal plane with a spatial resolution of about 1 km × 1 km. These maps are estimated
from the satellite images of cloud cover acquired by the European agency EUMETSAT;
they are published on ENEA’s Climate Archive website, where monthly average values are
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also given for about 1600 Italian locations. The maps used for the calculation are for the
2006–2020 average. Based on this, peak kW is calculated as follows:

kWp = [Energyplant [kWh/d]/(equivalent hours of sunshine [h])]*(1/ρ) [adimensional] (15)

where the coefficient ρ represents the balance of the system, which is a factor that expresses
as a percentage the energy losses that occur in the system due to various factors, such as
the coupling between the various PV modules, connections to the converter(s), losses in the
switchgear, conductors, etc., and which in this case was assumed to be 0.8. A system loss of
20% is considered within the PVGIS program (Table 13). The result obtained is shown in
Figure 12 and in Table 14.
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Table 13. Provided inputs related to Figure 12.

Provided Inputs

Location [Lat/Lon] 42,416–12,885
Horizon Calculated

Database used PVGIS–SARAH2
PV technology Crystalline silicon

PV installed [kWp] 1759
System loss [%] 20

Table 14. Simulation outputs related to Figure 12.

Simulation Outputs

Slope angle [◦] 35
Azimuth angle [◦] 0

Yearly PV energy production [kWh] 2,341,794.21
Yearly in-plane irradiation [kWh/m2] 1823.76

Year-to-year variability [kWh] 117,659.33
Changes in output due to:
• Angle of incidence [%] −2.72
• Spectral effects [%] 1.13

• Temperature and low irradiance [%] −7.24
Total loss [%] −27
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To ensure the complete coverage of the energy required by the PV system even at
night or in the absence of solar irradiation, it is necessary to consider sizing batteries for
energy storage. According to [43], in December the average number of consecutive days
of bad weather in Rieti is 10 days. The analysis carried out shows that the lowest battery
capacity sufficient to ensure the continuity of electricity supply is about 18 MWh.

As far as the space occupied by the plant is concerned, according to the study [44]
assuming 350 W, this results in a power density of 1 MW per hectare. The result of the
analysis carried out using PVGIS was a plant with a capacity of approximately 2 MW
(Tables 15 and 16). Thus, the required amount of land is just under 2 hectares.
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Figure 13. Simulation outputs—battery performance for off-grid PV system (In green are the days
when the battery is always full, and in red when it is empty. As can be seen from the graph, since
there are no histograms shown in red, the battery is never empty).

Table 15. Provided inputs related to Figure 13.

Provided Inputs

Location [Lat/Lon] 42,416–12,885
Horizon Calculated

Database used PVGIS–SARAH2
PV installed [Wp] 1,759,000

Battery capacity [Wh] 17,500,000
Discharge cutoff limit [%] 40

Consumption per day [Wh] 1,960,000
Slope angle [◦] 35

Azimuth angle [◦] 0

Table 16. Simulation outputs related to Figure 13.

Simulation Outputs

Percentage days with full battery [%] 84.75
Percentage days with empty battery [%] 0.03

Average energy not captured [Wh] 4,745,862.64
Average energy missing [Wh] 281,797.43

The anaerobic digester reduces the amount of CO2 released into the atmosphere, as
seen by the graph of climate change’s negative impact (Figure 14). The emission of kg
CO2 equivalent from the bioreactor and effluent remains unchanged. Impacts related
to potential acidification (PA) and potential eutrophication (PE) also remain unchanged
compared to scenario A.
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3.4. Comparison between Scenarios A, B, and C

Table 17 shows the comparison between the three scenarios conducted in this study
and the data in the existing literature. Regarding GWP, the obtained results are in accor-
dance with the literature studies; nevertheless, they show lower values for the remaining
two categories, PA and PE. In scenario B, the study conducted by Ioannou-Ttofa et al. [29]
reports that 97% of the contribution of kg CO2 equivalent is due to the energy consumption
related to the lift pump, the blowers in the pre-aeration tank, and the blowers and backwash
pump in the MBR module. The functional unit used corresponds to the one in the present
study. Banti et al. [22] show different results to the previous ones, probably due to the
different analysis methodologies used. The values of these studies are shown in Table 17.
In scenario C, Pasqualino et al. [12] (Table 17) use the same functional unit and system
boundaries used in the LCA conducted in this study. Pasciucco et al. [45] (Table 13) consider
three different water treatment plants located in central Italy, thus having a geographical
location corresponding to that of the plant under analysis. The plant used for comparison
with this scenario is WWTP3, which is the only one to use an anaerobic digester. Since
the LCIA results are presented in both high and low seasons (HSs and LSs), an average
between the two values is considered.

The last stage of the LCA methodology is the interpretation of the results (ISO
14044:2006), in which the most incisive impacts revealed during the study are highlighted.
After data input and the construction of an LCA, the different impacts were identified
according to the three scenarios analyzed: the first related to a conventional water treat-
ment plant, the second with the implementation of an MBR and finally the third with an
anaerobic digester used for the stabilization of the sludges within the conventional plant.
The study was based on the functional unit of 1 m3 of influent. The assessment of the
impact of the environmental categories considered, i.e., greenhouse effect, acidification, and
eutrophication, showed that in all three cases the effluent has the greatest impact in terms of
CO2 equivalent due to the presence of N2O in the flow. As it is known, this substance has a
high conversion factor (298 times greater than that of CO2 as reported by CML 2001). Direct
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emissions of N2O also occur as a result of micro-organism reactions inside the biological
reactor, in which there is also the greatest energy consumption due to the presence of highly
energy-intensive electromechanical components.

Table 17. Study results and comparable values in the existing literature related to GWP [kgCO2

equivalent/d], PA [kg SO2 equivalent/d], and PE [kg PO−
4 equivalent/d]—scenario A, B, and C.

Literature GWP [kgCO2 eq/d] PA [kg SO2 eq/d] PE [kg PO−4 eq/d]

Present work—Scenario A 6.02 × 10−1 7.6 × 10−5 2.82 × 10−3

(Tsangas et al. [19]) 5.73 × 10−1 3.64 × 10−3 1.40 × 10−3

(Li et al. [5]) 6.60 × 10−1 6.34 × 10−3 4.12 × 10−2

(Banti et al. [22]) 2.68 × 101 1.15 × 10−2 4.77 × 10−3

Present work—Scenario B 6.66 × 10−1 7.6 × 10−5 2.82 × 10−3

(Ioannou—Ttofa et al. [29]) 4.65 × 101 \ \
(Banti et al. [22]) 4.96 × 101 1.98 × 10−3 8.60 × 10−4

Present work—Scenario C 5.53 × 10−1 7.6 × 10−5 2.82 × 10−3

(Pasciucco et al. [45]) 8.755 × 10−1 2.05 × 10−3 1.55 × 10−2

(Pasqualino et al. [12]) 1.19 × 10−1 1.69 × 10−3 1.37 × 10−3

The potential eutrophication category is characterized by two main aspects: effluent
discharge and transport. The discharge-related impact is due to the presence of residual
PTOT in the effluent.

Road transport makes the most significant contribution to potential acidification.
In fact, emissions related to transport discharges include chemicals such as NOX, SO2,
and NH3, which are involved in the acidification phenomenon. As seen in the case of
eutrophication, the greatest transport-related load occurs at dewatering, which takes into
account the transport of dewatered sludge to the two disposal centers.

Analyzing the results obtained in the three scenarios and comparing them with each
other, several considerations emerge as follows:

• Emissions for the GWP category related to biological processes, transport, and effluent
do not vary significantly between the considered solutions;

• Among the three scenarios, the acidification and eutrophication categories maintain
unchanged values. This is rather obvious because these environmental impacts do not
depend on the type of technological solution adopted.

Since emissions from biological processes, transport, and effluent remain practically
unchanged in the three scenarios, it is preferable to focus on the environmental loads
associated with energy consumption only.

As Figure 15 clearly shows, daily CO2 emissions are significantly lower in scenario
C than in the other two solutions. This reduction is attributable to both lower energy
consumption of the equipment in use and to the partial use of energy from renewable
sources, such as biogas. In the cases of scenarios A and B, on the other hand, the plant is
powered entirely through the national electricity grid.

The adoption of technology under scenario C results in a daily avoided impact of
3935.16 kg of equivalent CO2 compared to scenario B and 2209.77 kg of equivalent CO2
compared to scenario A. Projecting these savings over a one-year timeframe results in
1,436,334.758 kg of equivalent CO2 and 806,567.4078 kg of equivalent CO2 of avoided
impacts, respectively. Figure 15 underlines the long-term effectiveness of the technol-
ogy proposed by scenario C for minimizing the environmental impact of greenhouse
gas emissions.

Substances like pharmaceuticals and toxic compounds have not been considered
because they were not present (just traces of pharmaceuticals) in the main flow incoming
to the studied plant.
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3.5. Sludge Disposal and Management in the Three Scenarios

Sludge is one of the main by-products leaving the plant, therefore it deserves to be
analyzed deeply in a specific further LCA study. To ensure the completeness of the study,
a short description of the impacts caused by the most used technologies for the sludge
disposal is reported.

The most common sludge disposal methods are landfilling, incineration, composting,
and land use. Composting is generally carried out by mixing a portion of sludge from
WWTP with solid waste, so it was not considered in the study due to the lack of information
about the solid waste portion. The analysis was then carried out qualitatively (based on the
literature) on the three main technologies that can be used: landfilling, incineration, and
land use. The reported values obtained from other authors should be added to the impacts
obtained, in particular for the GWP evaluation.

According to the values presented in Table 18, the worst impact is found when unsta-
bilized sludges are carried to the landfill disposal system due to methane production and
for biological activity, incineration has a rather high impact if there is not energy recovery,
while land use seems to have the lowest impact in terms of GWP and could then be coupled
with effective WWTP management. So, in scenarios A and B, because the sludges are not
stabilized, the use of landfill as a final disposal system should have a significant impact
on the GWP value. A lower impact could be found in scenario C, where the sludges go
through a stabilization process that significantly reduces methane production and biologi-
cal activities overall. The stabilization process does not influence the GWP expectations for
the incineration, while for land use as final disposal, the impact should be greater for the
biological activity on the carbonaceous substrate present in the sludges.

Table 18. Comparison between different sludge disposal (landfilling, incineration, and land use)
according to [46].

Landfilling Incineration Land Use

kg CO2 eq./t DS kg CO2 eq./t DS kg CO2 eq./t DS
4322 3124 489
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4. Conclusions

The European Community’s new guidelines represent a significant step towards the
promotion of sustainable and environmentally conscious practices. In the “Green Paper on
Integrated Product Policy” COM 2001/68/EC, the European Union officially recognizes
the validity and importance of the Life Cycle Assessment (LCA) tool. This endorsement
underlines the commitment to a more holistic approach to assessing the environmental
impact of products and services.

The new directives not only recognize the importance of LCA, but actively push
member countries to implement this tool in service production and processes. The primary
objective is to reduce not only atmospheric emissions, but also water and soil pollution
while promoting the adoption of innovative and sustainable technologies to limit the use
of non-renewable sources.

In the context of this study, the LCA analysis proved to be a particularly suitable tool
for evaluating and comparing three distinct scenarios related to wastewater treatment. This
methodology makes it possible to assess the emissions produced within pre-determined
system boundaries, thus providing a complete picture of the environmental implications of
each technology considered.

The comparison of wastewater treatment technologies plays a crucial role in this
context, as the sustainable management of water resources is of paramount importance in
addressing today’s environmental challenges. Through LCA analysis, the environmental
impact of each option can be accurately assessed, enabling an informed and sustainability-
oriented choice.

Analyzing the presented scenarios, it is possible to affirm that scenario B, while it
is expected to give good removal efficiencies with the use of MBR technology, has high
impacts due to high energy consumption to power the used technology. The treatment
technology under scenario C involves careful resource management and the introduction
of treatment technologies that allow for a decrease in the consumption of non-renewable
energy sources, in favor of renewable ones. This makes it possible to use LCA as a decision
maker support in the design of new treatment plants. A further step can interest the impact
associated with the practical realization of a wastewater plant, where the design choice
involving materials and technologies can be improved for the sustainability point of view
by means of an LCA analysis.

The use of LCA applied to the management of a WWTP can then be considered a
powerful tool to make real-time ratings on the efficiency of the technologies used in the
plant or to make sustainable choices on the design of the different treatments to be used
for water purification. Even if the sludge treatment and disposal are considered, the LCA
approach can be an important help for decision makers, as shown by the fact that a complete
process, including digestion followed by a land use disposal, can be more sustainable than
other technologies.

This article is going to be used as decision maker support in the analyzed WWTP
revamping process. The use of LCA was necessary for the great attention given to DNSH
(Do No Significant Harm) in Europe. The LCA methodology, used in this study as an
analysis tool for assessing the impacts associated with a WWTP, can be used to enlarge the
future research. LCA can be applied to sludge treatment and disposal. LCA application
can be used to correctly address disposal choices based on the different impacts linked
to composting, landfilling, incineration, and other technologies as briefly shown in this
work. A further study of great interest, already implemented and in the final phase, is
the application of LCA to the construction steps of a WWTP, with a focus on the plant’s
capacity and the used materials.
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