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Abstract 15 

Municipal and industrial wastewater treatment plants produce a tremendous amount of16 

sludge containing organic and toxic components. One of the advanced oxidation processes17 

(AOP) - Fenton process has demonstrated great prospect in reduction of sludge organics and18 

toxicity. Fenton pretreatment could ameliorate the sludge dewaterability and biodegradability19 

for anaerobic digestion (AD) process, and enhance the sludge lower heating value for20 

incineration process, thus stimulating sludge dewatering, reduction and energy recovery.21 

However, doubts remain about whether the incorporation of the Fenton process into the22 

traditional sludge management systems brings environmental benefits. Hence, a life cycle23 

environmental impact calculation model was established for sludge with various organic24 

contents (60%, 70%, 80%) under the effect of Fenton and US/UV/Electro-Fenton processes.25 

Noteworthymitigation of environmental load was observed for the Fenton process coupled with26 

incineration system, which involves high dewatering demand. Conversely, as for theAD system27 

with high biomass transformation rate, Fenton process failed to attain the assumed promotion28 

of environmental benefit. Hydrogen peroxide (H2O2) prominently attributed to the weakness29 

of Fenton process combined withAD (F-AD) scenario, compared with theAD scenario in terms30 

of environmental impact. Summarily, the F-AD scenario acts as the preponderant system when31 

weighing up the pros and cons of environmental impact, energy balance and life cycle cost.32 

Contrary to the mainstream view, the proven technical advantages of Fenton process cannot33 

compensate for the additional environmental loads in the life cycle of sludge. It provides34 

valuable reflection for environmental managers and scholars that we should be more cautious35 

in the application of cutting-edge technologies. 36 

 37 
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cycle assessment, Life cycle cost 39 
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 40 

Abbreviations 41 

AD Anaerobic digestion 
CC Climate change 
CHP Combined heat and power 
EBR Energy balance ratio 
FDP Fossil depletion potential 
FEP Freshwater eutrophication potential 
FET Freshwater eco-toxicity 
GHG Greenhouse gas 
HT Human toxicity 
IPCC Intergovernmental panel on climate change 
IR Ionizing radiation 
LCA Life cycle assessment 
LCC Life cycle cost 
LCI Life cycle inventory 
MD Metal depletion 
MEP Marine eutrophication potential 
MET Marine eco-toxicity 
NMVOCs Non-methane volatile organic compounds 
ODP Ozone depletion potential 
PMF Particulate matter formation 
POF Photochemical oxidation formation 
TAP Terrestrial acidification potential 
TET Terrestrial eco-toxicity 
WD Water depletion 

 42 

  43 
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Highlights44

⚫ Life cycle insights into Fenton processes for sludge were creatively proposed  45 

⚫ Fenton scenarios were favorable in reclamation but not in environmental impacts 46 

⚫ US/UV/electro-Fenton methods have more negative impact due to high energy demand 47 

⚫ Introducing Fenton methods could provoke less life cycle costs in all scenarios 48 

⚫ Alternatives to Fenton reagents could be pressing challenges 49 

 50 

  51 
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1. Introduction 52 

Under the stringent policy requirements, paying equal attention to sludge and water has53 

become the consensus of environmentalists. By the end of 2019, the daily treatment capacity of54 

municipal wastewater treatment plants in China reached 177 million m3/d, with an annual55 

sludge productivity of 39.04 million tons (80% water content) (Wei et al., 2020). Sludge is the56 

solid waste produced during the sewage treatment, and contains plenty of pathogens, heavy57 

metals, organic pollutants, etc., posing potential threats to human health and natural58 

environment, such as odor, disease spread and global warming (Singh et al., 2011).59 

Consequently, it is imminent to implement a series of treatment and disposal procedures, such60 

as thickening, AD, dewatering, thermal drying, incineration, landfill, etc. Sludge disintegration61 

and dewatering are essential steps to maximize the reduction of sludge water content and62 

volume (Wu et al., 2020).  63 

The abundant extracellular polymers (EPS) in sludge absorbs massive water, which64 

conduces to the stable floc structure, and limits the dewatering performance (Mowla et al.,65 

2013). To conquer the above challenges, advanced oxidation process (AOP) emerges. Among66 

them, the degradation of EPS and toxic pollutants into harmless products is easily accomplished67 

by Fenton process, for the nonselective attack from strong oxidizing hydroxyl radicals (OH·).68 

Fenton process has also been universally employed in the industrial wastewater treatment, such69 

as textile (Xavier et al., 2015), medicine (Mackulak et al., 2015), and agricultural chemicals70 

(Saini et al., 2017), as well as the sludge treatment field (Lin et al., 2020). Fenton process71 

involves the reaction between H2O2 and ferrous iron (catalyst) to produce highly active72 

OH· (Pilli et al., 2015), which is effective for the decomposition of EPS and the microorganisms73 

cell lysis. Furthermore, Fenton process stimulates the release of intracellular substances and74 

bound water (Tony et al., 2008). The possibility of eliminating heavy metals (Yuan et al., 2020)75 

and odor (Liu et al., 2016) in sludge has also been confirmed. Additionally, Fenton process76 
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coupled with other methods can further reduce the dosage of Fenton reagent and improve the77 

utilization rate of OH· (Ramteke and Gogate, 2015). 78 

AD, incineration and landfilling are the most common waste sludge management79 

alternatives in developing countries. One of the sludge management dilemmas is the prevention80 

and solution of environmental problems. Life Cycle Assessment (LCA) has been highly prized81 

in the evaluation field of sludge management strategies, as it can quantify the potential impacts82 

from a holistic perspective (Ding et al., 2021). None of existing LCA studies for sludge assess83 

the life cycle impact and cost with respect to preliminaryAOP together with traditional disposal84 

(Teoh and Li, 2020). With growing knowledge of "peaking carbon dioxide emissions" and85 

"carbon neutrality" (Ma et al., 2021), environmental cost in life cycle cost (LCC) was born, that86 

is, the cost of environmental pollution and ecological damage (Tarpani and Azapagic, 2018).87 

Nevertheless, most of the LCC studies limited the discussion to private costs (e.g., capital cost,88 

operating cost, transportation cost), without in-depth analysis of the external costs (e.g., external89 

environmental cost) (Woon and Lo, 2016). 90 

Multiple researches have attempted to perceive the optimal conditions for Fenton treatment91 

of sludge, i.e., H2O2/ iron concentration, reaction time, temperature, and initial pH (Pilli et al.,92 

2015; Zhang et al., 2014). But there are some potential problems in Fenton oxidation, such as93 

large dosage, high cost and strong acidity of filtrate. Fenton reagent may not be an94 

environmentally invasive material, it is undeniable that it can induce certain harm to the95 

environment and human health.  96 

A few studies have thoroughly investigated the life cycle impact raised by those proven97 

techniques for sludge disposal, while merely considering individual aspects of environmental98 

impact or certain process of sludge disposal. To the best of our knowledge, scarcity of99 

environmental evaluation for sludge AOP pretreatment is apparent. This study innovatively100 

incorporated Fenton processes into the full life cycle of sludge to evaluate the trade-off between101 

its performance excellence (dewaterability, heavy metal and odor elimination, etc.) and102 
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environmental risk or cost (additional material and energy input). To this end, the ambitions of103 

this study were: (ⅰ) to supplement LCA and LCC data gaps for Fenton-pretreated sludge of104 

various organic contents; (ⅱ) to execute systematic research on the application of Fenton105 

process for enhancing sludge dewatering and reduction, including the selection of Fenton106 

methods and the matching between dosage and sludge disposal routes, etc.; (ⅲ) to scrutinize107 

the energy efficiencies of Fenton-pretreated sludge with various organic contents. The108 

procedure that combines scenario storylines and quantitative assessment was reasonably used,109 

based on empirical laboratory tests and in-situ monitoring data in complementary roles. Here,110 

the multi-dimensional results deliver important insights into the source, quality and occurrence111 

law of environmental loads, as well as guidance of green development, when sludge112 

characteristics are optimized via Fenton processes. 113 

2. Materials and methods 114 

2.1 Framework of LCA 115 

One ton of dry solid (1t DS) was set as the functional unit (FU) in this study, that is, 100116 

tons of concentrated sludge containing 1t DS (moisture content 99%). The conversions of117 

material, energy and pollutant input and output in all processes corresponded to the treatment118 

for 1t DS. And all the data diagrams were completed by Origin 2018. 119 

2.1.1 System boundary and scenario descriptions 120 

In this study, the system boundary was defined as following six systems 121 

(1) F-L: Sludge thickening, Fenton pretreatment, Dewatering, Landfill 122 

(2) F-AD: Sludge thickening, Fenton pretreatment,Anaerobic digestion (AD), Dewatering,123 

Land use 124 

(3) F-I: Sludge thickening, Fenton pretreatment, Dewatering, Thermal drying,125 

Incineration, Landfill 126 

(4) EF-AD: Sludge thickening, Electro-Fenton pretreatment, AD, Dewatering, Land use 127 
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(5) US+F-AD: Sludge thickening, Ultrasound-Fenton pretreatment, AD, Dewatering,128 

Land use 129 

(6) UV+F-AD: Sludge thickening, Ultraviolet-Fenton pretreatment, AD, Dewatering,130 

Land use 131 

Fig. 1 132 

To delve into the intermediate unit processes with considerable contribution, and explore133 

the dominant input variables in each unit process, the processes of sludge dewatering, reduction,134 

transportation and final disposal were listed as the system boundary. For each system, a control135 

scenario was set, which referred to the sludge treatment and disposal routes without Fenton136 

pretreatment. 137 

Considering the comparability and universality for different routes, following assumptions138 

and limitations were adopted within the system boundary, based on the acknowledged setting139 

and cut-off criteria in existing LCA results (Gentil et al., 2010): 140 

(1) The sewage treatment line was uniform in all scenarios, and thus not included in the141 

system. 142 

(2) This study targets at sludge management, thus residual sludge was selected as the input143 

material, with an assumption of different organic contents (60, 70, and 80%) in AD and144 

incineration scenarios. 145 

(3) The construction of plants, vehicles, machinery and auxiliary equipment were excluded146 

in the system boundary, with an assumption of transportation distance of 30 km in all cases147 

(Yoshida et al., 2013). 148 

(4) Biogas supplied by anaerobic digestion and waste heat from incineration was applied149 

in combined heat and power (CHP) generation. 150 

(5) Carbon dioxide from the biomass decomposition in landfills as well as burning of151 

biogas in CHP and dried sludge in incinerators, were deemed to be carbon neutral (biological152 

source). 153 
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The system boundary is shown in Fig. 1. The energy (electricity, natural gas, coal and diesel)154 

and materials (polymer, H2O2, FeSO4, etc.), as well as the residual power output and pollutant155 

emissions are shown in Table S1-1 ~ Table S1-4. Renewable power will replace partial power156 

grid, and the substitution effect was calculated with reference to national data. The waste water157 

from dewatering and drying process was conveyed to the sewage treatment plant, taking158 

transportation power and treatment cost into account. 159 

In the landfill route (widely applied in China), the sludge was transported to the landfill160 

sites by truck and dumped into the ditch from the vehicle. High density polyethylene (HDPE)161 

membranes were used for landfill site covering and anti-seepage. Lime was added to the162 

dewatered sludge for stabilization. 163 

In the AD route, the concentrated sludge was heated to 35-40℃ before entering the mixed164 

digestion tank, with electricity recovery efficiency of 34% and thermal energy recovery165 

efficiency of 40%. After digestion, the digestate was dehydrated into sludge cake, then166 

transported and scattered on land for reuse. The effect of fertilizer substitution was not167 

considered in this study. 168 

In the incineration route, the sludge was burned in the incinerator after pre-drying processes169 

like dewatering and thermal drying. Existing studies have validated that the incineration slag170 

and fly ash usually end up in the landfill (Nakatsuka et al., 2020; Yoshida et al., 2018). For the171 

landfill with reliable function, it is assumed that the sludge ash would not release heavy metals172 

and other pollutants to the environment. 173 

2.1.2 Life cycle inventory analysis 174 

The life cycle inventory (LCI) data in this study were principally collected from the field175 

and experimental data in various literatures and industrial reports issued by governments. The176 

background data were complemented with the global or European average production data in177 

the Ecoinvent database. See supplementary materials for details. 178 
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2.2 Analysis and evaluating system 179 

2.2.1 Environmental impact assessment  180 

The environmental impact assessment relied on the openLCA 1.10.2 software181 

(https://openlca.org), ReCiPe Midpoint (E) method and educational Ecoinvent 3.7.1 database182 

(https://nexus.openlca.org/database/ecoinvent) embedded in this software. The environmental183 

impact of Fenton-pretreated sludge on 15 categories of environmental damage and the total184 

impact potential were analyzed. The characterization results were normalized to obtain185 

dimensionless numbers, i.e., the ratio of each characterization results to the normalization factor186 

of Recipe (Table S5). 187 

2.2.2 Uncertainty analysis and sensitivity analysis 188 

Uncertainty analysis was employed to convincingly support the conclusion. Data quality189 

indexes (Weidema and Wesnæs, 1996) was coupled with the random quantitative method for190 

qualitative and quantitative analyses of data quality. First, contribution analysis was utilized to191 

screen all the results and then ignore the less important impact categories and processes. The192 

second step was to determine the probability distribution function by scrutinizing the193 

uncertainty lists proposed by Clavreul et al. (2012), which were commonly used in LCA of194 

solid waste. Thirdly, the Monte Carlo simulation (Eggleston et al., 2006) recommended in the195 

guidelines of the Intergovernmental Panel on Climate Change (IPCC) was used to quantify the196 

uncertainty of assessment results, originating from the statistical variability of LCI data. Based197 

on the uncertainty of LCI data represented by probability distribution, the Monte Carlo function198 

established in openLCA ran 10,000 iterations at significance level of 0.05 to present the199 

uncertainty propagation results. 200 

2.2.3 Energy efficiency analysis 201 

Energy balance ratio (EBR) stands for the ratio of sludge energy recovered in the form of202 
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biogas or incineration heat to net energy input (electricity, heat, thermal power of fossil fuel),203 

partly reflecting the energy cost of recovering energy from sludges. EBR=Eout / Ein. Ein means204 

the external energy requisited for the system, and Eout is the output energy of the system. When205 

EBR exceeds 1, the system can achieve energy self-sufficiency. 206 

2.2.4 Life cycle cost analysis 207 

LCC of sludge management strategies refers to the environmental damage caused by208 

greenhouse gas (GHG) emissions (including direct emissions and indirect offsetting emissions)209 

in different scenarios, as well as all economic costs of the whole system (Jamasb and Nepal,210 

2010). The LCC was comprised of two parts: economic cost (Francini et al., 2019) and211 

environmental cost (Woon and Lo, 2016). The LCC analysis was completed in the following212 

order: select target facilities, investigate basic assumptions (such as discount rate and carbon213 

trading cost), classify costs (such as investment cost and operating cost), investigate relevant214 

market data, and measure the time value of money. See section S4 of supplementary materials215 

for the detailed calculation process. 216 

3. Results 217 

3.1 Environmental impacts for Fenton-pretreated sludge 218 

3.1.1 Landfill scenario 219 

In terms of all the midpoint impact categories, the conventional landfill route combined220 

with Fenton-pretreatment was higher than the control (Fig. 2), indicating that Fenton process221 

failed to bring enough environmental sustainability. For the above two scenarios, they both222 

showed significant impacts in the normalized results for climate change (CC), fossil depletion223 

potential (FDP), freshwater eutrophication potential (FEP) and marine eutrophication potential224 

(MEP). In the control (Landfill) scenario, above significant impacts were respectively attributed225 

to the greenhouse effect (61%), PAM input (41%), power consumption (48%) and landfill gas226 
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(58%). For the F-L scenario, that were mainly ascribed to the Fenton reagent. Contribution from227 

input substances were shown below: CC (H2O2 accounted for 38%, quicklime accounted for228 

31%), FRD (H2O2 46%, H2SO4 14%), FEP (H2O2 56%), MEP (landfill gas 35%, H2O2 24%). A229 

larger distinction in ET and human toxicity (HT) categories was observed between F-L scenario230 

and the control, for the long-term impact caused by the direct discharge of heavy metals during231 

the production of H2O2 by anthraquinone process. In the control scenario, the prominent232 

contribution derived from the landfill process. Whereas, the Fenton process astonishingly233 

exceeded the contribution from the landfill process, being the largest contributor for most234 

impact indicators (Fig. S2-1). The key substances in the Fenton treatment process were235 

identified in Fig. S2-2, i.e., H2O2 > CaO > H2SO4 > FeSO4. Virtually, the harsh pretreatment236 

conditions of Fenton process restrict its practical engineering application, and introduce the237 

unexpected environmental impact. 238 

Fig. 2 239 

3.1.2 Anaerobic digestion scenario for high organic sludge 240 

For the F-AD scenarios with three high levels of organic contents (60%, 70% and 80%),241 

similar results were found in terrestrial acidification potential (TAP), photochemical oxidation242 

formation (POF) and MEP categories (Fig. 3). With the increase of sludge organics, both of the243 

acid gas emissions from AD process and avoided emissions from CHP marginally increased.244 

Therefore, the decline of acidification potential with high organic content was limited, so were245 

POF and MEP. The normalized results imply that the pivotal environmental threats of F-AD246 

scenario derived from TAP, POF and particulate matter formation (PMF). Additionally, the247 

emission of NOX and SOX during AD, and the increased consumption of H2SO4 vastly248 

contributed to them. 21.8%, 23.9% and 67.7% reduction for the above three impacts were249 

observed in sludge with organic content of 80%, compared with that of 60%. 250 

Fig. 3 251 
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The increased biogas yield (20%~30%) exerted by the Fenton reagent was incapable of252 

offsetting the extra environmental load in any impact category, even under the feedstock with253 

the highest organic content (Fig. S2-3). The differences were mainly observed in TAP, PMF,254 

POF, terrestrial eco-toxicity (TET) and CC, resulting from the emission of SO2, NOX and heavy255 

metals (Cu, Zn, Ni, etc.) during the production of H2SO4 and H2O2. 256 

The AD process could be identified as a key process (Fig. S2-4), with a negative257 

contribution (~94%). On the other hand, the power, PAM and diesel consumption for sludge258 

concentration, dewatering and transportation delivered significant positive contribution. While259 

in F-AD scenario, what stood out was the phenomenal positive contribution from Fenton260 

process (28%~65%). And compared with the control, the negative contribution brought by AD261 

process declined (-5%~58%). 262 

3.1.3 Incineration scenario for high organic sludge 263 

Fenton pre-oxidation poses a positive impact on the mechanical dewatering and drying264 

characteristics (e.g., calorific value) of dewatered sludge (Liu et al., 2014; Menon et al., 2020).265 

The solid content of sludge cake can even reach 40% under the vacuum pressure of 0.5 bar266 

(Dewil et al., 2005). 267 

All impact indicators of sludge incineration scenarios with three levels of organic contents268 

are shown in Fig. 4. Evidently, all indicators for F-I-80% scenario fell to lowest point, with the269 

minimum impact on metal depletion (MD), TET and ozone depletion potential (ODP), and the270 

maximum impact on MEP, FEP and TAP. The incorporation of Fenton process could271 

significantly reduce the impact on CC, ODP, FDP, HT and ionizing radiation (IR), chiefly due272 

to the heat and power recovery. However, more resources (i.e., chemicals for Fenton reaction,273 

acidification and subsequent neutralization) are demanded to achieve such a reduction, which274 

reversely aggravates environmental risks like MD, water depletion (WD) and MEP. 275 

Fenton-pretreated sludge with three levels of organics exhibited similar environmental276 
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impact in the incineration scenario (Fig. 4), yielding 9% ~ 32% contrast in CC, freshwater eco-277 

toxicity (FET) and MD categories. The difference in CC stemmed from chemical production278 

and fossil fuel, and the ecotoxicity was induced by the leachate emission into soil and279 

atmosphere. The environmental benefits brought by the increase of sludge organic content and280 

calorific value would be submerged by heavy metal pollution (Li et al., 2017). 281 

Via Fenton-pretreatment, the reduced moisture content of dewatered sludge met the282 

requirement of self-sustaining combustion, omitting unnecessary thermal drying process and283 

motivating all-round reduction of various environmental impact, especially in CC and ODP284 

(Fig. S2-5). Figure S2-6 reveals that in the control scenario, thermal drying process were285 

primarily responsible for the impact, followed by incineration process. In the F-I scenario,286 

Fenton pretreatment process became an important driving factor, averagely accounting for more287 

than 50% of six impact categories. 288 

Fig. 4  289 

3.1.4 Comparative analysis  290 

Conclusively, the rank of environmental impact potential of each scenario was as follows:291 

Incineration > F-I > F-L > landfill > F-AD > AD (Table S2-2, S2-4, S2-6). For landfill route,292 

the total impact potential of F-L scenario was 2.3 times that of the control. With respect to AD293 

route for sludge with three levels of organics, F-AD scenario aroused an environmental benefit294 

reduction of 125% ~ 35%, hence indicating there was a weak link between the Fenton295 

pretreatment and expected improvement in environmental benefits. Regarding incineration296 

route, the introduction of Fenton process led to approximately 47%~48% reduction of297 

environmental impact, but unavailable for positive environmental benefit. 298 
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3.2 Environmental impact for US/UV/Electro-Fenton pretreated sludge299 

with AD scenario 300 

Sludge reduction and stabilization with high organic generally require more chemicals and301 

energy to fulfill the requirements of disposal. High organic content also portends high biomass302 

and energy recovery potential (Chen et al., 2022). Fenton process combined with other methods303 

succeed in further strengthening sludge dewatering, reducing the environmental hazards, and304 

enhancing subsequent AD efficiency for high organic sludge (Feki et al., 2020; Heng et al.,305 

2017; Ning et al., 2014). Therefore, AD performance for US/UV/Electro-Fenton pretreated306 

sludge with high organics was investigated in particular. 307 

3.2.1 EF-AD scenario  308 

The total impact dropped with the increase of organic contents (55% and 29%, respectively)309 

(Table S2-8). While all the positive environmental impact demonstrated that the increased310 

biogas production from high organic sludge could not offset the energy input for the whole311 

system. It is worth noting that under 70% and 80% organic contents, there were negative312 

contributions in terms of CC, FRD and ODP, implying strong correlation between organic313 

content and above impact categories. FEP (21% ~ 30%), MEP (19% ~ 22%) and FET (19% ~314 

21%) indicators devoted high contribution to the total impact, owing to the release of NOX gas315 

pollutants, nitrate water pollutants and heavy metal ions from power production and316 

consumption. For these three indicators, the contribution of H2O2 is 21~36%, ~15%, 8%~10%,317 

respectively. 318 

3.2.2 US+F-AD scenario 319 

Several studies have convinced that US-Fenton process significantly reduces the dosage of320 

Fenton reagent under the same dewatering and oxidation efficiency (Jiang et al., 2014; Ning et321 

al., 2014). The US-Fenton process efficiently improves the ability to dissolve SCOD in sludge322 
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(Gong et al., 2015), thus promoting the subsequent AD efficiency. From this, the dosages of323 

FeSO4 and H2O2 set in this scenario were 66.7% and 75.0% of classic Fenton process. For the324 

three organic contents, the total environmental impact of US+F-AD scenario was 24%, 47%325 

and 56% lower than that of EF-AD, respectively, and the differences between the two scenarios326 

were largely caused by FRD (28%), FEP (27%) and CC (14%). FEP (12% ~ 30%), MEP (20%327 

~ 21%) and FET (18% ~ 24%) also served on major contributors. The negative contribution328 

from FRD grew obviously with the level of organic content, from -2% to -20% and -24%. 329 

3.2.3 UV+F-AD scenario  330 

UV-Fenton process relies on the dual catalytic effect of ultraviolet light and ferrous salt to331 

promote the decomposition of H2O2. The dosage of FeSO4 and H2O2 set in this scenario was332 

50.0% and 33.3% of conventional Fenton process, respectively (Li, 2014). Concerning sludge333 

with 70% and 80% organic contents, UV+F-AD scenario realized an overall environmental334 

benefit (Table S2-8), which was inseparable from the dominant advantage of reducing FRD (-335 

36%), carbon emissions and eutrophication level (CC: -18% ~ -19%, FEP: -14% ~ -17%). The336 

benefits of UV+F-AD scenario obtained from avoided products for all impact categories were337 

greater than those of EF-AD and US+F-AD for sludge with the same organic content. Whereas,338 

these benefits did not neutralize the CHP emissions (including CO, NOX, SO2, NMVOCs with339 

low ecotoxicity), which were related to MEP and acidification categories. Therefore, it is340 

imperative to reduce the pollutant emission during CHP, optimize the heating and steam341 

distribution mode of CHP units, and develop efficient desulfurization and denitrification agents342 

with low environmental load (Li et al., 2019). 343 

3.2.4 Comparative analysis 344 

The ranking of environmental impact of the three above scenarios was: EF-AD>US+F-345 

AD>UV+F-AD (Fig. 5), owing to the maximum reduction of Fenton reagent and energy346 

consumption by UV-Fenton process (Table S1-3). As reported in previous research,347 
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US/UV/Electro-Fenton processes increased biogas production by up to 40%~60% (Feki et al.,348 

2020; Heng et al., 2017; Pilli et al., 2016). Whereas UV+F-AD scenario was inferior to F-AD,349 

considering various impact indicators. The total environmental load under 60% organic content350 

was 2.5 times of F-AD, and the total environmental benefits under 70% and 80% organic351 

contents were reduced by 18% and 22%, for distinction in the FET (40% - 48%) and FEP (41%352 

- 45%). 353 

There were marginal contribution of sludge dewatering, transportation and land use process354 

(0% ~ 1%) with ignorable environmental threats. TheAD process brought significant offsetting355 

effect for environmental load, which increased with organic content (Fig. S2-7 ~ S2-9).356 

Regarding the contribution analysis of the key substances (Fig. S2-10), energy consumption357 

was proved to be the decisive one (accounting for 25% ~ 90%), followed by H2O2. Diminishing358 

energy consumption and improving energy recovery efficiency of sludge biogas are momentous359 

for US/UV/Electro-Fenton processes. 360 

Fig. 5 361 

3.3 Probabilistic accuracy of environmental impact results 362 

Considering the significance and contrast of the environmental impact of the above363 

different management scenarios, CC, TAP, POF, PMF and MEP were selected as observation364 

targets, which are also prevalent among the LCA of solid waste (Bernstad and la Cour Jansen,365 

2012). A scientific evaluation system was constructed for result reliability, which was affected366 

by random variability and parameter uncertainty. The identification of key process parameters367 

and the setting of probability distribution function are shown in Section S3. 368 

The figure of relative probability distribution function is designed to show the distribution369 

of the impact change, while the cumulative probability distribution identified percentages370 

corresponding to specific impact values. There was a high probability that landfill and371 

incineration scenario suffered more from CC (Fig. 6). Meanwhile, both of F-AD and F-L372 
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scenarios were worse than the controls, but the F-I scenario was absolutely superior to the373 

control. Based on the confidence coefficient of 95%,AD-80% scenario can avoid at least 254.11374 

kg CO2-eq. While the cumulative probabilities for F-AD-80% and AD-70% scenarios to375 

achieve such reduction were 76.5% and 84.6%, respectively, and for F-I-80% and Incineration-376 

80% scenarios were zero. There was 18.8% probability that F-AD-80%would prevail overAD-377 

70%, and theAD-80% scenario ranked first for the CC improvement, followed byAD-70% and378 

F-AD-80%. As for MEP, PMF, POF and TAP, AD-80% scenario also showed dominant379 

reduction under the 95% confidence interval. And the F-L and F-I scenarios showed a similar380 

tendency as above CC (Fig. S3-2). 381 

At the confidence interval of 95%, UV+F-AD scenario can avoid at least 31.00 kg CO2-eq,382 

while the cumulative probabilities of achieving such reduction for US+F-AD and EF-AD383 

scenarios were 26.7% and 1.7%, respectively (Fig. 7). And the probability should be 65.3% and384 

50.4% for MEP; 4% and 0% for PMF; 48.9% and 26.1% for POF; 50.1% and 28.2% for TAP385 

(Fig. S3-4). For the five impact indicators, the UV+F-AD scenario exhibited lower386 

environmental impacts with absolute preponderance. The impact fluctuations of387 

US+F/UV+F/EF-AD scenarios were restricted under different organic contents, bringing about388 

significant overlap between the frequency distribution curves. High energy input are389 

inescapable defects for the US/UV/Electro-Fenton processes, issuing in finite contribution of390 

energy recovery and negligible improvement of environmental benefits. 391 

Fig. 6 392 

Fig. 7 393 

3.4 Energy balance 394 

The comprehensive comparisons of energy balance between AD and incineration routes395 

were presented in Fig. 8, for sludge pretreated by Fenton and US/UV/Electro-Fenton processes.396 

The results illustrate that the energy efficiency of AD scenario (EBR: 3.3~9.0) was preferable397 
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to incineration. Adequate supply of energy produced in AD scenario not only maintains the398 

system operation, but outputs residual energy (electricity or heat). The energy output efficiency399 

rose sharply with the organic content. The EBR of F-AD scenarios were 42% ~ 50% higher400 

than that of the controls, highlighting that Fenton treatment effectively optimized the anaerobic401 

biodegradability and sludge added value. The EBR of incineration and F-I scenarios ranged402 

from 0.2 to 0.5, denoting unattainable energy self-sufficiency. The high energy demand in403 

management system virtually hindered EBR improvement of Fenton-pretreated sludge.  404 

Among the US/UV/Electro-Fenton processes, EF-AD scenario presented the lowest EBR.405 

The EBR of US+F-AD scenario was approximately 14% higher than EF-AD, while still below406 

zero. The EBR of UV+F-AD was greater than 1, implying that the whole system could output407 

residual energy. Noticeably, the EBR of UV+F-AD scenario was far below that of AD and F-408 

AD, with gaps of 2.1 ~ 3.8 and 3.5 ~ 6.8, respectively. The energy potential of the UV+F-AD409 

system is limited to the dependence on external input energy. Therefore, strengthening sludge410 

oxidation disintegration, enhancing biogas production and reducing energy consumption are411 

the keys to enhancing the energy balance of US/UV/Electro-Fenton processes. 412 

Fig. 8 413 

3.5 LCC analysis 414 

To comprehensively analyze the strengths and weaknesses of Fenton and US/UV/Electro-415 

Fenton pretreatment, LCCs for seven scenarios with energy recovery were implemented (Fig.416 

9). The total LCCs of the three conventional scenarios ranked as: incineration > AD > landfill,417 

in which the construction investment accounted for 90.8%, 98.6% and 94.4%, respectively,418 

while the environmental costs accounted for 0.32%, -0.13% and 0.05%, respectively. Therefore,419 

the differences were mainly derived from the construction costs (Table S4-3). The equipment420 

costs of the drying beds and incinerator were relatively high, and it can be predicted from421 

previous studies that the energy balance and economy of the sludge co-incineration or422 
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incineration ash applied for building material could still be inferior to theAD scenario (Li et al.,423 

2017). The construction cost of the landfill scenario was lower than that of AD. There may be424 

an underestimation of land resources, since landfill sites are closely linked with government425 

supports, unaffected by fluctuation of the real estate market. AD scenario brought benefit426 

income in energy recovery and environmental cost, and the benefits increased synchronously427 

with the organics. 428 

Turning to US/UV/Electro-Fenton process, the total LCCs ranked as: EF-AD > US+F-AD >429 

UV+F-AD, which was consistent with the environmental impact. In view of the lack of430 

engineering examples, the cost data of electrochemical, UV and US equipment are inaccessible,431 

and merely covers a fraction of the overall construction cost, thus they are excluded. US+F-AD432 

owned the lowest reagent cost, followed by UV+F-AD. The energy cost of EF-AD scenario433 

was similar to US+F-AD, while that of UV+F-AD was just about one third of them. However,434 

in accordance with environmental cost, only UV+F-AD and US+F-AD-60%/70% scenarios435 

presented negative cost, especially UV+F-AD brought higher environmental benefits than F-436 

AD. The LCC of UV+F-AD was close to that of F-AD, both of which were significantly less437 

than their controls. The effect of Fenton and US/UV/Electro-Fenton pretreatments on LCC438 

reduction was obvious, in which the decline increased with the organic content. 439 

Fig. 9  440 

4. Further Discussion 441 

4.1 Comprehensive assessment  442 

Overall, the total environmental impact of each sludge management scenario ranked as443 

follows: Incineration> F-I > F-L > Landfill > EF-AD > US+F-AD > UV+F-AD >F-AD >AD.444 

The organic contents are inversely proportional to the overall environmental impact. However,445 

slight changes to the environmental load were recognized in those high-energy-demand446 
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technologies (e.g., incineration and US/UV/Electro-Fenton processes). As for the energy447 

balance: F-AD> AD > UV+F-AD > US+F-AD> EF-AD> F-I > Incineration. The total LCCs448 

of the sludge management scenarios combined with Fenton pretreatment were mostly lower449 

than the control, ranking as: Incineration> F-I > Landfill >AD > EF-AD > US+F-AD > UV+F-450 

AD >F-AD > F-L. LCC of F-AD scenario reached a relatively low point, slightly less than that451 

of UV+F-AD scenario, due to the sludge reduction effect of Fenton process. 452 

The diversity of assessment methods and localized conditions make it arduous to compare453 

the results with other similar literatures. Climate change, freshwater eutrophication and human454 

toxicity were widely adopted by peer experts, and played a vital role in LCA and LCC455 

assessment. From this, they were taken as the representatives in the following comparisons. The456 

GHG for conventional landfill scenarios in previous studies ranged from 300 to 4000 kg CO2-457 

eq/t DS (Lam et al., 2016; Xu et al., 2014), higher than the results in this research (106.2~204.6458 

kg CO2/t DS). This difference mostly came from the electricity consumption and corresponding459 

atmospheric emissions based on industry averages, distinct from the specific filed data in460 

existing researches. The impacts of AD route (-310.6 ~ -66.1 kg CO2/t DS) are also around the461 

lower range of the literature values (-280 ~ 4800 kg CO2/t DS), mainly because of the selection462 

of fertilizer avoided (Lam et al., 2016; Murray et al., 2008; Xu et al., 2014). There is a similar463 

tendency for incineration, as the results of current work (238.2~1649.2 kg CO2/t DS) are within464 

the lower range reported in the literature (130 ~5800 kg CO2/t DS), considering different heat465 

generation potential and auxiliary fuel (Houillon and Jolliet, 2005; Lam et al., 2016).  466 

As for FEP, landfill routes in current study tends to get higher impact than the literature467 

data (1.2×10-2 ~ 4.3×10-2 kg P/t DS vs. -6.5×10-3 ~ 17.9 kg P/t DS), as a consequence of468 

neglecting landfill gas recovery (Lam et al., 2016; Xu et al., 2014). The impact of AD route (-469 

0.1~ -2.8×10-3 kg P/t DS) is within the range of the previously reported values (-0.1 to -1.0×10-470 

3 kg P/t DS), in spite of the differences in recovery benefit of heat and power (Gourdet et al.,471 

2017; Xu et al., 2014). Incineration routes falls in the lower range of literature data, as this study472 
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executed holistic quantification for waste heat recovery, thus decreasing phosphate release473 

(0.2~0.4 kg P/t DS vs 0.015~18.7 kg P/t DS) (Lam et al., 2016; Tarpani et al., 2020). 474 

From the perspective of HT, the outcomes in landfill routes (607.4~2372.8 kg 1,4-DCB/t475 

DS) were distinct from those peer-reviewed results (8.04~830 kg 1,4-DCB/t DS) (Lam et al.,476 

2016; Xu et al., 2014), due to the emissions of selenium and barium in the life cycle of H2O2.477 

HT results in AD routes exceed the range of those in published papers (-3617.5~ -408.5 kg 1,4-478 

DCB/t DS vs. -85.9~330.93 kg 1,4-DCB/t DS), in which extra electricity was applied in the479 

further drying for digestate (Gourdet et al., 2017; Xu et al., 2014). In incineration routes, notable480 

difference between this study and literature results was observed (9803.5~ 28645.9 kg 1,4-481 

DCB/t DS vs. 47~1100 kg 1,4-DCB/t DS) (Lishan et al., 2018; Tarpani and Azapagic, 2018).482 

The regional disparity of electricity, coal consumption and hazardous substances evaluation are483 

responsible for that. 484 

Above comparisons indicated the similar trends in the results of this study and those in485 

previous studies, which partly supports the results validity of current study, considering the486 

differences in assumptions, system boundaries and data. 487 

4.2 Analysis of the technical barrier  488 

Sensitivity analysis was adopted to optimize the F-AD scenario. Considering the optimal489 

performance of F-AD scenario under 80% organic content and key process parameters490 

mentioned above, the sensitivity analysis was conducted by selecting two pivotal factors: the491 

biogas heat recovery efficiency in AD process and the environmental impact reduction of H2O2492 

upstream production. The two factors were altered in selected rangeability, and the differences493 

between the total impact potentials of F-AD-80% and AD-80% scenarios were calculated. The494 

contour line shown in Fig. 10 visualizes the dynamic changes of scenario optimization under495 

the synergy of the two factors. The blue area above the line marked 0.0 shows the parameter496 

variation range when the impact potential of F-AD-80% is lower than AD-80%, that is, F-AD497 
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scenario will be preferred than AD within this range. The total impact potential tended to498 

dramatically fluctuate, and the environmental impact variations involved in H2O2 took a499 

stronger role in the results. For the optimization of F-AD scenario, it is highly crucial to500 

simultaneously fulfill a technical breakthrough in biogas recovery and H2O2 production industry. 501 

Fig. 10 502 

4.3 Outlooks 503 

Visibly, the incorporation of Fenton process was deemed to be environmentally unfriendly504 

based on the above results of LCA. Mitigation strategies such as exploring optimization505 

technologies to minimize the amount of H2O2 and waste energy or developing alternative506 

chemicals for H2O2 (e.g., O3, ferrate) should be the hotspots. Further research ought to be507 

implemented to achieve effective utilization of UV radiation in sludge mixture with high solid508 

content. By extension, the potential of natural daylight in Fenton process may also serve as a509 

promising strategy to clear the obstacles of environmental hazard for photo-Fenton application. 510 

Ultimately, some scarcities in this research need pointing out, which should be addressed511 

in future studies. Firstly, more accurate engineering data is required to facilitate in-depth512 

research. The optimal dosages of Fenton reagents and process conditions selected in this study513 

may be inapplicable to the sludge with special properties, expecting for more well-designed514 

simulations. There might be a transfer of environmental burden from sludge to waste liquid515 

with increased iron content after sludge dewatering. Therefore, a system boundary expansion516 

to cover the subsequent wastewater treatment process is a major issue of future study.517 

Simultaneously, LCA associated with other AOP systems for sludge is conducive to the518 

horizontals and vertical comparison between different oxidation processes. 519 

5. Conclusion 520 

In this paper, with the aid of LCA and LCC, the environmental impact caused by the521 
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incorporation of Fenton processes into sludge management scenarios were systematically522 

analyzed, and the essential processes and substances were identified. For the selected scenarios,523 

sludge organic content has slight influence on the total environmental impacts (excluding F-524 

AD scenario), as well as economic performance, but has significant influence on their energy525 

efficiencies. Considering environmentally friendliness, energy efficiency and economic effect,526 

F-AD scenario seemed to be the reasonable trade-off, based on the assumptions and collected527 

data. Strong evidence was also provided for the prospect of collaborative F-AD system for528 

urban multi-source wastes with high organics (household garbage, waste oil, food residue, etc.).529 

Fenton process is warmly welcomed for its advantages in sludge reduction, deodorization,530 

disinfection, and degradation of toxic substances. Whereas, this study recognized that Fenton531 

systems potentially provide undesirable threats to natural environment (FDP, FEP, MEP, CC,532 

etc.). When it is inaccessible to improve H2O2 upstream production process, we should focus533 

on searching its substitutes and low-energy processes with superior oxidation capability (e.g.,534 

O3) and environmental friendliness in the future. 535 

  536 
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Fig. 1 System boundary. 
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Fig. 2 Comparison of environmental impact relative results in sludge landfill route. For each

impact indicator, the larger value in the two scenarios was set to ±100%, and the smaller value

of the other scenario was shown as a percentage relative to the larger one. 
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Fig. 3 Comparison of environmental impact relative results in F-AD route. 
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Fig. 4 Comparison of environmental impact relative results in F-I route. 
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Fig. 5 Comparison of environmental impact relative results in US+F/UV+F/EF-AD route.

Organic contents: (a) 60%, (b) 70%, (c) 80%. 
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Fig. 6 Cumulative frequency distribution of climate change for F-L, F-AD, F-I and their control

scenarios. 
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Fig. 7 Cumulative frequency distribution of CC for US+F/UV+F/EF-AD scenarios. 
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Fig. 8 EBR of sludge treatment and disposal scenarios with different organic contents. 
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Fig. 9 LCCs of seven sludge treatment and disposal options. (Sludge with three levels of

organic contents based on AD and incineration treatment). 
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Fig. 10 Contour lines of the differences between the total impact of F-AD-80% and AD-80%

scenarios. 

 


