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Abstract: The potential environmental impact and increased operational costs associated with the
upgrading and renovation of sewage treatment plants are acknowledged. This study employs
the upgrading and expansion project of a municipal sewage plant in Dongguan City, Guangdong
Province, as a case study. Utilizing the principles and methods of the Life Cycle Assessment (LCA),
a comprehensive assessment of the environmental benefits during the upgrading and renovation
process of the sewage treatment plant, is conducted and targeted solutions are proposed. The research
findings indicate that upgrading and renovating sewage treatment plants can significantly augment
the adverse environmental effects of such facilities. Therefore, this study strategically proposes
measures such as the utilization of clean energy, sludge resource utilization, and recycled water use
as carbon emission reduction pathways. Through calculations, it is demonstrated that the utilization
of clean energy and sludge resource can respectively reduce electricity consumption by 12.41% and
59.06%. Concurrently, recycled water use can lead to a reduction of 68.65% in carbon emissions,
thereby markedly enhancing positive environmental outcomes.

Keywords: wastewater treatment; Life Cycle Assessment; emission standard upgrading; carbon
emission reduction; environmental impacts

1. Introduction

Accelerating the closure of the urban sewage treatment capacity gap and steadily
advancing the construction of sewage treatment facilities are crucial tasks for enhancing
the level of environmental infrastructure development. With the advancement of the na-
tional “urbanization strategy”, regional economies are experiencing rapid development,
accompanied by an increase in the mobility of urban populations. As the quality of sewage
water undergoes significant changes, the upgrading and renovation of sewage treatment
plants becomes a necessary and crucial step in enhancing the level of environmental in-
frastructure development [1]. However, the current upgrading and renovation of sewage
treatment plants are primarily focused on extending the treatment process, increasing the
dosage of chemicals, and raising energy consumption. This has led to a series of negative
environmental impacts [2]. Especially, in the process of process selection, design, and
operation, some sewage treatment plants only consider major pollutant emission indicators
as the sole criteria, lacking a comprehensive consideration for the overall environmental
benefits. This not only results in increased operational costs and resource consumption
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for sewage treatment plants due to the need to bear the overall pollutant reduction effects
in the watershed [3] but it also hinders these essential environmental infrastructure facil-
ities from effectively addressing systemic environmental issues by generally lacking the
capacity and role of systematic adjustment [4]. Currently, there is limited research on the
environmental benefits of upgrading and renovating wastewater treatment plants, and
practical engineering construction lacks effective guidance.

Life Cycle assessment (LCA) is a critical tool for evaluating the economic and envi-
ronmental benefits of a project. LCA has been widely applied to quantitatively assess the
environmental impacts of various factors, products, or services throughout the construction,
operation, and decommissioning processes of sewage treatment plants [5]. Following the
fundamental principles of ISO 14040 [6], the assessment is divided into four stages: goal
and scope definition, inventory analysis, impact assessment methods, and interpretation of
results [7].

This study takes the upgrading and renovation project of a wastewater treatment
plant in Dongguan City, Guangdong Province, China, as a case study. Utilizing statistical
data from the construction and operational phases of the wastewater treatment plant, the
principles and methodologies of LCA are employed to quantitatively evaluate the compre-
hensive environmental benefits of the upgrade and renovation throughout the plant’s entire
lifecycle. In response to the environmental issues triggered by the plant’s upgrade, this
research conducts an in-depth analysis of the underlying driving factors. Through compar-
ative analysis, this study emphasizes the identification and optimization of key processes,
proposing targeted management strategies and technological solutions to achieve envi-
ronmental sustainability and efficient resource utilization across the wastewater treatment
plant’s lifecycle. This study aims to offer recommendations and guidance for the upgrade
and renovation of wastewater treatment plants, thereby supporting the establishment of a
model for upgraded wastewater treatment plants with high comprehensive benefits and
low carbon emissions.

2. Materials and Methods

This study employs the LCA method to analyze the economic and environmental
benefits of upgrading and renovating wastewater treatment plants. The Life Cycle Impact
Assessment (LCIA) is a core component of the LCA system. Currently, the commonly used
LCIA methods include the CML2001 method, EDIP method, EPS method, and the Eco-
indicator 99 ecological indicator method, among others [8,9]. The main steps of LCIA can be
further divided into classification, characterization, and weighting for quantification [10].

2.1. Classification

As shown in Figure 1, within the LCIA system, environmental impacts are typically
categorized into three major groups: resource consumption, ecological impacts, and health
risks. Each major category of environmental impact further includes several subcate-
gories [11].

2.2. Characterization

Following the categorization in Figure 1, the inventory data for the case plant under-
goes characterization processing to calculate the Environmental Burden (EB) values [12,13].
The coefficients related to environmental impact are primarily sourced from the EPA and
the relevant literature reports [14,15] during the characterization process. An additional
indicator, Black Odor Potential (BOP), has been incorporated into the LCIA evaluation
content based on relevant model studies [16] in line with the requirements of pollution
prevention and control in China.
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Figure 1. Environmental impact classification of wastewater treatment.

2.3. Quantitative Weighting

The results of characterization undergo quantification and weighting processes to
obtain normalized environmental burden (NEB) [17]. This study employs an analytic hier-
archy process (AHP) to construct the A-P judgment matrix and calculate the weights [18].
The A-P judgment matrix and corresponding weights are calculated using the nine-point
scale method [16,18,19]. The results are illustrated in Figure 2.
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According to the weights obtained from Figure 2, the Life Cycle Impact Assessment
(LCIA) results are calculated using Equation (1).

LCIA =
∞

∑
n=1

wi × NEBi n = 1, 2, 3, . . . , 9 (1)

3. Results and Discussion

This study takes the upgrading project of a wastewater treatment plant in Dongguan
City, Guangdong Province as an example to analyze the environmental benefits of the
upgraded treatment plant using the LCA method and to propose solutions.

The sewage treatment plant is located in Dongguan City, Guangdong Province, China.
The ultimate planned construction scale is 400,000 cubic meters per day (m3·d−1), and the
current completed three phases have a total construction scale of 300,000 m3·d−1. The first,
second, and third phases of the project were completed and put into operation in 2019,
2021, and 2023, respectively, with a designed sewage treatment capacity of 100,000 cubic
meters per day for each phase. In the initial stage of the first phase of the sewage treatment
plant, it adhered to the Grade B standard. The first phase was simultaneously upgraded
with the expansion of the second phase. The treated effluent water quality adhered to the
Grade A standard of the “Emission Standards of Pollutants for Urban Wastewater Treatment
Plants” (GB18918-2002) [20] in coordination with the second and third phases. Furthermore,
it complied with the more stringent values in the Grade 1 standard of the second period of
the local standard of Guangdong Province, “Discharge Limits of Water Pollutants” (DB44/26-
2001) [21]. In this case, phase one is operated and managed by Water Company A, responsible
for the operational upgrade, while phases two and three are operated and managed by Water
Company B. The process flow is illustrated in Figure 3 below.
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The first phase of the wastewater treatment process adopts the A/O process, with
a relatively simple process flow. The first stage of the upgrading project enhances the
effluent by introducing a secondary treatment, employing an additional A/O + MBR
process on top of the first-phase treatment. Similarly, the second-phase project also utilizes
the A/O process, but after physical pretreatment, the wastewater is divided. Most of
the wastewater goes directly into the anaerobic tank, while a small portion undergoes
anoxic pretreatment before being introduced into the anaerobic tank. The third-phase
project employs a more sophisticated modified A2O-A-O process. Additionally, the first-
phase project lacks an odor treatment system, whereas both the second and third phases
incorporate odor treatment systems. The odor treatment system in the third-phase project is
the most complex, addressing the odors produced during the biological treatment process
as well.

The sewage treatment plant primarily receives domestic wastewater from the main col-
lection areas. Additionally, a small amount of industrial wastewater meeting the necessary
standards after pretreatment is directed to the sewage plant through the municipal pipeline
network, approximately 0.08 million cubic meters per day (m3·d−1). The serviced area of
the sewage treatment plant has a relatively high level of economic development, a signifi-
cant number of migrant workers, and a demographic structure predominantly composed
of young people. The per capita domestic water consumption is relatively high in this area.
Due to the significant proportion of transient individuals, there is a notable difference in the
amount of domestic wastewater discharged during the day, with lower volumes during the
day. Additionally, a significant peak in the discharge of domestic wastewater occurs after
working hours. Due to a lack of strong water conservation awareness among the relevant
communities, the wastewater treatment plant experiences a paradox where, during peak
inflow periods, the influent concentration is relatively low.

3.1. Basic Data Index of Sewage Plant

In this study, the boundary scope of the LCA for the case plant is presented in Figure 1.
The inventory used in this study consists of three parts: inputs, outputs, and recycling, as
shown in Table 1.

Table 1. The inventory for LCA to evaluate the overall environmental impact.

Item Matter Effects Item Matter Effects

Environmental
discharge

Water pollutant

COD −
Resource

consumption

Steel −
BOD5 − Cement −

TN − Timber −

NH4
+ − Other building

materials −

TP −

Energy
consumption

Flocculant −
SS − Coagulant −

Heavy metal − Antiseptic −

Air pollutant

CO2 − Carbon source −

CH4 − Reclaimed
water +

CO − Phosphorus
recovery +

NOx − Electricity −
SO2 − Coal −

Solid pollutant

Grid slag − Petroleum −

Grit setting − Anaerobic
digestion +

Dehydrated
sludge − Solar energy +

Note: “+” and “−”, respectively, represent the positive and negative impact of the statistical items on environmen-
tal effects.
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The case includes an inventory of relevant substances and energy consumption in the
wastewater treatment plant. Additionally, it encompasses the water quality indicators for
influent and effluent, as shown in Table S1 and Figure 4. In this context, the functional unit
for LCIA is defined as 1 FU = 36.5 million m3. This quantity is equivalent to the annual
designed sewage treatment capacity of the wastewater treatment plant for each period.
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3.2. Characterization Results

In the above-mentioned charts, the coefficients and characterization factors related to
the environmental impacts of input resources and energy consumption [12,16,22–25] are
obtained through data accounting from the literature. Additionally, the carbon emission
coefficients associated with the sewage and sludge treatment and disposal processes [26–28]
are also acquired through data accounting from the literature. The total energy consump-
tion of the demolition process is 95 kWh·m−2 [29] During the dismantling process, the steel
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recovery coefficient is set at 0.8 [30], and the remaining solid waste is considered construc-
tion waste. When calculating the deducted amount for steel recycling, the environmental
impact generated during the recycling process is still included in the environmental impact
assessment of construction waste disposal. In the calculation of inflow and outflow indica-
tors, the chosen indicator for the case factory is TN (Total Nitrogen) to prevent redundant
calculations. Consequently, the contribution of NH4

+ is no longer considered, and the
characterization results are presented in Table S2 and Figure 5.
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Resource Consumption.

The most significant impacts are associated with global warming and the potential
impact on landfills in the environmental impact potential of the case factory, which is gener-
ally consistent with relevant research findings [12,18]. Apart from a significant proportion
of renewable resource consumption during the construction phase, the remaining environ-
mental impacts mainly stem from the operational phase. Compared to other environmental
impacts, the construction, operation, and dismantling phases significantly affect landfill
space. This is primarily due to land scarcity in the Pearl River Delta region, where the case
factory disposes of construction waste and sludge through landfill methods.

Combining the results from Table S2 and Figure 5, it is evident that the overall environ-
mental impact of the first phase of the case factory’s project increases significantly through
the upgrade. Moreover, there are noticeable changes in the impacts among different envi-
ronmental categories and in the influence of each phase on the environment. This suggests
that the upgraded renovation have led to an increase in negative environmental effects,
and these augmented negative effects have multifaceted impacts on the environment. This
finding aligns with similar results in related research [16].
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3.3. Quantization Weight Result

As indicated in Table S3 and Figure 6, through quantification and weighting based on
characterization, the global warming impact and landfills’ space consumption still remain
the dominant factors in the comprehensive environmental impact. After comprehensively
considering the natural geography of the location and socioeconomic development, and
subsequently normalizing the data, the proportion of the impact of global warming has
exhibited a notable increase. This is attributed to its global scale impact, long-lasting effects,
and higher assigned weight. The most noticeable decrease is observed in the consumption
of renewable resources. This is attributed to the abundant water resources in the region
where the case factory is located, with a relatively lower assigned weight on one hand. After
the upgrade and expansion, the effluent water quality from the case factory is improved,
and processes such as the mixing of chemicals and flushing used recycled water on the
other hand. As a result, the primary source of water consumption becomes the daily
domestic water use by sewage plant management and technical personnel.

Water 2024, 16, x FOR PEER REVIEW 9 of 18 
 

 

As indicated in Table S3 and Figure 6, through quantification and weighting based 
on characterization, the global warming impact and landfills� space consumption still re-
main the dominant factors in the comprehensive environmental impact. After comprehen-
sively considering the natural geography of the location and socioeconomic development, 
and subsequently normalizing the data, the proportion of the impact of global warming 
has exhibited a notable increase. This is attributed to its global scale impact, long-lasting 
effects, and higher assigned weight. The most noticeable decrease is observed in the con-
sumption of renewable resources. This is attributed to the abundant water resources in 
the region where the case factory is located, with a relatively lower assigned weight on 
one hand. After the upgrade and expansion, the effluent water quality from the case fac-
tory is improved, and processes such as the mixing of chemicals and flushing used recy-
cled water on the other hand. As a result, the primary source of water consumption be-
comes the daily domestic water use by sewage plant management and technical person-
nel. 

Meanwhile, as illustrated in Figure 7, after quantification and weighting based on the 
characterization results, the overall negative environmental impact increases. This in-
crease is observed in the upgraded phase compared to the initial phase. Furthermore, the 
contribution of global warmings impact further rises. This result indicates that despite the 
reduction in river pollutants achieved through the upgraded renovation, when consider-
ing the overall life cycle perspective. The environmental benefits of the upgraded phase 
of the case factory do not achieve a net reduction in impact. This finding aligns with sim-
ilar conclusions in the relevant literature [16]. 

 
Figure 6. The normalized results of the environmental impacts in different phases: (a) Phase Ⅰ, (b) 
Phase Ⅰ-upgrading, (c) Phase Ⅱ, (d) Phase Ⅲ. P1: Globe warming potential, P2: acidification poten-
tial, P3: landfill space consumption, P4: eutrophication potential, P5: water quality impact, P6: hu-
man health impact, P7: other impact, P8: non-renewable resource consumption, P9: renewable re-
source consumption. 

Figure 6. The normalized results of the environmental impacts in different phases: (a) Phase I,
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resource consumption.

Meanwhile, as illustrated in Figure 7, after quantification and weighting based on
the characterization results, the overall negative environmental impact increases. This
increase is observed in the upgraded phase compared to the initial phase. Furthermore, the
contribution of global warmings impact further rises. This result indicates that despite the
reduction in river pollutants achieved through the upgraded renovation, when considering
the overall life cycle perspective. The environmental benefits of the upgraded phase of
the case factory do not achieve a net reduction in impact. This finding aligns with similar
conclusions in the relevant literature [16].
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3.4. The Whole Life Cycle Affects the Results Comprehensively

By using Equation (1), the LCIA for each period is calculated, respectively:
LCIA1 = 6.333 × 10−4, LCIA1−t = 1.008 × 10−3, LCIA2 = 6.002 × 10−4, LCIA3 =

6.015 × 10−4, where, LCIA1 represents the first phase of the project, LCIA1−t denotes the
upgraded first phase project, LCIA2 corresponds to the second phase of the project, and
LCIA3 pertains to the third phase of the project. LCIA1−t represent the upgrade in the first
phase, for the purpose of facilitating a comparison with the first phase as well as the second
and third phases, and the values calculated for the upgrade in the first phase include the
environmental impact of the first phase. Analyzing the results of the LCIA calculations
reveals that the environmental impact of the upgrade in the first phase is higher than the
initial phase, as mentioned earlier. Additionally, it is significantly higher than that of the
second and third phases. The main reasons for this can be attributed to four factors:

In the upgrade of the first phase, there is a need to dismantle the already constructed
components, leading to an increase in solid waste generation and energy consumption
during the construction and dismantling stages.

The AO-MBR process is employed in the upgrade of the first phase. However, the
influent to the MBR membrane tank is introduced by utilizing the effluent from the first
phase after secondary lifting. This results in a significant increase in energy consumption
compared to a one-time construction process, consequently leading to a notable rise in the
negative environmental impact.

As shown in Table S1, the measured total energy consumption for the upgraded first
phase in the case factory is 0.57 kWh·m−3, falling within the typical range of unit energy
consumption for the common MBR processes [31,32]. The MBR process inherently exhibits
a higher energy consumption, as indicated in [31]. Consequently, this leads to an overall
higher energy consumption for the upgraded first phase compared to the other phases.

As shown in Figure 8, the comparison of the quantified environmental impact results
in four stages for each period, combined with the results of LCIA, reveals that:
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The composition differences are significant due to varying environmental influences
across different periods. The case factory is managed by two water companies. The first phase
and the second and third phases, being new constructions, adopt similar sludge treatment
processes. The sludge treatment standards for the first phase and the second phase are
consistent, maintaining a moisture content of 80%. However, the third phase adopts a new
process, with a sludge treatment moisture content of 60%. This results in the third phase
having a smaller impact on landfills caused by sludge compared to the other phases.

In the third phase, due to limited land availability, there is a reduction in solid waste
generation resulting from construction and demolition. However, this reduction neces-
sitates compensatory measures, such as increased aeration and mixing, to address the
reduced processing efficiency caused by space constraints. Consequently, the energy con-
sumption in the third phase is significantly higher than in other phases. Therefore, the
selection of sewage treatment processes should comprehensively consider factors such as
site conditions, processes, and the inflow and outflow of water.

The region where the case factory is located relies mainly on thermal power generation.
Although the improvement in the effluent water quality is accompanied by a reduction in
the potential for water body eutrophication and the occurrence of foul odors, it also leads to
an overall increase in process energy consumption and chemical usage. Consequently, this
results in an increase in environmental impact indicators such as greenhouse gas emissions
and atmospheric acidification throughout the entire lifecycle. This aligns with the findings
from the related research [6,16,33].

3.5. Study on Emission Reduction Path of Sewage Plant

It can be observed that the main environmental impact factors for the case factory are
the consumption of electricity and the utilization of sludge landfill space from an analysis
of the results of the life cycle impact. Hence, in order to optimize the upgrading and
renovation of wastewater treatment plants and minimize environmental impact across
their life cycle, it becomes imperative to implement targeted optimization measures. These
measures should specifically focus on reducing both land use and energy consumption.
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3.5.1. Clean Energy Utilization

According to the classification of the LCA, the sources of energy consumption can be
subdivided into:

Indirect energy consumption: The primary accounting components include the con-
struction and demolition processes of the case factory, focusing on the materials used during
building, along with the material and energy consumption generated during transportation
and production.

Direct energy consumption: The main accounting components include the direct
electricity consumption during the construction and demolition processes of the wastewater
treatment plant, as well as the direct electricity consumption, fuel usage, and chemical
consumption during the wastewater treatment process.

Direct energy consumption is the largest expenditure in the daily operation of wastew-
ater treatment plants, with electricity consumption typically accounting for 60-90% of the
overall direct energy consumption [34]. The wastewater treatment industry is an energy-
intensive sector, and reducing the direct energy consumption of wastewater treatment
plants requires scientific and technological approaches. At present, the average energy
consumption of urban wastewater treatment plants in China is 0.29 kWh·m−3 [35]. From
the energy consumption data shown in Table S1, it can be observed that the average energy
consumption of the case factory is slightly higher than the national average. Therefore,
reducing the direct electricity consumption of the case factory is an effective measure
to mitigate its environmental impact. In this study, the optimization strategy combines
methods for reducing electricity consumption in wastewater treatment plants globally and
domestically. The specific focus lies in minimizing electricity consumption through the
implementation of distributed photovoltaic construction for wastewater treatment plants.

The current total constructed area of the case factory is approximately 103,606 m2 after
inventory accounting. It is proposed to use 285 Wp polycrystalline silicon photovoltaic
modules. Therefore, the number of photovoltaic panels is 29,087, with a total capacity of
8290 kWp. In accordance with the regional distribution of solar radiation in China [35],
the installation angle for the distributed photovoltaic system in the case factory is set
at 17◦. This decision aligns with the stipulations outlined in the ‘Photovoltaic Power
Generation Solar Resource Assessment Specification (GB/T 42766-2023)’ [36] and the
‘Design Specification for Photovoltaic Power Stations (GB 50797-2012)’ [37]. The annual
effective utilization hours are 1014.99 h with peak sunshine hours of 3.52 h·d−1. The system
calculates electricity generation with an annual degradation of 0.6% over 25 years. The total
electricity generation of the case factory’s photovoltaic system over 25 years is estimated
to be approximately 167,358,552.6 kWh, with an average daily electricity generation of
18,340.7 kWh·d−1. The photovoltaic panels are mounted on hot-dip galvanized carbon
steel fixed brackets, which are secured to a cement foundation.

The typical design service life of domestic photovoltaic systems is 25 years, with a
component failure rate of ≤0.002%. Additionally, it is crucial to note that there are no
emissions of pollutants during the operational phase. Consequently, the carbon emissions
related to equipment replacement, constituting less than 1% of the overall inputs and
outputs, are excluded from the total accounting [36]. Given the climatic characteristics and
economic development in the Dongguan region, it is necessary to clean the solar panels
weekly. This measure aims to prevent the impact of dust accumulation on photovoltaic
power generation. The water consumption for module cleaning is calculated at 0.5 kg·m−2.
This translates to an annual water consumption of 1865 tons for the photovoltaic modules
in the case factory, with the adoption of wastewater reuse. At present, the large-scale
use of polycrystalline silicon solar panels in China has only been for a little over 10 years.
Consequently, there is a lack of comprehensive data for the dismantling phase. In this
study, based on the existing literature [38,39], inputs and outputs were accounted for, as
shown in Tables 2 and 3.
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Table 2. Full life cycle carbon emissions during the construction phase of PV power generation in the
case study plant.

Phase 1 kWp Full Life Cycle Carbon Emission/kg Carbon Emission/t

Raw material production

Industrial silicon 146.1 1211.169
Polycrystalline silicon 1030 8538.7

Silicon chip 277.2 2297.988
Battery piece 116.2 963.298

Component system
production

Battery module 428.5 3552.265
System balance element 452.4 3750.396

Transport Transport 65.89 546.2281
Waste disposal Waste disposal −293 −2428.97

Total 18,431.0741

Table 3. Inputs and outputs of the dismantling and disposal process of photovoltaic systems.

Energy Consumption Material Consumption Output

Matter Quantity Matter Quantity Matter Quantity Processing
mode

Power con-
sumption

(kWh)
1,063,110 Waste panel (kWp) 8290 Silicon wafer (slice) 1,798,930 Recycle

— — Toluene (kg) 221,011.4 Steel (kg) 1898.41 Recycle
— — HNO3 (kg) 124,350 Silver (kg) 2719.12 Recycle
— — HF (kg) 85,801.5 Aluminum alloy (kg) 112,329.5 Recycle
— — CH3COOH (kg) 74,610 Plastic (kg) 6433.04 Incineration
— — — — EVA Film (kg) 35,315.4 landfill
— — — — Glass (kg) 406,044.2 Recycle
— — — — TPT Back Mask (kg) 27,025.4 Incineration
— — — — Silicone sealant (kg) 2196.85 Incineration

— — — —
Landfill space
consumption

(m3·kg−1)
1230.84 —

By characterizing and quantifying the data in Tables 2 and 3 through weighted calcu-
lations, the life cycle impact results for the photovoltaic retrofit of the case factory can be
obtained, as shown in Tables 4 and S4.

Table 4. Environmental emission reductions from photovoltaic power generation. Unit: t·a−1.

Photovoltaic
write-off

Coal
Consumption CO2 CH4 SO2 NOX TSP

2704.51 7152.75 17.39 66.35 43.16 135.01

CO COD SS TN TP Solid
waste

10.36 0.21 0.16 0.03 0.02 842.26

Using Equation (1), the calculated indicator value for the photovoltaic system is:
LCIAlight = 2.36 × 10−4.

Based on the overall energy consumption calculation for the wastewater treatment
plant, the case factory can achieve a 12.41% reduction in electricity consumption through the
implementation of distributed photovoltaic construction. The LCIA can be reduced from
the original 2.21 × 10−3 to 1.97 × 10−3, representing a 10.69% reduction when considering
the overall life cycle environmental impact. The significant emission reduction benefits
align with the findings from related studies [16].
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3.5.2. Sludge Resource Utilization

It is evident that the sludge generated during the operational phase has a significant
environmental impact according to the life cycle analysis. The continuous external trans-
portation of sludge not only consumes a considerable amount of land but also results
in significant waste of energy and resources. The first phase, the upgraded first phase
and the second phase of the case factory all utilize integrated centrifugal thickening and
dewatering units for sludge treatment (moisture content up to 80%). The treated sludge
is then transported by qualified entities to a centralized sludge disposal center for further
processing. In the third phase, the sludge is treated using a high-efficiency sedimentation
tank followed by fiber plate and frame press dewatering (moisture content reduced to 60%).
It is planned to be sent to the sludge disposal center along with the sludge from the first
and second phases.

The majority of the wastewater collected by the case factory is domestic sewage
from the serviced area, providing significant potential for the convenient and resourceful
utilization of sludge in terms of harmlessness and resource recovery. At present, Dongguan
City does not have a completed sludge incineration center. There is an under-construction
alternative energy project to the west of the case factory site, which includes three waste heat
boilers and six generators. The case factory plans to adopt a resource recovery approach
for sludge treatment to fully utilize the regional resources and is considering factors such
as transportation distance and disposal costs, involving pyrolysis and anaerobic digestion.
This decision is based on references to the sludge treatment and disposal practices in
related domestic wastewater treatment plants [40–42]. The average recovery potential for
anaerobic digestion is assumed to be 1482 kWh·t−1, as reported in the literature [39]. By
converting the dry sludge quantity based on Table S1, the recoverable energy for each stage
of the case factory is calculated.

Overall, one phase yield 22,793.16 kWh·d−1 , the upgraded first phase produces
16,302.00 kWh·d−1, the second phase generates 18,721.92 kWh·d−1, and the third phase results
in 29,802.41 kWh·d−1 of recoverable energy. The total recoverable energy is 87,619.5 kWh·d−1,
corresponding to the pollutant emission reductions as shown in Table S5. Using Equation (1),
the calculated indicator value for sludge resource recovery is: LCIA = 3.88 × 10−4.

Based on the calculation of the overall energy consumption in the wastewater treat-
ment plant, the case factory achieves a 59.06% reduction in electricity consumption. This
reduction is attained through the resource recovery of sludge using pyrolysis and anaerobic
digestion. If considering the overall life cycle environmental impact, the LCIA can be
reduced from the original 2.21 × 10−3 to 1.82 × 10−3, representing a 17.57% reduction.
The significant emission reduction benefits are evident, and the method is approaching
the advanced levels of energy and heat utilization from sludge resources found in both
domestic and international practices [40,42].

It can be observed that there is a certain difference between the two phases from
the reduction in electricity consumption and the decline in LCIA. This is mainly because
LCIA calculations also consider the sludge external transportation and the associated fuel,
material consumption, emissions. Additionally, LCIA takes into account the environmental
impacts generated during the production and manufacturing of these fuels and materials.
Due to the tight land resources in the region where the case factory is located and the
centralized disposal area being at a certain distance from the case factory, reducing the
distance of the sludges external transportation and disposal could decrease the associated
environmental impact. This, in turn, would further enhance the overall positive benefits of
sludge resource recovery.

3.5.3. Reclaimed Water Utilization

According to the relevant environmental management regulations in Dongguan City,
the reclaimed water utilization in the case factory complies with the requirements of the
new era ecological civilization construction. It can effectively support Dongguan City in
implementing water conservation management. The case factory is located in the southwest
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of Dongguan, adjacent to Shenzhen. The predominant industries include electronics, light
manufacturing, clothing, and textiles, and are often organized in small industrial parks.
The parks have stable greenery and municipal water supply, with some enterprises having
a demand for cooling cycle water. It is observed that the effluent water quality from the
case factory is relatively good through inventory analysis. Currently, the discharged water
is directly released into the river as a supplement to the ecological base flow. Therefore, the
case factory can serve as a source of reclaimed water for the local area. The focus can be
on easily implementable areas such as landscaping and municipal water use in the initial
stage. Through communication with relevant enterprises, it can further be utilized as a
supplement for industrial water use in the later stages.

1. Water availability

According to the ‘Water Use Quotas in Guangdong Province (DB44/T 1461-2021)’ [43]
for the category of landscaping management, the water consumption for urban landscaping
is in the range of 0.7 (advanced value) to 2.0 (general value) L·(m2·d)−1. In this study, the
effluent water volume from the case factory is 30 × 104 m3·d−1, according to the water use
quota of 2.0 L·(m2·d)−1. Following the national regulatory requirement for a reuse rate of
over 25% for reclaimed water, the case factory could provide a recycled water volume of
7.5 × 104 m3·d−1. This would meet the irrigation water demand for 37.5 million square
meters of urban greenery. According to the national economic and social development
statistics bulletin for the town or street where the case factory is located as of the end of
2021, the built-up area of the town or street is 89.96 km2, with a green coverage rate of
52.4%. Based on the national requirements for reclaimed water utilization, it can be inferred
that the case factory can meet 79.55% of the water demand for green spaces, indicating
good practical feasibility.

2. Water quality feasibility

Table S6 presents the actual multi-month monitoring average results of the combined
effluent from each phase, along with a comparison to relevant standards.

3. Carbon emission reduction benefit

The urban water supply system mainly includes water abstraction, water treatment,
and water distribution systems, all of which contribute to indirect carbon emissions. Using
the carbon emission accounting methods reported in the relevant literature [44,45], and
referring to data from the National Statistical Yearbook for the year 2021, the carbon
emission accounting results for the reclaimed water utilization process in the case factory
are compared. The comparison is presented in Table 5.

Table 5. Carbon Emissions Comparison.

Index Energy Intensity
Energy Consumption Carbon Emission Emission Reduction Potential

kWh·a−1 kg·a−1 %

WManufacture
(kWh·m−3) 0.232 — — —

WManage (kWh) 5444.444 1 — — —
EFCO2 0.804 — — —

Tap water
preparation — 6,339,261 5,098,033 —

Reclaimed water
utilization — 1,987,222 1,598,124 68.65%

Note 1: The average elevation increases in reclaimed water, considering the hilly terrain features in the Dongguan
area, is measured by the water intake well, with a retrieval depth of 10 m.

The results of the LCA indicate that the LCIA for the first phase of upgrading is
significantly higher than that of the second and third phases. This results in a notable
increase in environmental negative impacts. The related emission reduction benefits are
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lower than the results reported in the literature [44]. This is mainly due to the differences
in emission factors and energy consumption intensity selected for the calculation of to-
tal carbon emissions during the process of preparing tap water. Although the reuse of
reclaimed water is not included in the scope of the LCA of the wastewater treatment plant
in this study, from the perspective of overall regional environmental benefits, the carbon
emission reduction from reclaimed water utilization has a significant ‘positive’ impact on
the regional environment.

4. Environmental pollution reduction benefits

The reuse of reclaimed water can prevent the total amount of pollutants brought
into the receiving water body by direct discharge of wastewater. It also helps avoid the
waste of potable water resources and reduces the generation of negative environmental
externalities [46,47]. Based on the effluent water quality from the wastewater treatment
plant as shown in Table S6, the environmental emission reduction benefits of the reclaimed
water utilization in the case factory are calculated and presented in Table 6.

Table 6. Environmental Pollution Reduction Benefits.

Item Effluent Mass Concentration
Concentration (mg·L−1)

Environmental Pollution
rReduction (mg·L−1)

BOD5 1.94 52,975.13
COD 8.93 244,447.37

SS 3.11 85,088.24
TP 0.13 3645.34
TN 8.89 243,366.51

NH3 0.14 3903.57

4. Conclusions

Through the quantitative weighted analysis of the case factory’s data using the Life
Cycle Assessment (LCA) method, the results indicate that the LCIA for the first phase of
upgrading is significantly higher than that of the second and third phases. This leads to
a notable increase in environmental negative impacts. This is attributed to the necessity
for the sewage treatment plant to dismantle old equipment and construct new facilities,
resulting in a significant increase in energy consumption. Additionally, the newly con-
structed MBR membrane pool has also contributed to the increase in energy consumption.
Therefore, to enhance the post-upgrading positive environmental outcomes of the sewage
treatment plant, this study proposes targeted measures, including the utilization of clean
energy, sludge resource utilization, and recycled water use as carbon emission reduction
pathways. The adoption of clean energy, specifically through photovoltaic power genera-
tion, can result in a 12.41% reduction in system electricity consumption and a corresponding
10.69% decrease in LCIA. The resource utilization of sludge can recover 87,619.5 kWh·d−1

of energy, translating to a 59.06% reduction in energy consumption and a corresponding
17.57% decrease in LCIA. Applying means of regeneration, such as irrigating urban green
spaces with treated wastewater from the sewage treatment plant, can achieve a 68.65%
carbon emission reduction, significantly enhancing environmental benefits.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w16040596/s1, Table S1: List of main resources used, and pollutants
emitted; Table S2: The characterized results of the environmental impacts. Unit: t·FU−1; Table S3: The
normalized results of environmental impacts. Unit: t·FU−1; Table S4: Environmental emission reduction
of photovoltaic power generation in its whole life cycle. Unit: t·FU−1; Table S5: Environmental emission
reductions from sludge resource utilization. Unit: t·a−1; Table S6: Sewage plant effluent quality and
related standards.
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