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The increasing demand for a Thermal Hydrolysis Process (THP) to pretreat municipal sludge upstream Anaerobic Digestion (AD) opens the opportunity to further develop and optimise this technology. The optimal THP temperature remains unclear due to the production of refractory compounds at high temperature. A compilation of literature data was conducted to investigate the existence of a temperature sweet spot for the THP applied to municipal sludge. All related reports (n=43) were included. The THP temperature range impact was assessed in the range of 100°C -200°C on 4 AD and dewatering performance indicators (CH4 production, Volatile Solid Reduction (VSR), Dewaterability (DW) and filtrate quality). Other parameters potentially affecting the performance indicators were also considered. These parameters include the type of sewage sludge and operational conditions related to THP and AD. The impact of all parameters on performance indicators was evaluated with a Kruskal-Wallis statistical test. For THP temperature optimisation, a pairwise comparison, using a Wilcoxon test, was made. A temperature optimum in the [140-160]°C range was proposed. It seemed to minimize the production of refractory compounds, while maximising AD and dewatering performances. It is noteworthy that above 160°C, the concentration in refractory compounds and soluble COD increases sharply, thus leading to a potential deterioration of WWTP effluent quality.

Optimal THP temperature range for an optimal outcome on both sludge and wastewater treatment lines

Statement of Novelty

Thermal Hydrolysis Process (THP) is a well-known process in the pretreatment of mesophilic Anaerobic Digestion (AD) used for enhancing biogas production and digested sludge dewaterability. However, although thermal hydrolysis parameters are usually optimised as a function of AD performance, (i.e.

reduction in the amount of sludge and/or maximisation of biogas production), this type of pretreatment has other consequences, such as the increase in soluble COD in the anaerobic digestion effluent, that have rarely been taken into account. For the first time, the present review gathers and standardises all published quantitative data relative to the impact of THP on AD performance (biogas production and VS reduction), sludge dewaterability and on dewatered effluent quality. Firstly, the most impactful THP parameters, i.e. sludge type and temperature, are examined. Secondly, the optimal temperature range is determined considering AD performance, sludge dewaterability, as well as dewatered effluent quality.

Despite the numerous articles that recommend 165-175°C as an optimal temperature range which is applied in full scale plants, this holistic approach reveals how THP operated within the 140-160°C temperature range favours the maintenance of good biogas production and volatile solid removal while minimizing the impact on rejected water quality. . These results should be useful in the current context where traditional wastewater treatment plants (WWTPs) are increasingly regarded as water resource recovery facilities (WRRFs). Indeed, the impact of a typical sidestream quality can be significant on water line carbon, nitrogen and phosphorus removal and recovery processes.

Introduction

The production of wastewater sludge is increasing worldwide due to the growing population. This increase is also the consequence of stricter nitrogen regulations that imply high sludge handling/disposal costs [START_REF] Gherghel | A review on wastewater sludge valorisation and its challenges in the context of circular economy[END_REF]. Anaerobic digestion (AD) is a key process to reduce sludge quantities and to recover energy.

It is a mature biological process consisting of four steps: hydrolysis, acidogenesis, acetogenesis and methanogenesis. The first step of the process, hydrolysis, has been recognised as a rate-limiting step.

It consists in the degradation of insoluble organic matter and macromolecular compounds into small and soluble compounds [START_REF] Appels | Principles and potential of the anaerobic digestion of waste-activated sludge[END_REF]. A slow and incomplete hydrolysis results in slow anaerobic degradation kinetics and high hydraulic retention times in the digestion process. This issue is found to be more pronounced for mesophilic digestion than for thermophilic systems. To overcome this bottleneck, extensive research has been carried out to test pretreatments upstream of the mesophilic digester [START_REF] Carrère | Pretreatment methods to improve sludge anaerobic degradability: A review[END_REF]. The aim of sludge pretreatment is to destabilize the floc structure and solubilize intracellular compounds, thus allowing organic compounds to be more accessible to hydrolytic enzymes and microorganisms. The final expected result is an increase in both anaerobic digestion rates and its yield.

A number of articles have reviewed different sludge pretreatment technologies applied upstream to batch Biochemical Methane Potential (BMP) tests, lab-scale continuous or full-scale anaerobic digesters [START_REF] Appels | Principles and potential of the anaerobic digestion of waste-activated sludge[END_REF][START_REF] Carrère | Pretreatment methods to improve sludge anaerobic degradability: A review[END_REF][START_REF] Anjum | Wastewater sludge stabilization using pre-treatment methods[END_REF][START_REF] Gonzalez | Pre-treatments to enhance the biodegradability of waste activated sludge: Elucidating the rate limiting step[END_REF][START_REF] Zhen | Overview of pretreatment strategies for enhancing sewage sludge disintegration and subsequent anaerobic digestion: Current advances, full-scale application and future perspectives[END_REF].The different pretreatments found in the literature can be divided into four groups: thermal, chemical, mechanical and biological. Thermal Hydrolysis (TH) pretreatments include two subcategories: low and high temperature TH. Low temperature TH (<100°C) has most often been combined with alkaline conditions [START_REF] Nazari | Low-temperature thermal pre-treatment of municipal wastewater sludge: Process optimization and effects on solubilization and anaerobic degradation[END_REF]. Not requiring any chemical addition, it results in extensive retention times such as 72h [START_REF] Ferrer | Increasing biogas production by thermal (70 °C) sludge pre-treatment prior to thermophilic anaerobic digestion[END_REF], 24h [START_REF] Xue | Effects of thermal hydrolysis on organic matter solubilization and anaerobic digestion of high solid sludge[END_REF], 10h [START_REF] Nielsen | Anaerobic digestion of waste activated sludgecomparison of thermal pretreatments with thermal inter-stage treatments[END_REF] or 5h [START_REF] Nazari | Low-temperature thermal pre-treatment of municipal wastewater sludge: Process optimization and effects on solubilization and anaerobic degradation[END_REF], which proves to be uneconomical at industrial scales. High temperature TH, operated at temperatures above 100°C, is commonly referred to as Thermal Hydrolysis Process (THP). Chemical pretreatment comprises acid or alkaline (thermal) hydrolysis and advanced oxidation methods [START_REF] Appels | Principles and potential of the anaerobic digestion of waste-activated sludge[END_REF]. In thermo-chemical hydrolysis methods, an acid or base is added to solubilise the sludge heated at moderate temperatures (<100°C). The most frequent studies on oxidative methods involve ozonation and peroxidation, based on the generation of hydroxyl (OH˙) radicals which are extremely powerful oxidants [START_REF] Battimelli | Anaerobic digestion of waste activated sludge combined with ozone post-treatment and recycling[END_REF]. Mechanical pretreatments include ultrasonification, microwave or electrokinetic disintegration, also known as pulse electric field and high pressure homogenisation.

Biological pretreatments are essentially based on Temperature Phased Anaerobic Digestion (TPAD).

TPAD includes a short (1 to 3 days) mesophilic (37-40°C) or thermophilic (50-70°C) pre-treatment stage applied prior to a conventional mesophilic anaerobic digestion [START_REF] Ge | Temperature phased anaerobic digestion increases apparent hydrolysis rate for waste activated sludge[END_REF]. Certain studies report other biological pretreatment opportunities, such as the addition of external enzymes [START_REF] Appels | Principles and potential of the anaerobic digestion of waste-activated sludge[END_REF] or microbial electrolysis cells [START_REF] Zhen | Overview of pretreatment strategies for enhancing sewage sludge disintegration and subsequent anaerobic digestion: Current advances, full-scale application and future perspectives[END_REF], but these methods are still being investigated. Only a few of them have been transferred to full-scale WWTPs, including THP, ultrasounds, high pressure, electrokinetic and temperature-phased anaerobic digestion.

Thermal hydrolysis process is reported as the most widely developed technology [START_REF] Kor-Bicakci | Recent developments on thermal municipal sludge pretreatment technologies for enhanced anaerobic digestion[END_REF]. Indeed, existing full-scale references have so far demonstrated its enhancement in sludge anaerobic digestion. It has proven to be energy efficient and economically sustainable [START_REF] Barber | Thermal hydrolysis for sewage treatment: A critical review[END_REF][START_REF] Cano | Energy feasibility study of sludge pretreatments: A review[END_REF]. THP consists in heating the sludge to a temperature generally in the 140-180°C range with a treatment time span of 30 to 60 minutes, and under a pressure ranging between 6 and 11 bars. THP has been largely applied in municipal WWTP since the first full-scale plant in Hamar, Norway in 1995. Today, more than 82 THP full-scale references exist. These references are mainly divided amongst five technology suppliers: Cambi, Veolia, Sustec, Haarslev and Eliquo. Two configurations are possible for a THP: (1) partial lysis, when only the waste activated sludge is thermally pre-treated or (2) a full lysis, when the entire sludge stream undergoes thermal hydrolysis.

Table 1 presents the main THP technology suppliers in terms of operational characteristics and number of references at full scale. While most of these technologies use steam injection to heat the sludge, one technology uses indirect heating by steam circulation in heat exchangers. Most current full-scale plants operate in batch mode, although some technologies can be continuous or semi-continuous. They can also differ by the presence or absence of a flash system, which could account for a sudden release in pressure.

Table 1: THP technology characteristics

The main impact of the thermal hydrolysis of sludge is the solubilisation of organic compounds, generally measured as the soluble Chemical Oxygen Demand (sCOD) [START_REF] Bougrier | Effects of thermal treatments on five different waste activated sludge samples solubilisation, physical properties and anaerobic digestion[END_REF]. However, the increase in methane potential or sludge biodegradability is limited to temperatures less than 200°C. In this temperature range, the increase in biodegradation is related to the transfer of particulate organic matter towards the soluble fraction which presents a higher rate of biodegradability than the solid fraction [START_REF] Gonzalez | Pre-treatments to enhance the biodegradability of waste activated sludge: Elucidating the rate limiting step[END_REF]. In this way, THP enhances anaerobic digestion as reported in [START_REF] Bougrier | Effects of thermal treatments on five different waste activated sludge samples solubilisation, physical properties and anaerobic digestion[END_REF][START_REF] Carrère | Impact of initial biodegradability on sludge anaerobic digestion enhancement by thermal pretreatment[END_REF][START_REF] Haug | Effect of thermal pretreatment on digestibility and dewaterability of organic sludges[END_REF][START_REF] Li | Upgrading of Anaerobic Digestion of Waste Activated Sludge by Thermal Pretreatment[END_REF][START_REF] Pinnekamp | Effects of thermal pretreatment of sewage sludge on anaerobic digestion[END_REF][START_REF] Pilli | Thermal pretreatment of sewage sludge to enhance anaerobic digestion: A review[END_REF] and entails a reduction of the Hydraulic Retention Time (HRT) in the digester [START_REF] Panter | Sludge process specialists, Thames Water UK: The Effects of Thermal Hydrolysis , Hydraulic Retention Time and Ammonia Concentration on Digestion Rates and Dewatering Across Digestion in Thames Water UK[END_REF]. The THP process does not favour an increase in the biodegradability of the remaining particulate fraction [START_REF] Bougrier | Effects of thermal treatments on five different waste activated sludge samples solubilisation, physical properties and anaerobic digestion[END_REF] but it results in the degradation of high molecular substances such as soluble microbial products and extracellular polymeric substances [START_REF] Choi | Enhancement of methane production in anaerobic digestion of sewage sludge by thermal hydrolysis pretreatment[END_REF]. At high temperatures, THP leads to the formation of brown recalcitrant compounds in the soluble fraction [START_REF] Dwyer | Decreasing activated sludge thermal hydrolysis temperature reduces product colour, without decreasing degradability[END_REF]. They are generally attributed to Maillard reactions involving the conversion of carbohydrates and amino acids or proteins to melanoidins [START_REF] Zhang | Recalcitrant dissolved organic nitrogen formation in thermal hydrolysis pretreatment of municipal sludge[END_REF]. Their production prevents any further increase in sludge biodegradability even though the solubilisation yield is high. Thus, while increasing temperature increases sludge solubilisation [START_REF] Bougrier | Optimisation du procédé de méthanisation par mise en place d'un cotraitement physico-chimique : Application au gisement de biogaz représenté par les boues d'épuration des eaux usées[END_REF], no increase in methane conversion is necessarily obtained [START_REF] Wilson | Anaerobic Digestion of Raw and Thermally Hydrolyzed Wastewater Solids Under Various Operational Conditions[END_REF]. A few recent studies investigated the impact of THP temperature on soluble COD remaining in the digestate, either after Biochemical Methane Potential (BMP) tests [START_REF] Toutian | Effect of temperature on biogas yield increase and formation of refractory COD during thermal hydrolysis of waste activated sludge[END_REF] or after semi-continuous digestion [START_REF] Higgins | Pretreatment of a primary and secondary sludge blend at different thermal hydrolysis temperatures: Impacts on anaerobic digestion, dewatering and filtrate characteristics[END_REF]. They all led to the same result, namely an increase in residual soluble COD with an increase in temperature within the tested range (130-170°C). According to Zhang et al. [START_REF] Zhang | Recalcitrant dissolved organic nitrogen formation in thermal hydrolysis pretreatment of municipal sludge[END_REF], in addition to high temperature, the production of soluble organic nitrogen compounds, assimilated to melanoidins originating from Maillard reactions, is favoured by high pH values and is impacted by the presence of metallic ions. Lu et al. [START_REF] Lu | Insights into anaerobic transformation of key dissolved organic matters produced by thermal hydrolysis sludge pretreatment[END_REF] provided a detailed characterisation of soluble COD after 172°C thermal hydrolysis and batch anaerobic digestion in BMP tests. The main high molecular weight compounds were humic substances while low molecular ones were aromatic and nitrogen compounds. High temperature TH also induces the production of colloids, which increase the turbidity of the final dewatered effluent [START_REF] Zhang | Deammonification for digester supernatant pretreated with thermal hydrolysis: overcoming inhibition through process optimization[END_REF].

In addition, it is noteworthy to recall how THP was first used to improve sludge dewatering. Neyens and Bayens (2003) [START_REF] Neyens | A review of thermal sludge pre-treatment processes to improve dewaterability[END_REF] reported full scale processes during the 1960's, operating at 200-250°C, whereas [START_REF] Bougrier | Effects of thermal treatments on five different waste activated sludge samples solubilisation, physical properties and anaerobic digestion[END_REF] [START_REF] Bougrier | Effects of thermal treatments on five different waste activated sludge samples solubilisation, physical properties and anaerobic digestion[END_REF] highlighted a minimal temperature of 150°C to increase sludge dewaterability.

There is a consensus concerning the prominent role of Extracellular Polymeric Substances (EPS) in retaining water in sludge flocs and thus in dewaterability performance [START_REF] Neyens | A review of thermal sludge pre-treatment processes to improve dewaterability[END_REF]. The positive impact of THP on sludge characteristics is thus related to EPS solubilisation and floc destabilisation. In addition, Zhang et al. [START_REF] Zhang | Enhanced dewaterability of sludge during anaerobic digestion with thermal hydrolysis pretreatment: New insights through structure evolution[END_REF] combined rheological characterisation with the analysis of a porous network structure to explain the mechanism of sludge dewaterability with or without THP. They concluded that THP breaks down the porous network structure of sludge which is further weakened during anaerobic digestion, thus enhancing sludge dewaterability. Furthermore, TH benefits also include a reduction in sludge viscosity, favouring an increase in Total Solid (TS) concentrations in the digester and an increase in the loading rate [START_REF] Higgins | Pretreatment of a primary and secondary sludge blend at different thermal hydrolysis temperatures: Impacts on anaerobic digestion, dewatering and filtrate characteristics[END_REF].

One acknowledged limitation of THP is the increase in Total Ammonia Nitrogen (TAN) and consequently in pH values, which shifts the equilibrium from ammonium into its free state, ammonia (NH3), thus leading to potentially inhibitory levels (>100mgNH3/L) [START_REF] Wett | Anaerobic model for highsolids or high-temperature digestion -Additional pathway of acetate oxidation[END_REF]. In the case of ammonia inhibition, a metabolic pathway over acetate oxidation to hydrogen can become dominant instead of classic acetoclastic methanogenesis. This adaptation process on a microbial community generates anaerobic digestion instability. To avoid long-term acclimation when commissioning THP projects, addition of acclimated seed with 1500mg/l ammonia is advised [START_REF] Panter | Sludge process specialists, Thames Water UK: The Effects of Thermal Hydrolysis , Hydraulic Retention Time and Ammonia Concentration on Digestion Rates and Dewatering Across Digestion in Thames Water UK[END_REF].

Sludge sanitation with the subsequent production of class A biosolids is also a considerable advantage of THP. Class A refers to sludge categories defined by the United States Environmental Protection Agency in the 40 CFR -Part 503 regulation. While part 503 rules also define quality regarding heavy metals, the focus of AD processes and digestion enhancements are focused on meeting the requirements concerning pathogen and vector attraction reductions. If biosolids can abide to regulations for Class A, restrictions on land applications could be significantly reduced. Concerning pathogen reductions, according to the Part 503 rule, six alternatives have been defined for meeting Class A Biosolid requirements. Alternative 1 involves the time-temperature requirement, which many of the other alternatives and processes are based on in order to further reduce pathogens. This time-temperature requirement, which implies a given residence time at a given temperature for a type of sludge, can be reached thanks to THP [START_REF] Metcalf | Inc: Wastewater energy: treatment and reuse[END_REF].

Recently, very few studies investigated the impact of THP on the fate of micropollutants such as endocrine disrupting compounds [START_REF] Armstrong | Influence of thermal hydrolysisanaerobic digestion treatment of wastewater solids on concentrations of triclosan, triclocarban, and their transformation products in biosolids[END_REF] or antibiotic gene resistance [START_REF] Wang | Distribution and removal of antibiotic resistance genes during anaerobic sludge digestion with alkaline, thermal hydrolysis and ultrasonic pretreatments[END_REF]; these results are too few to be reviewed but should be taken into account for future development or optimisation of the process.

In summary, THP has been studied extensively in order to improve AD performance, i.e. biogas production and VS reduction; industrial plant parameters are based on these results. A significant number of studies dealing with the THP impact on digested sludge dewaterability have been published.

However, the main drawback of THP, consisting in the increase of remaining soluble organic nitrogen compounds in the digested sludge, has only recently been highlighted in a small number of studies.

The first objective of this work was to compile and standardise quantitative literature data according to a holistic approach in order to determine the most impactful parameters related to THP on AD performance, digested sludge dewaterability as well as residual colour and soluble COD in the digestate.

The second objective was to determine an optimal THP temperature range for which the previously reported drawbacks could be minimized, while anaerobic digestion and dewatering performances would be maintained.

The scope of this study was focused on TH temperatures above 100°C. As discussed previously, TH at low temperatures generally involve either a too long treatment time or alkaline addition. Chemical addition entails other mechanisms, which are not addressed here. Furthermore, as the purpose of this paper is focused on both AD and dewatering performances, low temperature pretreatments are not relevant since they do not enhance dewaterability performances [START_REF] Gonzalez | Pre-treatments to enhance the biodegradability of waste activated sludge: Elucidating the rate limiting step[END_REF].

Method & Approach

2.1 Data Selection

Performance Indicators

Data used for assessing anaerobic digestion and dewatering performances downstream from thermal pretreatment were selected according to the following performance indicators (PI):

o CH4 production (CH4 prod) in Nm 3 /tVS added o Volatile Solid Reduction (VSR) in %
o Dewaterability (DW) in %TS in dewatered sludge cake, which will be identified as cake dryness in this study.

o Soluble Chemical Oxygen Demand (sCOD), UV absorbance at 254 nm (UVA), ammonium (N-NH4 + ), dissolved organic nitrogen (DON) concentration in digester effluent. These parameters allow for the quantification of the THP impact on AD dewatered sidestream quality.

In addition, a performance indicator increase was defined for methane production and VSR. For all other performance indicators (dewaterability and filtrate quality), little data on raw sludge were available for this assessment. Percentages of increase are based on the results obtained with raw sludge in the reference article compared to hydrolysed sludge, according to the following equations:

𝐶𝐻 4 𝑝𝑟𝑜𝑑 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 (%) = 𝐶𝐻 4 𝑝𝑟𝑜𝑑 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑒𝑑 -𝐶𝐻 4 𝑝𝑟𝑜𝑑 𝑟𝑎𝑤 𝐶𝐻 4 𝑝𝑟𝑜𝑑 𝑟𝑎𝑤 (1) 
𝑉𝑆𝑅 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 (% 𝑝𝑜𝑖𝑛𝑡) = 𝑉𝑆𝑅 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑒𝑑 -𝑉𝑆𝑅 𝑟𝑎𝑤 (2)

Parameters Affecting Anaerobic Digestion and Dewatering Performances

The performance indicators presented above are usually associated with THP temperature, but AD and dewatering depend on different parameters. Among the extensive list of factors affecting anaerobic digestion, only the sludge type, the digester hydraulic retention time (HRT) and the AD operating mode (batch, semi-continuous, continuous) were considered. THP temperature, THP treatment time and the impact of a flash-based technology (quick pressure drop) were also examined.

The raw sludge was divided into three main categories: waste activated sludge (WAS), mixed sludge (partial and full lysis) and primary sludge, depending on literature specifications. This parameter was essential for the study, since, due to their different inherent characteristics, AD of primary sludge and WAS lead to different types of performance [START_REF] Carrère | Impact of initial biodegradability on sludge anaerobic digestion enhancement by thermal pretreatment[END_REF][START_REF] Metcalf | Inc: Wastewater energy: treatment and reuse[END_REF]. Partial and full lysis refer to THP configurations. In a partial lysis configuration, the THP solely processes waste activated sludge. The hydrolysed waste activated sludge is then mixed in with raw primary sludge before being fed to the digester. On the other hand, in a full lysis configuration, the entire sludge stream is thermally treated upstream of the digester.

Due to a limited dataset, data from both partial and full lysis configurations were categorised as mixed sludge. In this study, digester HRT ranges between 9 and 40 days with a median at 20 days, a first quartile at 15 days and a third quartile at 28 days. Zhang et al. [START_REF] Zhang | Enhanced dewaterability of sludge during anaerobic digestion with thermal hydrolysis pretreatment: New insights through structure evolution[END_REF] demonstrated how digestate dewaterability could improve when the duration of digestion was extended. This demonstrates the necessity to assess the impact of HRT in the present study. The selected data combine both industrial and laboratory references. As stated by Barber [START_REF] Barber | Thermal hydrolysis for sewage treatment: A critical review[END_REF] it is difficult to compare references from lab and fullscale studies due to different operational conditions. Therefore, the data were classified according to third quartile are equal to 30 minutes). As Donoso-Bravo et al. [START_REF] Donoso-Bravo | Assessment of the influence of thermal pre-treatment time on the macromolecular composition and anaerobic biodegradability of sewage sludge[END_REF] demonstrated improved dewaterability with increasing hydrolysis treatment time from 5 to 30 minutes, this factor was also assessed here. Thermal hydrolysis technologies have been segregated according to whether a flash system was used or not, as no consensus has been found regarding its impact on methane production.

Indeed, on one hand, Mottet et al. [START_REF] Mottet | Kinetics of thermophilic batch anaerobic digestion of thermal hydrolysed waste activated sludge[END_REF] found that the heating methods (steam injection vs. electric heating) of the TH reactor did not impact downstream digestion performances. On another hand, Sapkaite et al. [START_REF] Sapkaite | Optimization of a thermal hydrolysis process for sludge pre-treatment[END_REF] and Abelleira-Pereira et al. [START_REF] Abelleira-Pereira | Enhancement of methane production in mesophilic anaerobic digestion of secondary sewage sludge by advanced thermal hydrolysis pretreatment[END_REF] showed how flash-based THP technology increased biogas production, in contrast with the work of Ngwenya et al. [START_REF] Ngwenya | A stoichiometric a roach to control digester chemistry and ammonia inhibition in anaerobic digestion with thermal hydrolysis pretreatment model development[END_REF].

The 43 selected articles [9, 10, 16, 23-25, 29, 31, 32, 34, 39, 43, 45, 46, 48-76], with their various criteria and performance indicators are presented in the supplementary materials section (Table S1).

Data Analysis

Prior to assessing the impact of temperature on dewatering and AD performances, the influence of ( Indeed, primary sludge contains more lipids than WAS. These are more easily biodegradable in comparison to proteins, the major component of WAS [START_REF] Wilson | Hydrolysis of macromolecular components of primary and secondary wastewater sludge by thermal hydrolytic pretreatment[END_REF]. In addition, Carrère et al. [START_REF] Carrère | Impact of initial biodegradability on sludge anaerobic digestion enhancement by thermal pretreatment[END_REF] demonstrated the impact of sludge types by highlighting the positive linear regression between initial sludge biodegradability and the efficiency of the thermal treatment. The effect of different sludge types on dewaterability and filtrate quality (UVA and soluble COD) was not assessed because data were only available for one sludge type. The THP temperature impact is explained for each performance indicator in the following sections 3.2 to 3.5.

The flash system was found to have a significant impact on both VSR and methane production.

However, no impact was observed upon either VSR increase or methane production. This result appears contradictory (p-value > 0.05) and does not allow for any conclusion to be drawn concerning the significance of its impact. Similar findings were made for AD operating methods. Consequently, these two parameters could not be accounted for during this study. THP treatment time only impacted soluble COD, because this result was most probably linked to a THP duration of 180 minutes (see supplementary materials section), which is significantly higher than the usual duration of 30 minutes.

Nevertheless, in agreement with several published studies, although related data were maintained within the dataset, THP treatment time was not considered to be a discriminatory factor during the rest of this study. Indeed, Donoso-Bravo et al. [START_REF] Donoso-Bravo | Assessment of the influence of thermal pre-treatment time on the macromolecular composition and anaerobic biodegradability of sewage sludge[END_REF], Sapkaite et al. [START_REF] Sapkaite | Optimization of a thermal hydrolysis process for sludge pre-treatment[END_REF] and Dohányos et al. [START_REF] Dohányos | Improvement of anaerobic digestion of sludge[END_REF], for instance, demonstrated that the retention time in the thermal hydrolysis process presented a minor impact on digestion performances.

The AD HRT was found to significantly affect methane production only. However, no increase in methane production was observed, because most of the data included a HRT > 15 days, which allowed the methane production to approach its maximum value. Indeed, as demonstrated by Xue et al. [START_REF] Xue | Effects of thermal hydrolysis on organic matter solubilization and anaerobic digestion of high solid sludge[END_REF] and Dwyer et al. [START_REF] Dwyer | Decreasing activated sludge thermal hydrolysis temperature reduces product colour, without decreasing degradability[END_REF], biogas production in digesters placed downstream of a THP reaches >85% and >90% of the measured BMP for a HRT of 10 and 15 days respectively and with a THP temperature ranging from 120 to 180°C. This result was also supported by Ngwenya et al. who reported, after THP, no significant difference in biogas production for a HRT ranging from 10 to 18 days [START_REF] Ngwenya | A stoichiometric a roach to control digester chemistry and ammonia inhibition in anaerobic digestion with thermal hydrolysis pretreatment model development[END_REF]. In conclusion, HRT was not selected as an impactful parameter in the following.

The assessment of impactful parameters highlights the significant impact of sludge types and temperature compared to THP treatment time, flash-based systems or AD operating methods and HRT.

The entire data set can therefore be grouped without segregation between THP technologies (flash- 

Volatile Solid Reduction (VSR)

All data used and associated literature references are available in the supplementary materials. VSR and increase in VSR were box-plotted against each temperature range for each sludge type (Figure 1).

Primary sludge was not illustrated due to lack of data. Results from the Kruskal-Wallis test presented in ± 10% were observed for the above-mentioned temperature ranges (Figure 1).

For mixed sludge, no statistically significant difference was observed at the different temperature ranges.

This can be due to (1) the limited available data for mixed sludge for the first two temperature ranges and (2) the inherent biodegradability of primary sludge [START_REF] Carrère | Pretreatment methods to improve sludge anaerobic degradability: A review[END_REF]. The latter dilutes the impact of THP operating temperature on VSR performances compared to performances obtained on waste activated sludge.

However, an increase in VSR (pt.%) occured across all temperature ranges for mixed sludge. In ascending order of temperature ranges, a VSR increase of 2.7 ± 0 pt.%, 9 ± 2 pt.%, 8 ± 4 pt.% was achieved respectively (Figure 2), thus highlighting the usefulness of THP even for mixed sludge. The Additionally, VSR calculation method may vary between articles as it was not always clearly specified (Van Kleeck method vs. mass balance). For example, the Van Kleeck equation assumes that fixed solids (mineral matter) are maintained during the digestion process [START_REF] Switzenbaum | Relationship Between the Van Kleeck and Mass-Balance Calculation of Volatile Solids Loss[END_REF], while this assumption does not apply for the mass balance equation.

Regarding the VSR performance indicator, the present work suggests the THP operating temperature should be equal or greater than 140°C. For waste activated sludge, box-plot median values tend to increase above 160°C. This observation was not consistent with the mixed sludge performances, where the median rather tended to decrease with increasing temperatures. In addition, for both sludge types, box-plots at high temperatures were wider than those for the [140 -160] °C range, thus suggesting higher performance variability at high temperatures. 

Methane Production

Methane production is a widely used performance indicator in most AD pre-treatment systems as it represents a revenue potential and/or a source of energy. Biogas can be used to generate heat (1 m 3 CH4 is equivalent to 10 kWh heat), or both electricity and heat when burned in a CHP engine. It can also be upgraded to biomethane and injected into the natural gas grid or used as biofuel.

All data and associated references where methane production performances have been assessed

according to THP operating temperature ranges are available in the supplementary materials.

For waste activated sludge, the THP temperature range significantly affected methane production and methane production increase (Table 4 and Erreur ! Source du renvoi introuvable.). A pairwise comparison highlighted the differences between both performance indicators, i.e. methane production and methane production increase between [100-140] °C and ]160-200] °C, but not between [140-160]

°C and ]160-200] °C. These results concur with the work of Dwyer et al. [START_REF] Dwyer | Decreasing activated sludge thermal hydrolysis temperature reduces product colour, without decreasing degradability[END_REF], Wilson et al. [START_REF] Wilson | Anaerobic Digestion of Raw and Thermally Hydrolyzed Wastewater Solids Under Various Operational Conditions[END_REF] and Batstone et al. [START_REF] Batstone | Sludge treatment options analysis : Integrated analysis of thermal hydrolysis and recuperative thickening[END_REF] who did not report any difference in methane production increase between 140°C and 170°C. Being directly related to VSR performances, THP triggered a sharp increase in methane production from waste activated sludge: +29% ± 23%, +48% ± 19%, +57% ± 22% respectively in the order of temperature ranges (Figure 3). However, many publications [START_REF] Xue | Effects of thermal hydrolysis on organic matter solubilization and anaerobic digestion of high solid sludge[END_REF][START_REF] Haug | Effect of thermal pretreatment on digestibility and dewaterability of organic sludges[END_REF][START_REF] Li | Upgrading of Anaerobic Digestion of Waste Activated Sludge by Thermal Pretreatment[END_REF][START_REF] Pinnekamp | Effects of thermal pretreatment of sewage sludge on anaerobic digestion[END_REF][START_REF] Stuckey | The effect of thermal pretreatment on the anaerobic biodegradability and toxicity of waste activated sludge[END_REF]] also demonstrated the negative impact of TH temperature above 175°C on biogas production. Indeed, at these temperatures, melanoidins or Maillard reaction compounds are known to be produced. This latter reaction is commonly associated to high temperatures in the food industry. In addition, Pinnekamp et al. [START_REF] Pinnekamp | Effects of thermal pretreatment of sewage sludge on anaerobic digestion[END_REF] showed that the differences in gas yield increases at pretreatment temperatures between 120°C and 180°C were not significant. This is illustrated by the mixed sludge box-plot (Figure 3). Although no statistically significant differences were evidenced between the different THP temperature ranges ( 

Dewaterability

Data used for assessing the performance of dewaterability are available in supplementary materials section. Only mixed sludge data were available for this assessment.

The positive influence of thermal hydrolysis on sludge dewaterability is unanimously agreed upon in the literature [START_REF] Bougrier | Effects of thermal treatments on five different waste activated sludge samples solubilisation, physical properties and anaerobic digestion[END_REF][START_REF] Neyens | A review of thermal sludge pre-treatment processes to improve dewaterability[END_REF][START_REF] Zhang | Enhanced dewaterability of sludge during anaerobic digestion with thermal hydrolysis pretreatment: New insights through structure evolution[END_REF][START_REF] Neyens | Advanced sludge treatment affects extracellular polymeric substances to improve activated sludge dewatering[END_REF]. For example, TH was found to improve mesophilic digested sludge dewaterability by ca. 10% DS points, depending on the influent sludge composition [START_REF] Barber | Thermal hydrolysis for sewage treatment: A critical review[END_REF]. Final cake dryness could therefore reach a DS content greater than 30%. On the contrary, without THP, a mean value of 22% can be expected for digested mixed sludge dewatered by centrifugation [START_REF] Metcalf | Inc: Wastewater energy: treatment and reuse[END_REF][START_REF] Girault | Déshydratation mécanique des boues d'épuration -Etat des lieux des filières en France métropolitaine[END_REF]. In the present study, although all data originate from centrifuge dewatering, it is noteworthy that for THP sludges, dewatering by belt filter press produces equivalent cake solids and capture rates as for centrifuge dewatering [START_REF] Higgins | Dewatering Characteristics of Cambi Thermal Hydrolysis Biosolids: Centrifuges vs. BFPs[END_REF].

The result from the impact of temperature ranges on dewaterability performances (Figure 4) reveals a significant difference (p-value < 0.05) on cake dryness performances with a value of 30 ± 3 %DS for temperatures within the [140 -160] °C range and a value of 33 ± 2 %DS for the]160 -200] °C range.

These values indicate enhanced performances at high temperatures.

By reviewing individual articles in the literature, a general consensus can be found among the different authors for improved performance above 150°C. Based on laboratory capillary section tests (CST) to describe sludge filterability, Bougrier [START_REF] Bougrier | Optimisation du procédé de méthanisation par mise en place d'un cotraitement physico-chimique : Application au gisement de biogaz représenté par les boues d'épuration des eaux usées[END_REF] demonstrated how filterability was enhanced when TH temperature rose above the 150°C threshold. Above this temperature Fdz-Polanco et al.

[72] and Haug et al. [START_REF] Haug | Effect of thermal pretreatment on digestibility and dewaterability of organic sludges[END_REF] found an improvement in sludge filterability as the TH temperature increased. Furthermore, the impact was as significant on primary sludge as on activated sludge. Kepp et al. [68] also made similar observations: instead of affecting biodegradability, their thermal pretreatment of primary sludge increased dewaterability. Fishern and Swanwick [START_REF] Fisher | High temperature treatment of sewage sludge[END_REF] equally confirmed that dewaterability could improve at temperatures above 150°C over a wide range of sludge types. Finally, more recently, Higgins et al. [START_REF] Higgins | Effect of thermal hydrolysis temperature on anaerobic digestion, dewatering and filtrate characteristics[END_REF] observed an increase in digested mixed sludge dewaterability from 30% DS at 150°C to 33% DS at 170°C.

Enhancement in cake dewaterability downstream from a THP is related to two main phenomena [START_REF] Neyens | Advanced sludge treatment affects extracellular polymeric substances to improve activated sludge dewatering[END_REF]:

(1) the degradation of extracellular polymeric substances (EPS) (proteins and polysaccharides), which in turn reduces their water retention capacity, and (2) the stimulation of flocculation which reduces the amount of fine flocs.

EPS are charged polymers that represent up to 80% of the mass of activated sludge [START_REF] Neyens | Advanced sludge treatment affects extracellular polymeric substances to improve activated sludge dewatering[END_REF]. They occur as an extremely hydrated gel matrix (98% water) in which microbial cells can establish stable synergistic consortia [START_REF] Nielsen | Extraction of EPS[END_REF][START_REF] Flemming | EPS -Then and now. microorganisms[END_REF]. EPS are produced internally within microbial cells (loosely or tightly bound EPS), and then excreted into the cell environment (free or soluble EPS) where they can form larger microbial aggregates known as biofloc particles. Due to their strong water binding capacity, EPS are responsible for binding water to the floc surface and thus capturing water inside sludge flocs [START_REF] Keiding | Remember the water -a comment on EPS colligative properties[END_REF]. This water-binding capacity was demonstrated through the swelling/unswelling of the biofloc particles [START_REF] Keiding | Remember the water -a comment on EPS colligative properties[END_REF]. Recent works by Hasan et al. [START_REF] Hasan | Mechanistically Understanding the Dewatering Fundamentals: Impact of Biological Systems and Thermal Hydrolysis on Cake Total Solids and Polymer Demand[END_REF] confirmed that cake dryness correlated negatively with both the bound water and the EPS content. Moreover, the authors demonstrated an improvement in cake TS with THP, thereby confirming the role of THP in releasing bound water from sludge. This corroborates the work of Neyens et al. [START_REF] Neyens | Advanced sludge treatment affects extracellular polymeric substances to improve activated sludge dewatering[END_REF] and Tian et al. [START_REF] Tian | Functions and behaviors of activated sludge extracellular polymeric substances (EPS): a promising environmental interest[END_REF], where the destruction of the structural integrity of the EPS matrix plays a crucial role in improving the potential of sludge dewatering [START_REF] Tian | Functions and behaviors of activated sludge extracellular polymeric substances (EPS): a promising environmental interest[END_REF].

It is noteworthy that the thermal hydrolysis process can favour an increase in polymer demand for dewatering. For example, 13% [START_REF] Bishnoi | Effect of thermal hydrolysis pre-treatment on anaerobic digestion of sludge[END_REF], 22% [START_REF] Camacho | Combined experiences of thermal hydrolysis and anaerobic digestionlatest thinking on thermal hydrolysis of secondary sludge only for optimum dewatering and digestion[END_REF] and 24% [START_REF] Oosterhuis | Thermal hydrolysis of waste activated sludge at Hengelo Wastewater Treatment Plant, the Netherlands[END_REF] rises in polymer consumption have been reported in the literature. These values should be considered with caution as they depend on the sludge type and characteristics of the polymer. 

Filtrate Quality

A number of publications focus on THP for AD and dewatering performances. Yet, in-depth characterisation of the sidestream produced by the dewatering step of digested hydrolysed sludge is still lacking. This stream can also be referred to either as recycled centrate, THP return liquor or anaerobic digestion dewatering sidestream. It is usually rich in nutrients (nitrogen and phosphorus), which could be of potential interest for recovery and use as fertilizers [START_REF] Figdore | Impact of Thermal Hydrolysis Solids Pretreatment on Sidestream Treatment Process Selection at the DC Water Blue Plains AWTP[END_REF][START_REF] Suárez-Iglesias | Valuable compounds from sewage sludge by thermal hydrolysis and wet oxidation[END_REF]. As it cannot be discharged into the natural environment, it is rather returned to the WWTP headworks. Although the recycled centrate only represents about 1% of the volumetric load, it can contain very high concentrations in carbon, nitrogen and phosphorus as well as refractory compounds and colloidal particles [START_REF] Zhang | Supernatant organics from anaerobic digestion after thermal hydrolysis cause direct and / or diffusional activity loss for nitritation and anammox[END_REF][START_REF] Gu | Inhibition of anammox by sludge thermal hydrolysis and metagenomic insights[END_REF] that may affect the quality of treated water. For instance, it can contain up to 15-30% of the nitrogen load of a wastewater treatment plant (WWTP) [START_REF] Constantine | North American Experience with Centrate Treatment Technologies for Ammonia and Nitrogen Removal[END_REF]. To overcome this issue, plants that are required to meet strict nutrient limitations; i.e., TN < 3 mg/L and TP < 0.18 mg/L, employ a form of biological and/or chemical sidestream treatment to reduce nutrient loads before returning to the mainstream flow [START_REF] Khunjar | Strategies for treating biodegradable and recalcitrant nutrient fractions generated from THP processes[END_REF].

However, thermal hydrolysis can affect the quality of this AD dewatering sidestream as has been highlighted in literature with an increase in N-NH4, COD, DON as well as the colour of the digester effluent [START_REF] Dwyer | Decreasing activated sludge thermal hydrolysis temperature reduces product colour, without decreasing degradability[END_REF][START_REF] Wilson | The kinetics of process dependent ammonia inhibition of methanogenesis from acetic acid[END_REF]. Furthermore, an increase in inert particles has also been observed [START_REF] Chauzy | Minimisation of excess sludge production in a WWTP by coupling thermal hydrolysis and rapid anaerobic digestion[END_REF].The present work compiles and compares the nitrogen, carbon and phosphorus contents in the downstream dewatering effluent between a conventional mesophilic AD and a boosted AD. Due to the scarcity in data from AD dewatering sidestreams, the soluble fraction of digested sludge rather than the dewatering effluent was considered. Consequently, UV absorption, soluble COD and dissolved organic nitrogen (DON) in digester effluent were selected as performance indicators to assess the filtrate quality.

UV Absorbance

The characteristic brown colour of the THP return liquor results from the substantial amount of colour generated above 160°C [START_REF] Neyens | A review of thermal sludge pre-treatment processes to improve dewaterability[END_REF]. The colour was found to result from the formation of recalcitrant material, namely lower and high molecular weight melanoidins produced by Maillard reactions. This reaction, also known as browning in the food processing industry, is a non-enzymatic browning reaction that occurs by reducing sugars and amino groups at an elevated temperature, thus forming dark-coloured, UVquenching, recalcitrant polymers (e.g. Melanoidins) [START_REF] Nursten | The chemistry of nonenzymic browning[END_REF]. Melanoidins are nitrogen-containing, macromolecular, dissolved compounds which are used as representative compounds of refractory Dissolved Organic Nitrogen (rDON) species [100]. During THP, Maillard reactions are triggered by the fragmentation of proteins and the release of additional free amines in addition to organic matter solubilisation [START_REF] Kor-Bicakci | Recent developments on thermal municipal sludge pretreatment technologies for enhanced anaerobic digestion[END_REF]. Wilson and Novak [START_REF] Wilson | Hydrolysis of macromolecular components of primary and secondary wastewater sludge by thermal hydrolytic pretreatment[END_REF] showed that UV absorbance at 254 nm significantly correlates with the organic nitrogen concentration in post-THP samples.

The products of these reactions, characterised by high molecular organic polymers, are responsible for the poor degradability of sludge hydrolysate produced at high temperatures [101]. In addition, as anaerobic or aerobic digestion downstream of THP does not mitigate the colour associated with these dissolved compounds, they can severely affect downstream UV disinfection (tertiary treatment or portable treatment plant) [START_REF] Wilson | Anaerobic Digestion of Raw and Thermally Hydrolyzed Wastewater Solids Under Various Operational Conditions[END_REF]. Figure 5 illustrates the increase in UVA with THP temperature (p value of Kruskal-Wallis test < 0.05). However, due to insufficient data, a conclusion on the THP temperature range threshold cannot be inferred with pairwise comparison (see supplementary materials).

Nonetheless, the overall tendency indicates that a reduction in the coloration without deteriorating AD and dewatering performances can be made possible by maintaining the THP operating temperature within the [140-160] °C range. This is in accordance with the work of Dwyer et al. [START_REF] Dwyer | Decreasing activated sludge thermal hydrolysis temperature reduces product colour, without decreasing degradability[END_REF] where a 70% effective reduction of colour formation in THP effluent was observed after decreasing the temperature from 165°C to 140°C. As both melanoidin treatment and mitigation are related to nitrogen removal, this topic is further discussed in the following section ( §3.5.3). 

Table 5 : p-value of Kruskal

Soluble COD in Digester Effluent

The increase in COD solubilisation with increasing THP temperature has been highlighted in numerous studies [START_REF] Bougrier | Optimisation du procédé de méthanisation par mise en place d'un cotraitement physico-chimique : Application au gisement de biogaz représenté par les boues d'épuration des eaux usées[END_REF][START_REF] Perez-Elvira | Increasing the performance of anaerobic digestion: Pilot scale experimental study for thermal hydrolysis of mixed sludge[END_REF][102][103][104]. However, comparison of this THP effect with digestion performance, points out that a higher solubilisation of biological sewage sludge does not necessarily lead to an improvement in biodegradability, especially at high temperatures [START_REF] Fisher | High temperature treatment of sewage sludge[END_REF][START_REF] Higgins | Effect of thermal hydrolysis temperature on anaerobic digestion, dewatering and filtrate characteristics[END_REF].

As expected, results indicate a substantial increase in soluble COD in digester effluent with increasing temperature of TH (: soluble COD (mg / g COD at digester inlet) versus THP temperature range on waste activated sludgeFigure 6). This increase has been statistically confirmed with a Kruskal-Wallis test (p-value < 0.05). Data used for this study are available in supplementary materials section (only waste activated sludge data were available). Pairwise comparison (Table 6) confirms that the difference Concurrent increases in COD concentrations of the return liquor and THP operating temperature is well documented in the literature and has been demonstrated in full-scale applications [START_REF] Dwyer | Decreasing activated sludge thermal hydrolysis temperature reduces product colour, without decreasing degradability[END_REF]. The excess dissolved organic nitrogen (DON) and COD formed during THP is partly due to the production of refractory compounds and colour, which are resistant to biological anaerobic and aerobic degradation and can lead to potential deterioration of WWTP effluent quality [START_REF] Phothilangka | Benefits and drawbacks of thermal prehydrolysis for operational performance of wastewater treatment plants[END_REF]. In consequence, an increase in the cost of aerobic treatment of the WWTP to achieve the required COD discharge limit can occur. The formation of these compounds is related to the production of Maillard and Amadori products as previously described in §3.5.1.

On the other hand, excess DON and COD are inherent to the process itself and can be explained by

(1) a higher concentration of sludge at the digester inlet and (2) a higher COD solubilisation yield [START_REF] Bougrier | Effects of thermal treatments on five different waste activated sludge samples solubilisation, physical properties and anaerobic digestion[END_REF].

Although the increase in soluble COD in the return liquor is significant when a THP is implemented upstream from the anaerobic digestion workshop, few articles in the literature describe the impact on the water treatment line. Chauzy et al. [START_REF] Graja | Reduction of sludge production from WWTP using thermal pretreatment and enhanced anaerobic methanisation[END_REF] revealed an increase in soluble COD concentration in rejected water ranging from 9 to 14 mg/L. Similarly, Phothilangka et al [START_REF] Phothilangka | Benefits and drawbacks of thermal prehydrolysis for operational performance of wastewater treatment plants[END_REF] found that 5.7 kgCOD/m 3 of inert soluble compounds were generated with THP compared to 0.9 kgCOD/m 3 with WAS. These inert soluble compounds are diluted in the main stream wastewater line and contribute by about 10 mg/L to the effluent COD. Therefore, COD removal efficiency decreased from 95% to 93%. These findings are in agreement with the results obtained at full scales, where a THP process had been implemented. For instance, the Hengelo WWTP (Netherlands) recorded an increase by 7mg/L of COD in the WWTP effluent once a THP had been installed [START_REF] Oosterhuis | Thermal hydrolysis of waste activated sludge at Hengelo Wastewater Treatment Plant, the Netherlands[END_REF].

Recent work from Toutian et al. [START_REF] Toutian | Effect of temperature on biogas yield increase and formation of refractory COD during thermal hydrolysis of waste activated sludge[END_REF] investigated the effect of THP operating temperatures on the biodegradability of the THP return liquor at lab scales. This is the first study to clearly establish the exponential relationship between THP operating temperatures and refractory soluble COD (sCODref).

Moreover, the authors proposed an empirical equation where the increased production of sCODref (and consequently the WWTP effluent COD increase) can be predicted as a function of the THP operating temperature. Accordingly, results pointed out that sCODref increased by 3.9 to 8.4% with increasing THP operating temperatures from 130°C to 170°C, respectively.

In a context of stringent discharged water quality, the understanding of the impact of this THP specific COD concentration on nutrient removal and recovery processes is paramount in order to continue operating a THP without deleterious environmental impact. In this respect, Fidgore et al.

[107] revealed that THP return liquor contains compounds at sufficient concentrations to be inhibitory for the key microbial consortia involved in sidestream biological treatment processes. The authors suggested that inhibition could be associated with inert soluble COD which in turn depends on the characteristics of feed solids and on THP temperature. They observed acclimation of biological activity to the THP digestion sidestream. The THP pre-treated sidestream also presented inhibitory effects on the activity of anammox bacteria, and long-term acclimation could not eliminate inhibition even when diluted with wastewater [START_REF] Gu | Inhibition of anammox by sludge thermal hydrolysis and metagenomic insights[END_REF]. Further research is thus required for better characterising the inhibition effects of these sidestreams on nitrogen removal processes [START_REF] Oosterhuis | Thermal hydrolysis of waste activated sludge at Hengelo Wastewater Treatment Plant, the Netherlands[END_REF]. There is growing interest for these issues, in a context where wastewater treatment plants are increasingly regarded as water resource recovery facilities (WRRFs).

Advanced oxidation processes (AOP) such as ozone or ozone with hydrogen peroxyde have proved to treat refractory compounds effectively [START_REF] Khunjar | Strategies for treating biodegradable and recalcitrant nutrient fractions generated from THP processes[END_REF]108]. Further studies are still required to better understand the underlying mechanisms, optimise energy consumption and oxidant concentration of these treatments for such applications. 

Nitrogen

Very limited data on nitrogen have been found in the literature, making statistical analysis impossible for this parameter. The literature on the subject is summarised in this section.

The dewatered sidestream from AD of TH pre-treated sludge contains a higher concentration in ammonium and dissolved organic nitrogen compared to conventional mesophilic processes [START_REF] Wilson | Anaerobic Digestion of Raw and Thermally Hydrolyzed Wastewater Solids Under Various Operational Conditions[END_REF][START_REF] Phothilangka | Benefits and drawbacks of thermal prehydrolysis for operational performance of wastewater treatment plants[END_REF][START_REF] Ahuja | Impact of Operating Conditions on Thermal Hydrolysis Pre-Treated Digestion Return Liquor[END_REF][START_REF] Figdore | Impact of Thermal Hydrolysis Solids Pretreatment on Sidestream Treatment Process Selection at the DC Water Blue Plains AWTP[END_REF]. This THP return liquor is usually recycled back to the wastewater treatment plant and can significantly impact the nitrification and total nitrogen removal performance of secondary treatment units [START_REF] Graja | Reduction of sludge production from WWTP using thermal pretreatment and enhanced anaerobic methanisation[END_REF][START_REF] Constantine | North American Experience with Centrate Treatment Technologies for Ammonia and Nitrogen Removal[END_REF]. For instance, according to Wilson et al. [START_REF] Wilson | Anaerobic Digestion of Raw and Thermally Hydrolyzed Wastewater Solids Under Various Operational Conditions[END_REF], the concentration of Total Ammonia Nitrogen (TAN) was 1330 mg/L downstream from a conventional mesophilic digestion. The TAN content increased up to 2510 mg/L when sludge underwent TH upstream from anaerobic digestion. This is as expected since TH favours (1) an increase in the sludge loading rate due to reduced viscosity, (2) a higher solubilisation rate and (3) an increase in biodegradation of organic matter and therefore proteins.

This leads to increased release and concentration of ammonium in the digester. More generally, total ammonia release per mass of volatile solids destroyed is equivalent to conventional mesophilic AD and THP for any sludge type [START_REF] Wilson | Anaerobic Digestion of Raw and Thermally Hydrolyzed Wastewater Solids Under Various Operational Conditions[END_REF]. Nevertheless, Wilson and Novak [START_REF] Wilson | Hydrolysis of macromolecular components of primary and secondary wastewater sludge by thermal hydrolytic pretreatment[END_REF] demonstrated that the protein content of WAS made it particularly prone to ammonification at hydrolysis temperatures above 170°C.

They therefore suggested an operating temperature of 150°C to reduce TAN loading in the digester by 20-30%. This complies with results from Whang et al., who found that total nitrogen and ammonium concentrations in the liquid fraction of thermally hydrolysed sludge increased with temperature, whereas organic nitrogen presented a maximum within the 120 -300°C range [109].

Although THP leads to an increase in TAN concentrations for the reasons explained above, the biological nitrogen removal systems employed in wastewater may effectively reduce ammonium in the effluent [START_REF] Ahuja | Impact of Operating Conditions on Thermal Hydrolysis Pre-Treated Digestion Return Liquor[END_REF][START_REF] Constantine | North American Experience with Centrate Treatment Technologies for Ammonia and Nitrogen Removal[END_REF]. However, the excess of dissolved organic nitrogen formed during THP is essentially refractory in nature and is not effectively removed by biological nitrogen removal processes [START_REF] Dwyer | Decreasing activated sludge thermal hydrolysis temperature reduces product colour, without decreasing degradability[END_REF][START_REF] Phothilangka | Prediction of thermal hydrolysis pretreatment on anaerobic digestion of waste activated sludge[END_REF]. In AD dewatering sidestreams, previous studies have estimated dissolved organic nitrogen to represent 20 to 85% of total nitrogen in effluents [START_REF] Graja | Reduction of sludge production from WWTP using thermal pretreatment and enhanced anaerobic methanisation[END_REF].

Higgins et al. [START_REF] Higgins | Pretreatment of a primary and secondary sludge blend at different thermal hydrolysis temperatures: Impacts on anaerobic digestion, dewatering and filtrate characteristics[END_REF] found that DON in the digester effluent was significantly lower than the influent due to the consumption of dissolved biodegradable proteins during anaerobic digestion. However, they also observed that THP temperature increased dissolved organic nitrogen concentrations in digester effluent from 380 mgN/L at 130°C to 470 mgN/L at 160°C, thus implying an overall 24% increase. A positive linear correlation was observed between the increase in THP operating temperatures (from 130°C to 170°C) and DON formation [START_REF] Ahuja | Impact of Operating Conditions on Thermal Hydrolysis Pre-Treated Digestion Return Liquor[END_REF]. This increase could result from (1) a higher protein solubilisation with THP [101] and (2) the participation of amino acids in the Maillard reaction and therefore in the formation of compounds that are difficult to degrade or not readily biodegradable, i.e. typically melanoidins.

A comprehensive review by Zhang et al. [START_REF] Zhang | Recalcitrant dissolved organic nitrogen formation in thermal hydrolysis pretreatment of municipal sludge[END_REF] focusses on the formation of recalcitrant dissolved organic nitrogen (rDON) in thermal hydrolysis. The authors presented the current understanding of melanoidin formation mechanisms and effects in order to control rDON production in sludge during thermal pretreatment. Four factors were found to impact the production of rDON in THP return liquor: reactant composition (typically sludge type and composition), THP operating temperature and time, pH, and the presence of metallic ions. Regarding the impact of temperature, the authors concluded that the first stage of the Maillard reaction was a rate limiting step that could accelerate at higher temperatures.

Therefore, the lowering of the THP operating temperature could be a possible strategy to reduce melanoidin and rDON content in the sludge. Since the production of rDON depends upon multiple parameters [START_REF] Higgins | Pretreatment of a primary and secondary sludge blend at different thermal hydrolysis temperatures: Impacts on anaerobic digestion, dewatering and filtrate characteristics[END_REF][START_REF] Wilson | Hydrolysis of macromolecular components of primary and secondary wastewater sludge by thermal hydrolytic pretreatment[END_REF], the THP should operate at the lowest possible temperature, until a trade-off can be established between rDON production and AD and dewatering performances [START_REF] Zhang | Recalcitrant dissolved organic nitrogen formation in thermal hydrolysis pretreatment of municipal sludge[END_REF].

An alternative to temperature reduction is the sequestration of melanoidins by coagulation during the dewatering stage, as suggested by Wilson et al. [START_REF] Wilson | Anaerobic Digestion of Raw and Thermally Hydrolyzed Wastewater Solids Under Various Operational Conditions[END_REF]. The authors observed an effective DON and UVquenching mitigation by using dual conditioning with cationic polymers and ferric chloride (0.10 gFeCl3 per g total solids). Similarly, Penaud et al. [110] used acid precipitation and ion exchange resins in an effort to remove refractory organics created by thermal hydrolysis.

Melanoidins are known to exhibit antimicrobial and cytotoxic properties [111] Therefore, similarly to refractory COD, melanoidins may contribute to the observed inhibition of the side-stream nitrogen removal process when treating the THP return liquor [112]. Currently, a there is general consensus on the increase of total nitrogen concentrations in the THP return liquor with an increase in THP operating temperature. However, further investigation is still required to provide insights on the characterisation, quantification of rDON and DON present in the THP return liquor. This should allow for a better operation of both the thermal treatment and the side-stream biological nitrogen removal processes. It should also help to ensure that compliance with the regulatory discharge limit for total nitrogen is achieved.

Phosphorus

Phosphorus concentrations in the digester effluent are difficult to predict as they depend on the design of the wastewater treatment line (enhanced biological phosphorus removal and/or use of metallic ions such as magnesium, calcium, aluminium, and iron on the water treatment line). However, as THP increases phosphorus solubilisation [START_REF] Khunjar | Strategies for treating biodegradable and recalcitrant nutrient fractions generated from THP processes[END_REF], an increase in phosphate in AD dewatering sidestreams is expected in comparison to conventional digestion. This has been observed in the work of Chauzy et al. [START_REF] Chauzy | Minimisation of excess sludge production in a WWTP by coupling thermal hydrolysis and rapid anaerobic digestion[END_REF] with an increase in total phosphorus concentrations of 0.5-0.8 mg/L in the THP return liquor compared to conventional AD. Conversely, in a study by Han et al. [113] the release of intracellular phosphorus increased during THP, although this phosphorus was immobilized by metallic ions such as Mg, Fe, Ca and Al. Therefore, the phosphorus content in the THP return liquor did not vary. Phosphorus modelling and equilibrium in water and sludge is a current issue, and not only related to the presence of THP in the sludge treatment line. Indeed, the scarcity of this nutrient and its increasing demand has led to particular interest towards achieving its recovery [114]. Hence, recovery of phosphorus release during AD of hydrolysed sludge could become a noteworthy source of revenue in the future.

Optimal THP Temperature Range

In the present literature review, a THP operating temperature range that would mitigate the process drawbacks while maintaining its advantages has been identified. Table 7 summarises the results obtained in the form of a coloured, weighted optimisation. Consequently, the [140-160] °C temperature range stands out as a trade-off to where AD and dewatering performances would be sustained, while the degradation of the filtrate quality would be mitigated. 

Conclusion

The objective of this study was to compile anaerobic and dewatering-related performances at different THP operating temperatures higher than 100°C. It is noteworthy that THP temperature optimisation depends upon multiple parameters and should thus be carried out on a case by case basis. For instance, dry solid concentrations at the digester inlet, mixing efficiency, viscosity and sludge volatile solid contents have not been considered herein. Besides, the opportunity of reducing digester HRT with a THP [START_REF] Chauzy | Minimisation of excess sludge production in a WWTP by coupling thermal hydrolysis and rapid anaerobic digestion[END_REF] was neither quantified nor analysed in this study. No significant differences in VSR and methane production were observed within the 140°C -200 °C range. Yet, dewatering performances appear to reach a threshold above 160°C. This threshold value is inherent to the temperature ranges defined in this work. Indeed, as the quantity of data relative to sludge dewatering was limited, further discrimination within the 140 -160°C range could not be possible. According to the cited studies, there is a general consensus that the temperature cut-off value below which dewatering performances become negatively impacted is closer to 150°C than to 160°C. Nevertheless, above 160°C, the filtrate quality tends to sharply deteriorate with a significant increase in refractory sCOD, rDON concentrations and colour. It is paramount to further maintain the development of thermal hydrolysis processes without deteriorating overall environmental impacts of such pretreatments. Consequently, a THP operating temperature in the [140-160°C] range is here proposed as an optimum range where expected performances can be sustained while the production of refractory compounds would be reduced.

  the AD operating mode: batch (BMP assays used at lab scale), semi continuous (often used at pilot scale) or continuous mode (industrial references). THP temperatures, ranging between 100°C and 200°C, have been sorted into three categories: [100-140[°C, [140-160]°C and ]160-200] °C. THP treatment times vary from 5 min to 180 min with a majority of data around 30 minutes (median, first and

  system, THP duration), AD operating methods (batch, semi-continuous or continuous) and AD HRT. Consequently, data compilation and THP temperature optimisation were only based on the sludge type during the remainder of the study. Temperature ranges can subsequently be box-plotted against performance indicators for each sludge type and statistically analysed with Kruskal-Wallis tests and pairwise comparisons (Wilcoxon test).

  temperature range for optimum performances in volatile solid reduction remained within the [140 -200[°C range. No apparent decrease was observed at high temperatures, as observed by Li and Noike[START_REF] Li | Upgrading of Anaerobic Digestion of Waste Activated Sludge by Thermal Pretreatment[END_REF], Pinnekamp et al.[START_REF] Pinnekamp | Effects of thermal pretreatment of sewage sludge on anaerobic digestion[END_REF] and Xue et al.[START_REF] Xue | Effects of thermal hydrolysis on organic matter solubilization and anaerobic digestion of high solid sludge[END_REF]. Indeed, as most of the data used here belong to the [140 -180] °C temperature range, it is thus difficult to evidence a decrease in performances within the [160 -200] °C range.
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 1 Figure 1 : VSR versus THP temperature range for WAS. Number of observations are indicated below each box-plot.
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 2 Figure 2 : VSR versus THP temperature range for mixed sludge. Number of observations are indicated below each box-plot.
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 3 Figure 3 : Methane production versus THP temperature range for WAS. Number of observations are indicated below each box plot.
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 3 Figure 3 : Methane production versus THP temperature range for mixed sludge. Number of observations are indicated below each box plot.
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 4 Figure 4 : Dewaterability versus THP temperature range on mixed sludge

  Wallis test for the impact of THP temperature range on UVA performance indicator and p-value of the THP temperature range pairwise comparison 140[ °C vs. [140 -160] °C 0.4 [100 -140[ °C vs. ]160 -200] °C 0.4 [140 -160] °C vs. ]160 -200] °C 0.4
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 5 Figure 5 : UVA at 254 nm versus THP temperature range on waste activated sludge digester effluent

  in soluble COD concentration is significant between the [100-140[°C and ]160-200]°C temperature ranges and between the [140-160]°C and ]160-200]°C temperature ranges. However, no difference is perceived between [100-140[°C and [140-160]°C, thus demonstrating the substantial increase from 160°C upwards.
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 66 Figure 6 : soluble COD (mg / g COD at digester inlet) versus THP temperature range on waste activated sludge digester effluent
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 2 The entire dataset used for this study is available in the supplementary materials section.
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distribution, thus implying that an ANOVA could not be performed. Consequently, the data were extracted and compiled against the above-mentioned performance indicators, box-plotted and statistically analysed to determine the impact of temperature on each indicator. To facilitate statistical analysis, the data were sorted into three THP temperature ranges instead of being compiled individually: temperatures from 100°C to 140°C ([100, 140[°C), from 140°C to 160°C ([140, 160] °C) and from 160°C to 200°C (]160, 200] °C). THP temperature optimisation was assessed through a pairwise comparison between each temperature range using a Wilcoxon test.

3. Results & Discussions 3.1 AD and Dewatering Performances: Determination of Impactful Parameters Prior to the examination of THP temperature optimisation on AD and dewatering performances, each parameter mentioned above (sludge type, digester HRT, AD operating mode, THP treatment time and flash-based technology) was considered using a Kruskal-Wallis Test. Results are summarised in

Table 2 : p-value of Kruskal Wallis test for the impact of AD HRT, THP duration, AD operating mode, flash system, THP temperature range and sludge type on each AD and dewatering performance indicator
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	Performance indicators

Table 3

 3 highlight the strong impact of the THP temperature range on both VSR and increase in VSR (p value < 1%) for waste activated sludge. Pairwise comparisons using the Wilcoxon test revealed that VSR and increase in VSR values were significantly greater at the ]160-200]°C temperature range, compared to ]100-140]°C. This difference is also illustrated by the box plot in Figure 1. A significant difference was observed between ranges ]100-140] °C and [140-160] °C for the VSR increase but not for the VSR indicator. No significant difference was found for both VSR and VSR increase indicators between [140-160]°C and ]160-200] °C. THP therefore allows for volatile solid reduction to be enhanced by boosting the limiting hydrolysis step, even

from 100°C. The impact can be observed specifically on waste activated sludge with an increase of 5 ± 3 pt.%, 14 ± 5 pt.%, 19 ± 7 pt.% (percentage points) for the following temperature ranges, [100-140[ °C, [140-160] °C, ]160-200] °C respectively. Indeed, a VSR of 26 -35% is usually expected for further anaerobic digestion of WAS. VSR values for waste activated sludge of 38% ± 6%, 43.5% ± 8%, 49.5%

Table 3 : p-value of Kruskal Wallis test for the impact of THP temperature range on VSR performance indicator and p-value of the THP temperature range pairwise comparison using Wilcoxon test Performance indicators Statistical tests Parameters WAS - VSR increase WAS -VSR Mixed -VSR increase Mixed - VSR
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	Kruskal Wallis	THP Temperature range	0.00 55*	0.0092 *	0.21	0.37

Pairwise comparison using Wilcoxon test [100 -140[ °C vs. [140 -160] °C

  

	0.0043 *	0.189	0.32	0.73
	[			

100 -140[ °C vs. ]160 -200] °C

  

	0.0018 *	0.016 *	0.56	0.73
	[			

140 -160] °C vs. ]160 -200] °C

  

	0.23	0.182	0.56	0.88

Table 4

 4 Primary sludge undergoing thermal treatment did not display any increase in methane production. Only Haug et al.[START_REF] Haug | Effect of thermal pretreatment on digestibility and dewaterability of organic sludges[END_REF] found a +1.3% increase. Articles on the thermal hydrolysis of primary sludge are scarce, due to its inherent biodegradability.

	Results obtained from methane production are consistent with those from VSR. The minimum THP
	operating temperature was found to be 140°C. No maximum has been observed during this study,
	although individual literature sources highlighted a maximum around 175°C [21, 23-25].

), median values from

[100-140[°C to [140-160]

°C displayed an increase in biogas production: +20% ± 0% and + 36.5% ± 22% respectively. Nevertheless, a slight decrease was detected from [140-160]°C to [160-180]°C: + 36.5% ± 22% and + 31% ± 10% respectively.

Table 4 : p-value of Kruskal Wallis test for the impact of THP temperature range on methane production performance indicator and p-value of the THP temperature range pairwise comparison using Wilcoxon test Performance indicators
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	Statistical tests	Parameters	WAS -methane production increase	WAS -methane production	Mixed -methane production increase	Mixed -methane production
	Kruskal Wallis	THP Temperature range	0.00023 *	0.0033 *	0.56	0.43

Pairwise comparison using Wilcoxon test [100 -140[ °C vs. [140 -160] °C

  

	0.00359 *	0.16	1	0.86
	[			

100 -140[ °C vs. ]160 -200] °C

  

	0.00036*	0.0019 *	0.98	0.86
	[			

140 -160] °C vs. ]160 -200] °C

  

	0.22	0.13	1	0.84

Table 7 : THP temperature weighted optimisation (green = optimum, orange = acceptable, red = unfavorable)
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	Parameters	Impact on performances 100-140°C 140-160°C 160-200°C
	Volatile solid removal	
	Methane production	
	Dewatering	
	Filtrate quality