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A B S T R A C T   

Sludge, as a sustainable energy source and pollutant matrix, necessitates effective management. The environ-
mental, energy and economic impacts of sludge management practices in Australia remained unknown. 
Furthermore, lignosulfonate addition was recently reported as a promising approach to enhance the energy 
production from sludge, the environmental, energy and economic benefits of which on sludge management have 
not been explored. Life cycle assessment of four scenarios: two traditional (A: land application of digested sludge, 
B: composting of digested sludge before land application) and two innovative (A and B with lignosulfonate 
addition during the digestion process - C and D) was conducted. Traditional scenario A outperformed scenario B, 
with a 2.24-fold reduction in environmental footprints, 16.28-fold higher energy recovery, and reduced 
expenditure reaching $78.23/t dry sludge (DS). Scenario C demonstrated superior results with a 1.26-fold 
decrease in environmental footprints, 1.51-fold more energy recovery than A, and a shift to economic benefits 
of $5.36/t DS. Sensitivity analysis revealed scenario C was sensitive to sludge’s total and volatile solids content, 
highlighting the importance of optimization for best performance. These findings guide environmentally and 
economically viable sludge management, emphasizing efficient energy recovery.   

1. Introduction 

Sewage sludge, being the byproduct of sewage treatment plants, is 
generated extensively, with Australia alone producing approximately 
327,000 tons of sludge (dry weight) in 2017 (McGrath et al., 2020). With 
the rapid development of industrialization and urbanization, coupled 
with a significant population increase, the production amount of sewage 
sludge has remarkably increased in recent years (Ghanbari et al., 2021; 
Seleiman et al., 2020; Wang et al., 2017). Sewage sludge has a dual 
nature, being a pollutant for the environment due to the presence of 
numerous contaminants, such as pathogens, metal ions, polycyclic hy-
drocarbon, and other toxic substances (Li et al., 2021; Wang et al., 2024, 
2023c; Zhou et al., 2024), but also a carbon source and nutrients for 
energy recovery and valuable fertilizer for plant growth (Khan et al., 
2023; Li et al., 2023b). Furthermore, sludge treatment/disposal is 

expensive, accounting for up to 60 % of the total operational costs for 
sewage treatment plants (Wang et al., 2023a). Therefore, effective 
management of sewage sludge is crucial for environmental, energy, and 
economic considerations. 

In Australia, anaerobic digestion stands out as the predominant 
technical option for sewage sludge treatment, with around 31 % of 
sewage treatment plants adopting this approach (Fig. S1) (Paul and 
Trevor, 2011). Anaerobic digestion can not only remarkably decrease 
the volume of sewage sludge (Li et al., 2023a; Liu et al., 2024) but also 
mitigate potential environmental and human health risks associated 
with pathogens (Wang et al., 2023d). Moreover, the end product of 
biogas obtained from anaerobic digestion can be further utilized for heat 
and electricity production (Zareh et al., 2018). After anaerobic diges-
tion, about 70 % of digested sludge is directly used on land, while 25 % 
undergoes aerobic composting before being applied to the land (Paul 
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and Trevor, 2011). The application of digested sludge residue on land 
not only provides nutrients to the soil but also helps reduce the need for 
synthetic chemical fertilizers, contributing to sustainable agriculture 
practices (Kumar et al., 2017). The effective management of sludge is 
thus imperative to achieve environmental, energy and economic 
benefits. 

Life cycle assessment and costing are recognized as standardized and 
multicriteria tools for comprehensive environmental and economic 
impact assessments in sludge management (Hong et al., 2009; Medi-
na-Martos et al., 2020). For example, a previous study assessed the 
economic and environmental impacts of six sludge management stra-
tegies most frequently adopted by Japan (Hong et al., 2009). Medi-
na-Martos et al. (2020) compared the integrated anaerobic digestion and 
hydrothermal processes for sludge treatment and disposal from the same 
perspectives (Medina-Martos et al., 2020). However, a detailed analysis 
focusing on existing sludge treatment and disposal practices in Austra-
lian sewage treatment plants, is yet to be conducted. Moreover, life cycle 
inventory data in previous studies often derived from literature or pre-
vious reports rather than actual operational data from sewage treatment 
plants (Hong et al., 2009; Medina-Martos et al., 2020). Additionally, 
while assessing the impacts of economic and environmental factors, 
cumulative energy demand analysis, an essential indicator for evalu-
ating energy-saving potentials, has been widely employed to determine 
energy balance in sludge management (Chen et al., 2019). Nonetheless, 
comprehensive research that concurrently addresses energy, environ-
mental, and economic impacts in sludge management remain scarce. 

Furthermore, the complex sludge flocs structure often leads to 
restricted anaerobic digestion performance, compromising sludge 
treatment effectiveness and influencing sludge disposal direction, 
especially with potentially adverse environmental impacts (Nguyen 

et al., 2021). Recently, our previous research introduced an innovative 
sludge treatment approach by adding lignosulfonate into the anaerobic 
digestion process, resulting in a 22.2 % enhancement in methane pro-
duction compared to the control group (Wang et al., 2023a). Meanwhile, 
the digested sludge residues benefit agricultural applications by pro-
moting plant growth (Wang et al., 2023a, 2023b). Although the prom-
ising performance was achieved through lignosulfonate addition, the 
environmental impacts, energy balance, and economic benefits of our 
approach remain unknown. 

This study aims to investigate and compare the environmental, en-
ergy, and economic impacts of existing sludge management practices in 
Australia, and the potential improvement caused by the lignosulfonate 
addition approach. Four sludge management approaches in Australia 
without and with the integration of lignosulfonate in the anaerobic 
digestion process were systematically evaluated using life cycle assess-
ment, with special focus on environment, cumulative energy demand, 
and economy. The sensitivity analysis was also conducted based on the 
optimal scenario for sludge management, with parameters including 
volatile solids and total solids content of sewage sludge. The findings of 
this study offer valuable scientific insights into sludge treatment and 
disposal strategies that minimize environmental impact and maximize 
resource recovery, aiming for comprehensive sustainability across 
environmental, energy, and economic dimensions. 

2. Materials and methods 

2.1. Functional unit 

The chosen functional unit in this work is 1 ton of dry sludge (DS). All 
calculations related to chemical consumption, energy input/output, and 

Fig. 1. System boundary for the four sludge management scenarios: (a) and (b) depict traditional sludge management scenarios commonly employed by sewage 
treatment plants in Australia; (c) and (d) represent proposed innovative sludge management with lignosulfonate addition during anaerobic digestion process, sharing 
the same unit processes as those in (a) and (b), respectively. 
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emissions throughout the entire sludge management scenario were 
conducted using this functional unit. 

2.2. System boundary 

Four scenarios for sludge management were considered in this study 
(Fig. 1a-d). The detailed subprocesses of each sludge management sce-
nario are outlined below (1) thickening, anaerobic digestion, cogene-
ration unit, dewatering, land application (A); (2) thickening, anaerobic 
digestion, cogeneration unit, dewatering, aerobic composting, and land 
application (B); (3) thickening, anaerobic digestion with lignosulfonate 
addition, cogeneration unit, dewatering, land application (C); and (4) 
thickening, anaerobic digestion with lignosulfonate addition, cogene-
ration unit, dewatering, aerobic composting, and land application (D). 
The system boundaries included various elements, including energy, 
materials, avoided products (i.e., energy recovery, fertilizers), and 
emissions (i.e., air, soil, and water). This study did not consider the 
environmental impacts of the construction and installation of treatment 
facilities in sewage treatment plants, given that numerous studies have 
indicated their negligible contribution to the overall environmental 
footprint (Singh et al., 2020). 

2.3. Data sources 

2.3.1. Thickening 
The initial solid content of the sewage sludge was 1 %, which was 

subsequently increased to 5 % (sourced from the operational data of 
Sydney Water) following the thickening process (Water, 2020). Poly-
acrylamide, commonly added at a dosage of 3.5 kg/t DS, was employed 
in the thickening process to enhance flocculation and optimize 
solid-liquid separation (Water, 2020). 

2.3.2. Anaerobic digestion 
The input volatile solids content of sewage sludge in the anaerobic 

digestion process was set as 80 % based on our previous study (Wang 
et al., 2023a). The initial temperature of the sewage sludge was set as 18 
℃ to match the annual average temperature of Sydney, New South 
Wales, Australia (sourced from Google), and the anaerobic digestion 
temperature of the local sewage treatment plant was maintained at 35 
℃. The anaerobic digestion efficiency for both traditional and innova-
tive sludge management scenarios (without and with lignosulfonate 
addition) was according to our previous study, with values of 33.0 % and 
40.3 %, respectively (Wang et al., 2023a). Biogas composition, as 
measured in our earlier experiments (Text S1), includes CH4 (60 %), CO2 
(35 %), N2 (1.2 %), H2 (1.2 %), and H2S (0.05 %). Notably, there was no 
remarkable difference in biogas composition between the traditional 
and innovative sludge management scenarios (Wang et al., 2023a). 
Additionally, the biogas leakage during the anaerobic reactor was esti-
mated at 3 % (consultation with the technician from the local sewage 
treatment plants). The heat and electricity demand calculation during 
anaerobic digestion was performed based on Section 2.4.2. 

2.3.3. Cogeneration unit 
Local sewage treatment plants commonly utilize the JMS 420 GS-B.L 

cogeneration unit, simultaneously converting biogas into heat and 
power (Water, 2020). The overall efficiency of this cogeneration unit 
was 69.6 %, with 42.7 % converted to electricity and the remaining 
portion transformed into heat (Jenbacher, 2023). Additionally, the 
specific consumption of lubricating oil during the operation of the 
cogeneration unit was 2.0 × 10− 4 kg/kWh of electricity production from 
biogas combustion (Jenbacher, 2023). The calorific value of biogas 
during the combustion process was approximately 23 MJ/m3 (equal to 
6.39 kWh/m3) (Alex and William, 2021). It is important to note that 
there are also emissions of exhaust gases during biogas combustion, 
including CO2, CO, SO2, CH4, NOx, NO, N2O, and particulate matter 
(Alengebawy et al., 2022). The specific emission factors are shown in 

Table S1 of Supplementary Materials. 

2.3.4. Dewatering 
Electricity consumption during the dewatering process was 

computed using Eq. (1), as outlined in Section 2.4.1. The dosage of 
flocculant (polyacrylamide) used to improve the dewaterability of 
digested sludge was 5.5 kg/t DS (Water, 2020). 

2.3.5. Aerobic composting 
Data on diesel (9.6 kg/t DS) and electricity consumption (534 kWh/t 

DS) during aerobic composting were obtained from a preceding study 
(Zhuang, 2021). Moreover, information on avoided product production 
(NPK 15–15–15) and emission factors for exhaust gases (i.e., CH4, N2O, 
and CO2) were also extracted from the same research. 

2.3.6. Land application 
The transportation distance from the sewage treatment plant to the 

sludge land application site was approximately 250 km (Paul and Tre-
vor, 2011). Moreover, the percentage of nitrogen, phosphorus, and po-
tassium content in dewatered sludge was 4 %, 2.5 %, and 1.5 %, 
respectively (Paul and Trevor, 2011). The permissible limits for metal 
ions in digested sludge and composted sludge for land application were 
in accordance with government official documents (Authority, 2019; 
Chye and John, 2000). Applying digested or composted sludge can also 
release pollutants into the surrounding environment, including air, 
water, and soil (do Amaral et al., 2018), and the specific emission factors 
related to this process are outlined in Table S1 of Supplementary 
Materials. 

2.4. Unit process and inventory analysis 

2.4.1. Dewatering 
The energy consumption of the mechanical dewatering process was 

calculated using Eq. (1): 

E = E Coeff ×
(

1
w1

−
1

w2
) (1)  

where E means energy consumption during the dewatering process 
(kWh), E_Coeff represents the coefficient of energy consumption, with a 
value of 0.632 kWh/t DS, and w1 and w2 denotes solid content in sludge 
before and after the dewatering process, respectively. 

2.4.2. Anaerobic digestion 
The anaerobic digestion process demands a substantial energy input 

to maintain system operation, and the input energy was computed based 
on Eq. (2): 

P = Cs × (Ms + Mw)× (TA − Ts) (2)  

where P means the theoretical heat demand for sustaining the operation 
of anaerobic digestion (MJ), Cs represents the heat capacity of the 
sewage sludge, equal to 4.186 MJ/(t × K) (Wang et al., 2023), Ms and 
Mw represent the mass of sludge (DS) and water that was entering 
anaerobic digestion (t), respectively, TA and Ts denote the anaerobic 
digestion temperature (35 ℃), and sludge temperature (18 ℃, equiva-
lent to the average temperature of Sydney). 

The actual energy demand during the anaerobic digestion process 
was calculated using Eq. (3): 

P′ =
P
α (3)  

where P’ represents the actual energy demand for maintaining the 
operation of anaerobic digestion (MJ), and α means the conversion co-
efficient between actual and theoretical energy demand during anaer-
obic digestion, with a value of 80 % (consultation with the technician 
from the local sewage treatment plants). 
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2.4.3. Cogeneration unit 
The volume of biogas produced during the anaerobic digestion pro-

cess was calculated according to Eq. (4): 

Vbiogas= 0.35 × DCOD (4)  

where Vbiogas means the yield of biogas volume (m3), DCOD represents 
the degraded chemical oxygen demand of sludge during anaerobic 
digestion process (kg), and its calculation was based on Eq. (5), 0.35 
denotes the conversion coefficient between biogas volume and degraded 
chemical oxygen demand (m3/kg COD) (Zhao et al., 2023). 

DCOD= 1.42 × Eff × Ms × VS (5)  

where Eff represents the anaerobic digestion efficiency, Ms denotes the 
dry solid of sludge entering the anaerobic digestion process (kg), and VS 
means sludge volatile content (%). 

Heat and electricity production during the cogeneration unit (JMS 
420) was calculated based on Eqs. (6), (7): 

PHeat = Vbiogas × CVbiogas × Eff heat (6)  

Pelectricity = Vbiogas × CVbiogas × Eff electricity (7)  

where Pheat (MJ) and Pelectricity (kWh) mean heat and electricity pro-
duction during cogeneration unit, CVbiogas represents the calorific value 
of biogas, with the value of 6.39 kWh/m3 (Alex and William, 2021), 
Eff_heat and Eff_electricity mean the heat and electricity conversion 
coefficient during cogeneration unit, equal to 26.9 % and 42.7 %, 
respectively, according to the technical description of JMS 420 (Jen-
bacher, 2023). 

2.5. Methodology for environmental analysis 

Previous studies have commonly utilized the ReCiPe Midpoint 
method to assess potential environmental impacts stemming from 
sludge treatment and disposal (Corbala-Robles et al., 2018; Gourdet 
et al., 2017; Mayer et al., 2021), highlighting its effectiveness. In 
alignment with this established practice, the ReCiPe 2016 Midpoint 
method in SimaPro 9.4.0.1 was chosen to evaluate the environmental 
impacts of the four sludge management scenarios (traditional and 
innovative) mentioned above. From the eighteen impact categories in 
the ReCiPe method, six most pertinent to sludge treatment and disposal 
were selectively focused on, as consistently highlighted in prior studies 
(Corbala-Robles et al., 2018; Gourdet et al., 2017; Mayer et al., 2021). 
These quantified impact categories encompass global warming, terres-
trial acidification, freshwater eutrophication, human carcinogenic 
toxicity, human non-carcinogenic toxicity, and fossil resource scarcity. 
Moreover, the impact magnitude within each category was character-
ized using equivalence (eq) factors. Specifically, CO2 eq, SO2 eq, phos-
phorus (P) eq, and oil eq were applied for global warming, terrestrial 
acidification, freshwater eutrophication, and fossil resource scarcity, 
respectively. Additionally, 1,4-Dichlorobenzene (1,4-DCB) was utilized 
for representing both human carcinogenic and non-carcinogenic 
toxicity. Furthermore, life cycle inventory data for the four sludge 
management scenarios were detailed in Table S1. Additionally, 
normalization results were obtained by comparing characterization re-
sults with normalization reference values (provided by SimaPro soft-
ware). The overall environmental impact results were the sum of the 
normalized results for the selected impact categories. 

2.6. Methodology for energy analysis 

In this study, cumulative energy demand for the four sludge man-
agement scenarios was calculated to evaluate the net energy balance of 
each sludge treatment and disposal scenario. The data collected was 
based on the information presented in Sections 2.3 and 2.4. 

2.7. Methodology for life cycle costing analysis 

The life cycle costing analysis for the four sludge management sce-
narios was conducted based on the cost per treated ton of DS. This 
approach aligns with the principles outlined in ISO 14,040, an inter-
nationally standardized method. The life cycle costing was computed 
according to Eq. (8) (Awad et al., 2019): 

LCC = AAC + MC + ODC (8)  

where ACC, MC, and ODC represent actual amortization costs, mainte-
nance costs, and operation & disposal costs, respectively. Noteworthy, 
MC was assumed to be 2 % of the amortization costs, according to a 
previous study (Awad et al., 2019). ODC encompassed raw materials 
consumption (i.e., chemicals), energy consumption (i.e., electricity, 
heat), and the disposal of sludge (i.e., land application), and the specific 
costs for ODC were detailed in Table S2. Labor costs were excluded in 
this study due to significant variations based on plant locations. Notably, 
the AAC was calculated based on Eq. (9): 

AAC = IAC ×

(
(1 + IR)L × IR
(1 + IR)L − 1

) (9)  

where IAC denotes initial amortization costs, derived by dividing the 
initial investment for constructing a sewage treatment plant (excluding 
land cost) by the amount of treated sludge during the 20-year lifespan 
(L) (Table S2). IR represents the interest rate in Australia, set at 4.1 % 
(sourced from google). 

2.8. Sensitivity analysis 

The sensitivity analysis aimed to assess parameters that significantly 
influence the outcomes of environmental impacts. This study focused on 
two crucial parameters: the volatile and total solid contents of the 
sewage sludge, ranging from 50 % to 80 % and 4 % to 7 %, respectively. 
The specified range was confirmed through communication with the 
local sewage treatment plant technician. Additionally, previous studies 
have highlighted that anaerobic digestion efficiency is a critical factor 
influencing assessment outcomes (Zhao et al., 2023). However, it is 
crucial to emphasize that this study aims to evaluate the economic 
benefits, energy balance, and environmental impacts of traditional and 
innovative sludge management scenarios. The innovative scenarios 
involve introducing lignosulfonate in the anaerobic digestion process, 
informed by our previous studies indicating its positive impact on 
anaerobic digestion efficiency (Wang et al., 2023a). Consequently, 
anaerobic digestion efficiency was not taken into account in our study. 
Additionally, it is essential to highlight that the volatile and total solid 
contents of the sewage sludge were adjusted within a 10 % interval to 
reveal their impact on the assessment outcomes. 

3. Results and discussion 

3.1. Life cycle environmental impacts based on four sludge management 
scenarios 

3.1.1. Characterization results of four sludge management scenarios  

1) Global warming 

The traditional sludge management scenarios in Australia (A and B), 
resulted in 5.37 % and 6.22 % lower global warming burdens, respec-
tively, than their corresponding innovative approach using lignosulfo-
nate addition in anaerobic digestion (C verses A and D verses B) 
(Fig. 2a). Additionally, scenarios with aerobic composting (B and D), 
exhibited environmental burdens 6.40-fold and 6.38-fold higher, 
respectively, than those without aerobic composting (A and C). Scenario 
A displayed the lowest environmental burdens in terms of global 
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warming, with a value of 78.28 kg CO2 eq, followed by scenario C (82.71 
kg CO2 eq). In contrast, scenarios B and D presented higher values, 
reaching up to 500.66 kg CO2 eq and 533.91 kg CO2 eq, respectively. 
These findings were in accordance with a previous study, which indi-
cated that the aerobic composting steps were energy-intensive pro-
cesses, entailing substantial fossil fuel energy consumption (Pace et al., 
2018), consequently leading to additional greenhouse gas emissions, as 
observed in scenarios B and D. 

In addition, within the sludge management process, anaerobic 
digestion (163.25 kg CO2 eq in scenarios A and B, 184.53 kg CO2 eq in 
scenarios C and D) and aerobic composting processes (192.13 and 
239.27 kg CO2 eq in scenarios B and D, respectively) were identified as 
the most significant contributors to global warming (Fig. S2). Although 
the cogeneration unit process reduced greenhouse gas emissions by 
89.55 kg CO2 eq in scenarios A and B to 111.16 kg CO2 eq in scenarios C 
and D through energy recovery (i.e., heat and power), it cannot fully 
offset the emissions caused by anaerobic digestion and aerobic com-
posting. Furthermore, thickening and dewatering processes across all 
sludge management scenarios resulted in increased environmental 
burdens in the global warming category, amounting to 27 kg CO2 eq and 
29 kg CO2 eq, respectively (Fig. S2a). These findings align with those 
presented by Kamizela and Kowalczyk (2019), suggesting that the 
contribution of thickening and dewatering processes to global warming 
was much lower than that of anaerobic digestion and cogeneration units.  

2) Terrestrial acidification 

The impact of terrestrial acidification resulting from sludge man-
agement follows the order A<C<D<B, from the most negative impact to 
the positive effects: A (− 0.10 kg SO2 eq), C (− 0.038 kg SO2 eq), D (0.22 
kg SO2 eq), and B (0.26 kg SO2 eq). Scenarios B and D, with aerobic 
composting unit, elevated the burden of terrestrial acidification by 
353.49 % and 689.33 %, respectively, compared to their corresponding 
management approaches without aerobic composting unit (A verses C, B 
verses D) (Fig. 2b). Scenario C exhibited a 62.77 % reduction in effec-
tiveness in mitigating terrestrial acidification than scenario A, while 
scenario D showed a 13.48 % decrease in this impact category compared 
to scenario B (Fig. 2b). Scenarios A and C demonstrated environmental 

benefits by mitigating terrestrial acidification impacts in sludge man-
agement, with scenario A showed the maximum mitigation effect 
compared to scenario C (Fig. 2b). A previous study defined terrestrial 
acidification as the phenomenon where atmospheric acidic substances 
like sulfides and nitrogen oxides deposit onto the soil surface or are 
washed into surface waters (Tasca and Puccini, 2019). The high energy 
consumption, particularly from fossil fuels during the composting pro-
cess results in higher emissions of nitrogen and sulfide oxides, thus 
heightening the terrestrial acidification burden in scenarios B and D. 
Moreover, the production of lignosulfonate also involved the release of 
acidic gases (Tsvetkov and Salganskii, 2018), which can explain less 
effectiveness mitigation of terrestrial acidification in scenario C than in 
scenario A (− 0.10 kg SO2 eq VS − 0.038 kg SO2 eq). Conversely, scenario 
D with lignosulfonate addition showed a smaller increase in terrestrial 
acidification than scenario B (Fig. 2b). This can be attributed to high 
energy recovery (268.68 kWh in scenario D versus 25.72 kWh in sce-
nario B), reduced fossil fuel use and mitigating the negative environ-
mental impacts from lignosulfonate production. 

Among the four scenarios for sludge management, the cogeneration 
unit played a dominant role in mitigating terrestrial acidification im-
pacts, with values ranging from − 0.48 kg SO2 eq to − 0.56 kg SO2 eq 
(Fig. S2b). Moreover, the land application process was pivotal in 
amplifying terrestrial acidification in scenarios A and C, with values of 
0.16 kg SO2 eq and 0.14 kg SO2 eq, respectively. This can be ascribed to 
the emission of ammonia (NH3, 3.75 kg in scenario A verses 3.45 kg in 
scenario C) followed by the emission of dinitrogen (N2O, 0.11 kg in 
scenario A verses 0.10 kg in scenario C) during the land application of 
digested sludge (Neumann et al., 2022). Notably, the combined impact 
of land application and aerobic composting processes increased this 
impact category positivity in scenarios B and D, with values of 0.29 kg 
SO2 eq and 0.22 kg SO2 eq for scenario B and 0.26 kg SO2 eq and 0.14 kg 
SO2 eq for scenario D.  

3) Freshwater eutrophication 

All four sludge management scenarios mitigated the risk of fresh-
water eutrophication, with innovative methods C and D, performing 
27.13 % and 32.42 % greater effectiveness, respectively, compared to 

Fig. 2. Characterization results for each sludge management scenario across various environmental impact categories: (a) Global warming; (b) Terrestrial acidifi-
cation; (c) Freshwater eutrophication; (d) Human carcinogenic toxicity; (e) Human non-carcinogenic toxicity; and (f) Fossil resource scarcity. Note: A: Thickening, 
anaerobic digestion, cogeneration unit, dewatering, and land application; B: Similar to A but additionally included aerobic composting before land application; C/D: 
Similar to A/B, but incorporated lignosulfonate during anaerobic digestion. 
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traditional approaches A and B (Fig. 2c). Furthermore, scenarios without 
aerobic composting process (A and C) demonstrated improved effec-
tiveness, with enhancements of 8.55 % and 4.16 %, respectively, over 
those including aerobic composting (B and D) (Fig. 2c). The specific 
order of the four sludge management scenarios in reducing freshwater 
eutrophication impacts was: C<D<A<B, with values of − 0.43, − 0.41, 
− 0.34 and − 0.31 kg P eq, respectively (Fig. 2c). The enhanced perfor-
mance of innovative scenarios C and D in mitigating freshwater eutro-
phication can be attributed to lignosulfonate addition. This additive not 
only improved the breakdown of organic matter, decreasing the release 
of untreated substances and nutrients (i.e., N and P) into the environ-
ment, but also elevated sludge quality for land application, thus mini-
mizing nutrient loss when used as soil amendment or fertilizer (Usman 
et al., 2012). Moreover, employing aerobic composting as a 
post-treatment in sludge management lessened the effectiveness in 
mitigating freshwater eutrophication (A<B, C<D) (Fig. 2c). This effect 
was due to the increased levels of soluble nitrogen and phosphorus in the 
composting process, which enhanced the likelihood of these nutrients 
leaching from the compost (Liew et al., 2022). 

The analysis of each unit process in sludge management for its 
impact on freshwater eutrophication revealed that the cogeneration unit 
as a key contributor, with its impact ranging from − 0.39 kg P eq in 
traditional sludge management to − 0.48 kg P eq in innovative sludge 
management scenarios (Fig. S2c). This finding was supported by Gour-
det et al. (2017), who noted that cogeneration units could remarkably 
mitigate the impact of freshwater eutrophication through the reuse of 
heat and power generated by this unit (Gourdet et al., 2017).  

4) Human carcinogenic toxicity 

The impacts of the four sludge management scenarios on human 
carcinogenic toxicity closely align with their effects on freshwater 
eutrophication, in the order of C<D<A<B (Fig. 2d). Specifically, the 
mitigation impacts on human carcinogenic toxicity were − 22.15, 
− 16.50, − 27.85, and − 24.01 kg 1,4-DCB for scenarios A, B, C, and D, 
respectively (Fig. 2d). In these scenarios, the innovative methods (C and 
D) outperformed their corresponding traditional ones (A and B) by 25.62 
% and 45.52 %, respectively. This enhanced performance was largely 
attributed to improved anaerobic digestion efficiency, leading to fewer 
metal ions remaining in the sludge (Geng et al., 2022). This, in turn, 
minimizes their release into the environment, consequently reducing 
human carcinogenic toxicity. Additionally, scenarios that excluded 
aerobic composting (A and C) showed superior performance, enhanced 
effectiveness by 34.24 % and 15.99 %, respectively, compared to those 
including it (B and D), (Fig. 2d). This is primarily due to the elevated 
concentration of heavy metals, such as nickel, cadmium, and mercury, 
which were key contributors to human carcinogenic toxicity (Mayer 
et al., 2021). Anaerobic digestion has been shown to increase the 
bioavailability of heavy metal ions, like nickel, cadmium, by approxi-
mately 50 %, leading to a significant reduction and stabilization of re-
sidual metal ions in the sludge (Dong et al., 2013). In contrast, the 
concentration of cadmium and nickel raised by 36.0 % and 30.4 % 
during aerobic composting (Zheng et al., 2007), explaining the lower 
efficacy of scenarios involving composting process in reducing human 
carcinogenic toxicity. Notably, cogeneration units played a dominant 
role in mitigating this category across all four sludge management sce-
narios, with values reaching − 24.61 and − 30.58 kg 1,4-DCB in scenarios 
A/B and scenarios C/D, respectively (Fig. S2d). The impact of the res-
idue unit processes in each sludge management scenario was negligible 
(Fig. S2d).  

5) Human non-carcinogenic toxicity 

The mitigation impact was higher in innovative sludge management 
scenarios compared to traditional ones (C/D<A/B), and directly applied 
digested sludge showed greater effectiveness than further composted 

sludge (A<B, C<D). The most effective sludge management strategy in 
reducing the impact category of human non-carcinogenic was scenario 
C, achieving − 834.81 kg 1,4-DCB, followed by scenario D (− 769.97 kg 
1,4-DCB), A (− 643.42 kg 1,4-DCB), and B with the least effect (− 552.60 
kg 1,4-DCB) (C<D<A<B). Trends in human non-carcinogenic toxicity 
across the four sludge management scenarios mirror those observed 
human carcinogenic toxicity, as discussed earlier. Human non- 
carcinogenic toxicity was largely driven by heavy metals, with zinc 
contributing approximately 98 % (Mayer et al., 2021). Anaerobic 
digestion reduced zinc and copper bioavailability in digestates, thereby 
decreasing environmental risks (Le Bars et al., 2018). Conversely, aer-
obic composting increased zinc bioavailability (bioavailability factor 
increased from 14.11 in raw sludge to 22.02 in composted sludge), 
heightened potential hazards (Miaomiao et al., 2009). Therefore, sludge 
management scenarios without aerobic composting proved more effec-
tive in reducing human non-carcinogenic toxicity. 

The cogeneration unit consistently showed the greatest contribution 
to all sludge management scenarios, accounting for − 778.82 kg 1,4-DCB 
in scenarios A and B, and − 967.65 kg 1,4-DCB in scenarios C and D 
(Fig. S2e). This highlighted the consistent and notable role of the 
cogeneration unit in mitigating the environmental burden associated 
with human non-carcinogenic toxicity across all scenarios. Khaki et al. 
(2023) also observed similar results, noting that the presence of 
cogeneration unit in sludge treatment process remarkably reduced the 
impact of human non-carcinogenic by up to 38 % (Khaki et al., 2023).  

6) Fossil resource scarcity 

Regarding fossil resource scarcity, sludge management scenarios 
with aerobic composting (B and D) showed a substantial increase in 
resource usage, at 9.26-fold and 15.30-fold, respectively, compared to 
those without aerobic composting (A and C). Meanwhile, scenarios C 
and D reduced dependence on fossil resources by 42.14 % and 16.16 %, 
respectively, compared to their corresponding traditional ones. Scenario 
C had the least impact on fossil resource scarcity, followed by scenario A, 
scenario D, and finally scenario B (C<A<D<B), with values of 8.40, 
11.94, 110.61, and 128.48 kg oil eq, respectively. Sludge treatment and 
disposal scenarios incorporating aerobic composting (B and D) showed a 
tendency to increase fossil resource scarcity compared to those without 
it (A and C), primarily due to extensive energy consumption involved in 
this process (further discussed in Section 3.2) (Pace et al., 2018). 
Additionally, all the innovative approaches exhibited a lesser reliance on 
fossil resource than their corresponding traditional approach with the 
same unit processes (i.e., C<A, D<B). This was primarily due to 
increased energy recovery in the cogeneration unit, which outweighed 
the energy consumption required for other processes (the content will be 
detailed in Section 3.2). Notably, all the innovative approaches led to 
reduced fossil resource scarcity compared to traditional methods 
(Fig. 2f), yet in terms of global warming potential, traditional ap-
proaches showed lower impacts (Fig. 2a). This finding contradicts pre-
vious studies that suggested a proportional relationship between the 
impact categories of fossil resource scarcity and global warming po-
tential (Mayer et al., 2021). The increased greenhouse gas emissions in 
innovative approaches can primarily be attributed to the lignosulfonate 
production process, which led to higher release of greenhouse gases. 

Unit process analysis revealed that anaerobic digestion (26.24 kg oil 
eq) and aerobic composting (75.54–98.79 kg oil eq) predominantly 
exacerbate fossil resource scarcity, while cogeneration units remarkably 
mitigate this issue, contributing reductions ranging from − 19.14 to 
23.79 kg oil eq (Fig. S2f). Notably, characterization results solely 
determine the impact of different sludge management scenarios on 
specific environmental impact categories. However, these results did not 
facilitate a comparison of the relative magnitudes of impact across the 
selected impact categories. Subsequently, these characterization results 
underwent normalization, as detailed in Section 3.1.2. 
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3.1.2. Normalized results of four sludge management scenarios 
The relative environmental impact, based on normalized results, was 

assessed across four sludge management scenarios (both innovative and 
traditional methods), using the maximum value of impact categories 
within each management scenario as the baseline (Fig. 3). Human 
carcinogenic toxicity served as the dominant impact category in all 
sludge management scenarios. It was thus regarded as the baseline, with 
a relative impact of − 100 %, representing the reference point for other 
impact categories. All four sludge management technologies discussed 
in this study contribute to the reduction of human carcinogenic toxicity 
(Fig. 3a-d). Subsequently, the contribution to freshwater eutrophication 
was − 24.01 %, − 29.68 %, − 24.27 %, and − 27.03 % in scenarios A, B, C, 
and D, respectively. Additionally, scenarios B and D, which involve 
aerobic composting, intensified fossil resource scarcity, with relative 
impacts of 7.04 % and 5.62 %, respectively, while the impact in other 
categories remained negligible across all sludge management scenarios 
(A-D). 

3.1.3. Total environmental impacts of four sludge management scenarios 
The total environmental impacts of the four sludge management 

scenarios, encompassing both traditional and innovative approaches, 
were depicted in Fig. 4. The results revealed that those four scenarios all 
contribute to reducing the environmental burdens caused by sludge 
management, with values ranging from − 1.91 to − 3.37 (Fig. 4). Sce-
nario C was the preferred choice for sludge management, minimizing the 
environmental impact most effectively, evidenced by a value of − 3.37. 
Scenarios A and D demonstrated comparable effects on the total envi-
ronmental impacts, with respective values of − 2.67 and − 2.78. How-
ever, scenario B exhibited the lowest mitigation effect on environmental 
impact among the four sludge management scenarios, suggesting that 
this option was not preferable compared to the other three alternatives. 

3.2. Energy balance analysis based on four sludge management scenarios 

Each of the four sludge management scenarios positively impacts net 

energy balance, with scenario C leading at 620.81 kWh, making a sub-
stantial 1.48-fold to 24.14-fold improvement over other methods 
(Fig. 5b). The net energy balance was ranked as C>A>D>B, with 
respective values of 620.81, 418.72, 268.68, and 25.72 kWh (Fig. 5b). 
Furthermore, the innovative approach (C and D) for sludge management 
outperformed the traditional methods (A and B), which use the same 
unit processes, achieving enhancements of 1.48-fold and 10.45-fold, 
respectively. The superior performance was primarily due to the addi-
tion of lignosulfonate in anaerobic digestion, which enhanced methane 
production (Wang et al., 2023a). This led to heightened energy recovery 
in cogeneration units, with scenarios A and B achieving 942.86 kWh and 

Fig. 3. Relative impact of four sludge management scenarios (traditional and innovative), using the maximum value for each category as the baseline. (a)-(d) 
represent sludge management scenarios A-D, respectively. Note: A: Thickening, anaerobic digestion, cogeneration unit, dewatering, and land application; B: Similar 
to A but additionally included aerobic composting before land application; C/D: Similar to A/B, but incorporated lignosulfonate during anaerobic digestion. 

Fig. 4. Total environmental impact of each sludge management scenario. Note: 
A: Thickening, anaerobic digestion, cogeneration unit, dewatering, and land 
application; B: Similar to A but additionally included aerobic composting before 
land application; C/D: Similar to A/B, but incorporated lignosulfonate during 
anaerobic digestion. 
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scenarios C and D reaching 1155.87 kWh (Fig. 5a). Meanwhile, sludge 
management scenarios without aerobic composting (A and C) surpassed 
those with this process (B and D), showed enhancements of 16.28 times 
and 2.31 times, respectively. This phenomenon can be explained by the 
high energy consumption associated with aerobic composting (Pace 
et al., 2018), as demonstrated by the energy demands of 393 kWh for 
scenario B and 361.52 kWh for scenario D, respectively (Fig. 5a). 

In scenarios A-D, cogeneration units played crucial roles in energy 
recovery, contributing 942.86 kWh in scenarios A and B, and 1155.87 
kWh in scenarios C and D, respectively (Fig. 5a). Meanwhile, anaerobic 
digestion in all four scenarios, along with aerobic composting in sce-
narios B and D were the major energy consumers. Across all scenarios 
(A-D), anaerobic digestion consumed 496.13 kWh (Fig. 5a), while aer-
obic composting in scenarios B and D consumed an additional 393 kWh, 
361.52 kWh, respectively (Fig. 5a). 

3.3. Life cycle costing analysis based on four sludge management 
scenarios 

Life cycle costing analysis, including actual amortization costs, 
maintenance costs, and operational and disposal costs, was conducted to 
evaluate the economic benefits of each sludge management scenario, as 
depicted in Fig. 6. Scenario C, with a negative value in life cycle costing, 
indicated that this approach could generate profits for sewage treatment 
plants, amounting to $5.36/t (Fig. 6d). The main reason can be attrib-
uted to the substantial energy recovery during the cogeneration unit, 
reaching up to 1155.87 kWh, including 708.65 kWh of electricity and 
1610 MJ of heat. This substantial energy recovery greatly reduced 
overall energy expenditure and enabled surplus electricity to be fed back 
into the electricity grid. Conversely, the other scenarios all escalated 
expenses for sewage treatment plants in sludge management, with costs 

Fig. 5. Energy balance of four sludge management scenarios. (a) Energy balance of unit process of each sludge management scenario; (b) Net energy balance of four 
sludge management technologies. Note: A: Thickening, anaerobic digestion, cogeneration unit, dewatering, and land application; B: Similar to A but additionally 
included aerobic composting before land application; C/D: Similar to A/B, but incorporated lignosulfonate during anaerobic digestion. 

Fig. 6. Economic analysis of different sludge management scenarios. (a) Actual amortization costs; (b) Maintenance costs; (c) Operational and disposal costs; and (d) 
Life cycle costing. Note: A: Thickening, anaerobic digestion, cogeneration unit, dewatering, and land application; B: Similar to A but additionally included aerobic 
composting before land application; C/D: Similar to A/B, but incorporated lignosulfonate during anaerobic digestion. 
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ranging from $36.29/t to $114.52/t (Fig. 6d). The operation and 
disposal costs played a dominant role in the life cycle costing of the four 
sludge management scenarios A, B, C, and D, with values of $36.06/t, 
$114.18/t, -$5.59/t, and $67.92/t, respectively (Fig. 6c). While the 
expenses associated with actual amortization costs, maintenance costs 
during sludge treatment and disposal process were negligible in the four 
sludge management scenarios, with amortization costs and maintenance 
costs both below $0.33/t, and $0.0066/t, respectively (Fig. 6a-b). 

3.4. Comparison of four different management scenarios 

A comprehensive comparison of the four sludge management sce-
narios, focusing on total environmental impacts (Section 3.1), net en-
ergy balance (Section 3.2), and life cycle costing (Section 3.3) 
simultaneously, was performed and illustrated in Fig. 7. Scenario C 
exhibited the best performance, followed by scenarios A and D, with 
scenario B ranking as the least favorable performance. Scenario C 
(thickening, anaerobic digestion with lignosulfonate addition, cogene-
ration unit, dewatering, land application) stood out with its maximum 
net energy balance (630.2 kWh), the only negative value in life cycle 
costing (-$5.36/t). This indicates the potential profitability, and the least 
total environmental impacts (− 3.37), highlighting its positive contri-
bution to environmental mitigation for sludge management in sewage 
treatment plants. Following this, scenario A (sharing identical unit 
processes with scenario C) exhibited superior performance in total 
environmental impacts, net energy balance, and life cycle costing, with 
respective values of − 2.67, 418.72 kWh, and $36.29/t. However, these 
values remained lower than those of scenario C. Moreover, scenario D 
exhibited a comparatively modest impact on total environmental cate-
gories, life cycle costing, and net energy balance, with values of − 2.78, 
268.68 kWh, and $68.26/t, respectively. In contrast, scenario B ranked 
the least preferable among the four sludge management scenarios, with 
only a marginal reduction in total environmental impact by 1.91, a 
minimal net energy balance of 25.72 kWh from sludge treatment and 
disposal, and a significant increase in expenditure on the sludge of 
sewage treatment plants, reaching up to $114.52/t. These findings 
suggested that the innovative scenario was preferable for sludge man-
agement within the treatment and disposal scenarios sharing the same 
unit processes (i.e., C>A, D>B). Additionally, scenarios without the 
aerobic composting process outperformed those with post-treatment 
aerobic composting in terms of total environmental impacts, life cycle 
costing, and net energy balance (i.e., C>D, A>B). Therefore, for future 
sludge management, dewatering, anaerobic digestion with lignosulfo-
nate addition, dewatering, and land application is more preferred. 

3.5. Sensitivity analysis 

The sensitivity of volatile and total solid contents of sewage sludge 
on the impacts of environmental, energy balance, and economic was 
assessed using scenario C, given its proven best performance for sludge 
management scenario as elaborated in Sections 3.1–3.4. The increase of 
volatile solids content from 50 % to 80 % reduced the total environ-
mental impacts and life cycle costing, while simultaneously increased 
energy benefits (Fig. 8a-c). Specifically, increasing the volatile solids 
content from 50 % to 80 % led to a 1.22 to 1.69 times enhancement in 
environmental impacts reduction, transformed costs from $71.65/t to a 
benefit of $5.36/t, and improved net energy balance by 1.71 to 3.16 
times (Fig. 8a-c). The reduction in total environmental impacts can be 
primarily attributed to cogeneration units (Fig. S3), which had high 
energy recovery (ranging from 722.26 kWh to 1155.87 kWh) resulting 
from the degradation of organic matter (Fig. S5a). This process not only 
diminished the dependence on fossil-based fuels but also generated 
surplus electricity that can be integrated into the electricity grid, 
consequently yielding economic benefits for sewage treatment plants. 

Furthermore, as the total solids content in sewage sludge increased 
from 4 % to 7 %, there was a modest reduction in both total environ-
mental impacts and life cycle costing, as well as a slight improvement in 
energy balance when compared with the impacts caused by volatile 
solids contents (Fig. 8d-f). More specifically, the total environmental 
impact experienced a minor reduction, moving from − 3.37 to − 3.47, as 
the total solids content rose from 5 % to 7 %, marking a 1.03- to 1.05- 
fold improvement relative to 4 % total solids content baseline of 
− 3.29 (Fig. 8d). Additionally, the net energy balance saw a modest in-
crease, improving a 1.26 to 1.55 times with a total solids content range 
of 5 % to 7 %, compared to 4 % total solids content (502.03 kWh) 
(Fig. 8e). Concurrently, the increase in total solids content shifted the 
sludge management scenario from a cost expenditure to cost benefits, 
ranging from -$6.64/t to $19.02/t (Fig. 8f). Notably, the slightly 
reduction in total environmental impacts resulting from the variation in 
total solids content was primarily attributed to anaerobic digestion 
process (Fig. S4), which reduced energy consumption from 619.68 kWh 
to 355.04 kWh as the total solids content increased from 4 % to 7 % 
(Fig. S5b). In contrast, the impact of other processes in the sludge 
management scenarios was negligible, aligning with findings from a 
previous study (Li and Feng, 2018). 

3.6. Future recommendation for sludge management scenarios 

Sensitivity analysis results revealed that increasing the volatile solids 
content in sewage sludge from 50 % to 80 % resulted in a 2.61 times 

Fig. 7. Radar plot of the four sludge management scenarios, highlighting the aspects of total environment impacts, net energy balance, and life cycle costing. Note: A: 
Thickening, anaerobic digestion, cogeneration unit, dewatering, and land application; B: Similar to A but additionally included aerobic composting before land 
application; C/D: Similar to A/B, but incorporated lignosulfonate during anaerobic digestion. 
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enhancement in energy recovery during cogeneration unit, reaching 
1155.87 kWh energy recovery (708.65 kWh electricity production and 
1610 MJ heat production) at 80 % volatile solids content. The total 
environmental impacts remarkably decreased from − 1.99 to − 3.48, 
with an increase in volatile solids from 50 % to 80 %. This indicated that 
a higher volatile solids content led to increased energy recovery, which 
provided sustainable alternatives to the reliance on fossil fuels and 
consequently benefiting the environment (Moya et al., 2017). Therefore, 
optimizing the proportion of volatile solids content in sewage sludge is 
advantageous for effective sludge management. Various strategies can 
be employed to increase the volatile solids content in sewage sludge. 
Previous study indicated that primary sludge has a higher concentration 
of biodegradable organic matter than secondary sludge (Azarmanesh 
et al., 2020), suggesting that balanced biodegradable content in mixed 
sludge could effectively increase volatile solids for enhanced treatment. 
Moreover, within the sewage treatment process, enhancing the removal 
efficiency of biodegradable organic substances and adjusting the sludge 
recirculation ratio to extend residence time have been demonstrated as 
effective strategies for increasing the volatile solids content in sewage 
sludge (Fredenslund et al., 2023; Nges and Liu, 2010). Additionally, by 
elevating the total solids content of sewage sludge in anaerobic diges-
tion, a significant reduction in energy consumption was achieved (from 
619.68 kWh to 355.04 kWh), coupled with a decrease in total envi-
ronmental impact (from − 3.28 to − 3.16). 

Although anaerobic digestion with high solids content presents 
numerous benefits, this strategy still faces some challenges, including 
slower mass transfer efficiency and the presence of higher concentra-
tions of harmful substances (Cheng and Li, 2015; Zhang et al., 2016). 
The rheological properties of sewage sludge undergo changes as the total 
solid content of sludge increases, with viscosity rapidly escalating, 
resulting in a much slower mass transfer efficiency within the anaerobic 
digestion system (Cheng and Li, 2015). For example, a previous study 
reported that with an increase in total solids content from 6 % to 12 %, 
the diffusion coefficients reduced from 1.06 × 10− 9 m2/s to 2.66 ×
10− 10 m2/s, respectively (Zhang et al., 2016). Furthermore, the con-
centrations of harmful and toxic substances (i.e., ammonia) contained in 
sewage sludge were found to be higher in high solids anaerobic digestion 
compared to the traditional anaerobic digestion system (Westerholm 
et al., 2020). Therefore, there is a need to strike a balance between total 
solids content and anaerobic digestion performance. Increasing the total 
solids content without compromising the efficiency of anaerobic 

digestion can potentially reduce energy consumption and environ-
mental impact, this aspect requires further exploration and enhance-
ment in future research. 

This study validates the sustainability of scenario C, an innovative 
method encompassing thickening, anaerobic digestion with lignosulfo-
nate addition, dewatering, and land application, for effective sludge 
management. It achieves maximum energy recovery, highest environ-
mental benefits, and profitability in the sludge management process. 
However, the data on anaerobic digestion (with and without lignosul-
fonate addition) were from laboratory-scale tests, so it is imperative to 
expand the scope of the research through comprehensive pilot-scale and 
full-scale tests. This will provide a more robust understanding of the 
innovative sludge management strategy under industrial application 
conditions, allowing for a more accurate assessment of its feasibility and 
effectiveness. Furthermore, future research endeavors could optimize 
the dosage and application of lignosulfonate (sourced from 
lignosulfonate-containing waste from pulp and paper plants), ensuring 
an optimal balance between enhanced anaerobic digestion efficiency 
and cost-effectiveness. Additionally, considering the dynamic nature of 
environmental and technical factors, continuous monitoring and 
assessment are recommended to capture any potential variations in 
performance over time. 

4. Conclusions 

This study is the first to investigate the traditional (A-B) and inno-
vative sludge management scenarios (C-D) distinguished by the absence 
or presence of lignosulfonate, through a life cycle assessment. It em-
phasizes economic benefits, energy balance, and environmental im-
pacts, yielding the following key insights: 

1) In traditional sludge management scenarios, scenario A was mark-
edly superior to scenario B. It demonstrated a 2.24-fold greater 
reduction in total environment impacts and a 16.28-fold higher ef-
ficiency in energy recovery, while also reduced expenditure reaching 
$78.23/t, compared to scenario B.  

2) In innovative sludge management scenarios, scenario C, sharing the 
same unit processes as scenario A, emerged as the most effective. It 
achieved a 1.26-fold reduction in total environmental impacts and a 
1.51-fold improvement in energy recovery compared to scenario A, 

Fig. 8. Sensitivity analysis results for scenario C (the best performance for sludge management). a-c represents the total environmental impacts, net energy balance, 
and life cycle costing, varying with volatile solids content ranging from 50 % to 80 %; and e-f represents these same metrics but with total solids content ranging from 
4 % to 7 %. 
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transforming cost expenditure to economic benefits of $5.36/t in 
scenario C.  

3) Sensitivity analysis indicated that increasing volatile solids content 
from 50 % to 80 % remarkably reduced both environmental impact 
and life cycle costing, and amplified energy benefits, with enhance-
ments ranging from 1.22 to 1.69 times in environmental impacts, a 
shift from a cost of $71.65/t to a profit of $5.36/t, and a 1.71 to 3.16 
times increase in energy benefits compared to the 50 % volatile solids 
baseline. Additionally, increasing total solids content from 4 % to 7 
% led to modest enhancements in environmental impact reduction, 
energy balance, and cost efficiency, 1.03–1.05 times enhance in total 
environmental impact reduction, 1.26–1.55 times increase in energy 
recovery, and a transition from $6.64/t cost to $19.02/t benefits. 

Overall, this study contributes valuable scientific evidence that can 
assist policymakers in identifying the most sustainable sludge manage-
ment strategy, taking into consideration energy, environmental, and 
economic sustainability aspects. 
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