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Abstract

Thermal processes for the treatment of faecal sludge such as pyrolysis or combustion offer complete destruc-

tion of pathogens, whilst allowing for energy and nutrient recovery. The development of such processes is

currently constrained by a lack of knowledge on thermally relevant faecal sludge characteristics. This study

investigated thirty faecal sludge samples from three sanitation technologies (ventilated improved pit latrines

(VIP), urine diverting dry toilets (UD), septic tanks (ST)) and compared these by non-parametric statistical

analysis. A focus was placed on parameters necessary for thermal process development and recoverable nu-

trient concentrations. The relevant characteristics ranged widely within technology groups. Calorific values

and ash concentrations of 2.1 - 25.7MJ/kg and 9.5 - 88.4% were observed for STs, of 9.2 - 13.9MJ/kg and

40.9 - 61.5% for VIPs and of 3.9 - 18.1MJ/kg and 18.8 - 81.3% for UDs. These two parameters show a

strong linear inverse correlation and determine the minimum dewatering requirements from which a net

energy recovery may be possible. Results suggest that more than 90% of samples can meet these require-

ments following commonly used dewatering technologies. A comparison across technologies provided strong

evidence that the faecal sludge source significantly influences sludge composition, emphasized by higher

median ratios of fixed carbon to volatile matter in VIPs (0.23) and UDs (0.23) compared to STs (0.15). The

sanitation technology also influenced recoverable nutrient concentrations, with phosphorus and potassium

concentrations generally ranging between 5.8 - 49.2g/kg and 1.4 - 26.1g/kg respectively. Compared to STs,

median concentrations of phosphorus and potassium in VIPs were 3.4 and 3.8 times higher respectively, and

3.0 and 8.8 times higher in UDs. The findings highlight the importance of considering the faecal sludge

source in the development of thermal treatment processes. This study provides critical knowledge to further

develop such processes through modelling, experimental and scaled approaches.
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1. Introduction1

Current estimates suggest that out of the 3.1 billion people using septic tanks and latrines globally, 1.32

billion live in urban environments (WHO and UNICEF, 2017). The management of waste from such onsite3

sanitation, termed faecal sludge (FS), is a particular concern in the densely populated areas of low- and4

middle-income countries. Treatment is a crucial step in FS management (FSM) to not only alleviate the5

associated risk for the environment and public health (Tayler, 2018), but also to recover valuable resources6

(Diener et al., 2014). Given the poor global status of FSM, there is an urgent requirement for accelerated7

development and scaling of suitable treatment technologies (Strande et al., 2014).8

Thermal treatment processes offer elimination of all pathogenic risk through high treatment tempera-9

tures. Examples of such processes under investigation for FS treatment are pyrolysis (Gold et al., 2018a;10

Bond et al., 2018; Krueger et al., 2020), combustion (Gold et al., 2017; Hafford et al., 2019) or hydrother-11

mal carbonisation (Hübner et al., 2016; Fakkaew et al., 2018), and discussion concerning their suitability is12

ongoing (Andriessen et al., 2019). Effective further development of such novel treatment solutions will rely,13

among other things, on appropriate feedstock characterisation data, FS properties being heavily influenced14

by technical and environmental, as well as cultural and socioeconomic factors (Figure 1).15
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Figure 1: Factors influencing faecal sludge composition
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For thermal treatment processes in FSM, the authors identified four crucial aspects of feedstock charac-16

terisation which have not been sufficiently addressed by research to date:17

1) Grab samples from individual containments cannot account for the in situ stratification of FS character-18

istics (Nwaneri et al., 2008). The use of fresh faeces is also unsuitable, as the factors outlined in Figure19

1 will affect the final FS properties arriving for treatment. Any samples used for the development of20

treatment processes must therefore be representative of the FS received by a treatment site.21

2) Sampling protocols must consider the great variability of FS characteristics that a treatment process22

will be designed to receive. While some studies on thermal treatment only use one sample from one23

containment (Liu et al., 2014; Lu et al., 2017), others have accounted for this variability, for example24

by combining several containments into one composite sample (Gold et al., 2018a). But to assess the25

variability itself, it is crucial to characterise several individual FS deliveries to a treatment site.26

3) The type of sanitation technology was found to significantly influence FS properties (Strande et al., 2018;27

Englund et al., 2020). Characterisation should therefore account for the diversity of existing sanitation28

technologies in a given setting.29

4) The understanding of FS properties is being improved continuously, but the focus is frequently on those30

parameters relevant to conventional treatment solutions such as chemical oxygen demand, volatile sus-31

pended solids or pH. The design of thermal reactors, however, requires information on the energy content32

and composition of the dried solids, which is primarily described by proximate and CHN analysis, as well33

as the heating value (Basu, 2010).34

This study seeks to take account of complexity in FS composition by addressing these aspects. Thus, it35

works with improved sampling protocols, accounts for three types of sanitation technology and focuses on36

the parameters relevant to the development of thermal treatment processes. In line with current efforts to37

standardise the sampling and characterisation of FS, marked by the forthcoming publication of a harmonised38

catalogue of FS analysis methods (Velkushanova et al., 2020), the study includes the quantification of39

inorganic constituents which can potentially favour (nutrients) or impede (heavy metals) the use of treatment40

products. It also provides analysis of ash content correlations, to estimate thermally relevant parameters41

which are more cost-intensive to determine.42
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2. Materials and methods43

Sampling and sample preparation44

During October and November 2019, thirty FS samples were taken from ventilated improved pit latrines45

(VIP) (n=10), urine diverting dry toilets (UD) (n=10) and septic tanks (ST) (n=10) in the eThekwini46

Municipality in Durban, South Africa. Given the objective of informing treatment development, samples47

were taken at the point of discharge to the treatment site. Sampling followed protocols depending on48

the mode of emptying (Figure 2). Mechanically emptied FS from STs was sampled from vacuum trucks49

according to an existing protocol by combining grab samples at the start, mid-point and end of discharge50

into one composite sample (Gold et al., 2018b). Manually emptied FS from VIPs and UDs was delivered51

to treatment site in 100 litre bins (between 10-20 per containment). This FS was sampled by taking52

approximately equivolumetric grab samples from each bin and combining them into one composite sample.53
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Figure 2: Sampling protocol for manually and mechanically emptied faecal sludge

Sample preparation and total solids (TS) measurements were conducted in the laboratory of the Pollution54

Research Group (PRG) at the University of KwaZulu-Natal in Durban. Samples were manually screened55

for solid waste >10mm and homogenised in a NutriBullet 900 Series food blender (Capital Brands, USA).56

Subsamples were taken to quantify TS, the remaining sample was then dried at 105◦C to constant weight.57

Samples were further heated to 150◦C for 150 minutes to allow for dry-heat sterilisation (William and Weber,58

2019). This was deemed acceptable, as previous research showed minimal weight loss from heating dried FS59

to these temperatures (Getahun et al., 2020).60

Analytical methods61

Samples were analysed in the Roger Perry laboratory at Imperial College London, UK. Results are62

reported as mean values from analysis in triplicate.63
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Total solids were measured by standard method 2540 B (APHA, 2017). Volatile solids (VS) were deter-64

mined by standard method 2540 E (APHA, 2017) on the residues from method 2540 B. Proximate analysis65

for volatile matter, fixed carbon and ash was conducted by standard method ASTM D7582-15 (ASTM,66

2015), but adapted for implementation by thermogravimetric analysis (TGA) using 15±2mg of sample on67

an STA 449 F5 Jupiter simultaneous thermal analyser (NETZSCH, Germany). The calorific value (CV)68

was measured by bomb calorimetry on a 6100 Calorimeter (Parr, USA) following standard method ASTM69

D5865M-19 (ASTM, 2019). For analysis of the inorganic constituents, samples were digested according to70

a modified version of standard method 3050b (USEPA, 1996) and solutions analysed by ICP-OES (Induc-71

tively Coupled Optical Emission Spectroscopy) on an Avio 500 (PerkinElmer, USA). The use of hydrogen72

peroxide was substituted for a dry-ashing cycle as outlined in standard method 3030J (APHA, 1992) and73

aqua regia was used as a stronger digestant instead of nitric acid. CHN analysis was commissioned to74

the London Metropolitan University and performed in a FLASH 2000 organic elemental analyser (Thermo75

Fisher Scientific, USA).76

Statistical analysis77

Hypothesis testing was conducted to detect significant differences in FS characteristics between the78

three sanitation technologies. The data was graphically assessed for normality in Q-Q plots and by the79

Lillieforts test. Both assessments suggest the normality assumption for parametric statistics to be violated,80

as normality cannot be assumed for several of the populations. This agrees with recent research suggesting81

that FS characteristics do not follow normal distributions and that medians should be used for comparison82

(Gold et al., 2018b; Strande et al., 2018; Englund et al., 2020). Hence, significant differences between medians83

were assessed by conducting the non-parametric Mann-Whitney U test, two-tailed at the 5% significance84

level (α=0.05). All statistical analyses were conducted by built-in functions in MATLAB.85

Dewatering requirements86

The minimum dewatering requirements for a thermal treatment process were established by determining87

the maximum water content below which a net energy gain is possible. The heat requirements (HR) to88

remove water from VIP, UD and anaerobic baffle reactor sludge through drying at 100◦C were adopted from89

Getahun et al. (2020). The value for ST sludge was assumed as that for the baffle reactor, given the similar90

anaerobic conditions in both systems (HRV IP = 4.1MJ/kg, HRUD = 5.7MJ/kg, HRST = 4.8MJ/kg).91

Hence, the target moisture content at which the calorific value is sufficient to meet the heat demand of92

complete drying was calculated with following equation:93
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target moisture content [%] =
CV

CV + HR

where:94

CV = Calorific value [MJ/kg of dried solids]95

HR = Heat requirement at 100◦C [MJ/kg of removed water]96

3. Results and discussion97

Thermally relevant properties98

The results from TS, VS, CV, proximate and CHN analysis are shown in Figure 3. Results from the99

statistical analysis are summarised in Table 1. As both the VIPs and UDs in this study were manually100

emptied dry systems, their relatively higher TS content differs significantly from the flushed and mechanically101

emptied ST systems. The large range of moisture and corresponding TS contents observed in UD sludge102

(42.7-92.7% and 7.3-57.3% respectively) may have been caused by input of urine, as the UD function is103

widely compromised in the study area. Increased moisture content is undesirable for thermal processes,104

as it reduces the feedstock’s energy content, requires energy for thermal drying and impedes ignition, and105

because the heat of evaporation is not usually recovered (Williams, 2005b; Basu, 2010).106

Table 1: P-values of Mann-Whitney U hypothesis testing for differences in thermally relevant faecal sludge properties between
three sanitation technologies

Compared populations Total solids Volatile solids Calorific value Volatile matter Fixed carbon Ash FC:VM ratio Carbon Hydrogen Nitrogen H:C ratio
Ventilated improved pit latrine

<.001 .241 .064 .026 .970 .045 <.001 .038 .014 .678 <.001
Septic tank

Ventilated improved pit latrine
.734 .076 .162 .076 .076 .045 .734 .186 .141 .308 .571

Urine diverting dry toilet
Septic tank

<.001 .850 .241 .273 .089 .571 .002 .186 .076 .308 .002
Urine diverting dry toliet

Mann-Whitney U Test, nVIP=nUD=nST=10, α=0.05

No evidence was found that the median volatile solids content differs between technologies. As this107

describes the combustible fraction, it is consistent with P -values >.05 found for the comparison of calorific108

values. Note that the inference is different between VIPs and STs when comparing volatile matter instead of109

volatile solids. The former describes losses from thermal decomposition up to 950◦C in an inert atmosphere110

including the degradation of carbonates, the latter from ignition at 500◦C including the oxidation of fixed111

carbon. Fixed carbon measurements range widely between 0.1 and 17.9%, with no indication of differences112

between technologies, and concentrate around approximately 10%, which is in good agreement with pre-113

viously reported concentrations in FS (Liu et al., 2014; Gold et al., 2018a; Krueger et al., 2020). While114
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Figure 3: Thermally relevant faecal sludge characterisation data for three sanitation technologies

this differentiation of fixed carbon from volatile matter is of lesser importance to combustion processes, it115

is important in the design of pyrolysis and gasification. Fixed carbon concentrations inform the char yield116

recoverable in pyrolysis and influence the reactor size in gasification (Basu, 2010). A comparison of median117

ash concentrations in FS from VIPs (51.2%), UDs (37.8%) and STs (33.2%) showed some evidence (P=.045)118
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of differences between VIPs and UDs, and VIPs and STs (Table 1). The latter can be explained by higher119

levels of stabilisation in VIPs as discussed in the following paragraph, but also by the sealed design of STs120

minimising any sand or grit input.121

There is strong evidence of compositional differences between FS in STs, compared to that in UDs and122

VIPs, expressed by both the ratio of fixed carbon to volatile matter (FC:VM), known as rank in coal analysis123

(Speight, 2013), and the ratio of hydrogen to carbon (H:C). A closer inspection of the data suggests that the124

medians of the FC:VM ratios for UDs (0.22) and VIPs (0.23) are significantly higher compared to that of STs125

(0.15). Hence, the ratio of char forming constituents is lower in STs. Initially, fresh faeces deposited in UDs126

and VIPs will undergo rapid aerobic degradation, until they are buried in deeper anaerobic layers. Nwaneri127

et al. (2008) found a 50% chemical oxygen demand reduction from this initial degradation phase alone,128

which is reported to increase to 69.7±19.4% when including subsequent degradation mechanisms in lower129

layers (van Eekert et al., 2019). The conditions in the scum and sludge layers of STs are largely anaerobic130

(Bounds, 1997) and offer only 30-40% biological oxygen demand reduction from anaerobic digestion (Tilley131

et al., 2014), matching the experience of higher levels of sewage sludge stabilisation in aerobic systems132

(Higgins et al., 1982). Hence, lower ratios of FC:VM in STs may be explained by a higher degree of133

stabilisation in pit latrines and lower efficiency in the removal of constituents contributing to volatile matter134

concentrations in STs. This is further supported by the significantly different H:C ratios in ST sludge.135

Transferring interpretations used for solid fuel analysis, this could indicate a lower degree of maturation or136

aromaticity in FS from STs (Lehmann and Joseph, 2015), and therefore lower levels of stabilisation. Higher137

H:C ratios in ST sludge may also be associated with the scum layer containing fats, oils and grease, which138

can increase with the connection of kitchen wastewater to the system (Strande et al., 2014). Further, the139

CHN analysis suggests marginally lower concentrations of carbon and hydrogen in FS from VIPs, in line140

with the previously discussed lower concentrations of volatile matter.141

Nitrogen concentrations ranged between 0.9-4.4%, but no difference in medians was observed between142

technologies. In biological processes nitrogen can be a crucial process parameter as in composting, and it143

majorly contributes to the agronomic value of sewage sludge (Andreoli et al., 2007). In thermal treatment,144

nitrogen is less relevant to process control and treatment products, as it is largely lost through volatilisation145

and should be considered for its adverse potential to form NOx in combustion processes (Williams, 2005a;146

Andreoli et al., 2007).147

Evaluating the range of the discussed parameters, noticeable differences can be observed in the variability148

of data between different technologies. Taking proximate analysis as an example, the ranges for volatile149
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matter, fixed carbon and ash in FS from VIPs are 15.4, 5.2 and 20.6%, and are comparatively small to150

those from STs at 69.2, 12.0 and 78.9% respectively. Comparing proximate and CHN analysis further, fewer151

deviations from the median value indicate the distribution of these sludge properties from VIPs to be less152

skewed than UD or ST sludge. These findings deviate from the prevailing consensus of high variability of153

characteristics between pit latrines. The lack of variability between VIPs should be treated cautiously, as154

these findings only reflect the study area. High variability of FS characteristics within the same group of155

sanitation technologies has been commonly reported on a global scale, but also in previous city-wide studies156

(Englund et al., 2020). While the reasons are uncertain for observing differences in variability between157

technologies in this study, the variability will influence treatment design. The variability seen for STs and158

UDs must be accommodated by resilient designs capable of receiving a larger range of feedstock properties, as159

recommended for the thermal treatment of other variable feedstock such as municipal solid waste incineration160

(European Commission, 2006). If reliable characterisation continues to show small variability of thermally161

relevant properties for certain technologies, this may allow for a more optimised design of the treatment162

process.163

Dewatering requirements164

The recent introduction of standard IWA 28:2018 (International Organization for Standardization, 2018)165

incentivises the operation of FS treatment plants which are energy independent. For thermal treatment,166

this will largely depend on any drying requirements. The maximum moisture content at which the sludge167

can be thermally dried with its intrinsic energy content indicates the minimum dewatering requirement for168

any energy independent thermal treatment. Figure 4 illustrates these minimum requirements in the context169

of well-established dewatering restrictions for FS.170

At moisture contents >95% the sludge will require solids-liquid separation prior to dewatering (Tayler,171

2018), which was observed for 50% of mechanically emptied FS. Minimum moisture reductions for the172

majority of mechanically emptied FS can be achieved within the mechanical dewatering limit of 75% moisture173

(Tayler, 2018). The minimum reductions for all VIP and most UD sludge can be achieved by commonly174

deployed dewatering processes. High dewatering requirements for individual samples of ST and UD sludge175

are associated with exceptionally high ash contents >80% (Figure 3). The low dewatering requirement of176

one ST sample to >80% is attributed to a calorific value >25MJ/kg. Interestingly, a small number of VIP177

and UD samples meet maximum moisture requirements without prior treatment. For FS pyrolysis, limits178

of moisture content to achieve net energy recovery were estimated between 55-65% for pit latrines (Bond179

et al., 2018) and 57% for septic tanks (Liu et al., 2014). These requirements were met by three UD samples,180
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Figure 4: Minimum dewatering requirements for thermal treatment of faecal sludge, including the dewatering limit (Getahun
et al., 2020), limits for solids-liquid separation, sludge cake and mechanical dewatering, and typical moisture contents achievable
by dewatering (Tayler, 2018). Arrows point to the target moisture concentration at which the calorific value equals the
theoretical energy demand for thermal drying.

but the findings show the importance of considering other properties such as the energy content of FS from181

individual containments, which are not accounted for by generalised moisture thresholds.182

An advantage of thermal treatment processes are the high throughput and subsequent small space re-183

quirements, compared to systems with long retention times such as drying beds. The findings demonstrate184

that energy independent operation of thermal treatment in combination with space saving mechanical de-185

watering processes may be feasible for STs, in combination with previous solid-liquid separation. The small186

resulting overall footprint could help address difficulties in obtaining suitable treatment sites in densely187

populated areas. The majority of FS from VIPs and UDs will require non-mechanised solutions such as188

unplanted drying beds with larger space requirements. Note that the energy balance and associated de-189

watering requirements may also be improved by co-processing with carbonaceous waste, as studied for the190

treatment of FS and human faeces with other biomass (Somorin et al., 2017; Hafford et al., 2019; Krueger191

et al., 2020).192

10



Correlation analysis193

The previous section demonstrated the strong dependency of dewatering requirements on the calorific194

value and associated ash content. Strong linear inverse correlation between the latter parameters was195

expected, as evident from Figure 5, and can be expressed by following equations:196

Calorific value [MJ/kg] = −0.25AC + 24.08, R2 = −0.95

Fixed carbon [%] = −0.16AC + 16.43, R2 = −0.81

Carbon [%] = −0.50AC + 54.51, R2 = −0.94

Hydrogen [%] = −0.08AC + 7.67, R2 = −0.91

where: AC = Ash content of dried solids [%]197

The ash content can be determined by inexpensive and simple methods, and could therefore serve as198

preliminary proxy to estimate thermally relevant FS characteristics. Literature values for ash content,199

calorific value, carbon and hydrogen concentrations in both FS and faeces largely fall within the 95%200

confidence interval of linear regression established from the data in this study. The fixed carbon content201

shows poorer correlation compared to the aforementioned parameters. Such correlation with the ash content202

also appears to be a poor proxy for fixed carbon, considering the poor fit with values reported in literature.203

This may also be attributed to a lack of standardisation in both sampling and analytical procedures in FS204

research.205

Inorganic properties206

The solid residue after thermal treatment will either contain residue carbon in the form of char resulting207

from thermal decomposition, or be ash following complete oxidation or gasification. Inorganic constituents208

will therefore concentrate in the residue, but may undergo transformation as a result of high temperatures209

(He et al., 2010; Qian and Jiang, 2014; Udayanga et al., 2018). Depending on the process, these constituents210

can also be lost partially as particulate matter to the gas and vapour phases (Williams, 2005a). Figure 6211

shows the concentrations of nutrients and heavy metals measured in FS. Table 2 summarises results from212

the statistical analysis.213

There is strong evidence that phosphorus, potassium, calcium and magnesium concentrations in ST214

sludge are significantly different compared to both UDs and VIPs. Compared to STs, median concentrations215

of phosphorus and potassium were 3.4 and 3.8 times higher respectively in VIPs, and 3.0 and 8.8 times higher216

in UDs. Lower phosphorus concentrations in ST sludge compared to other sanitation technologies have been217
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Figure 5: Ash content correlations of faecal sludge in this study. Data from literature was not considered in the linear regression
(Liu et al., 2014; Hübner et al., 2016; Onabanjo et al., 2016; Onabanj et al., 2016; Lu et al., 2017; Somorin et al., 2017; Fakkaew
et al., 2018; Gold et al., 2018a; Hafford et al., 2019; Hübner et al., 2019)

suggested in previous work (Krueger et al., 2020), and were attributed to the in-situ treatment mechanisms.218

The main operational principle in STs is solid-liquid separation to remove the settleable solids from the flush219

water (Cairncross and Feachem, 2018). Firstly, >50% of phosphorus and potassium in human excretion is220

contained in the urine (Larsen and Gujer, 1996; Heinonen-Tanski and van Wijk-Sijbesma, 2005; Rose et al.,221

2015), and can therefore largely be expected to leave in the ST effluent. The solids in STs are estimated222

to retain only 20-30% of influent phosphorus (Lusk et al., 2017). Secondly, the remaining concentrations223

of phosphorus in the settled solids are converted into soluble orthophosphate over time and washed out in224

the effluent (Gill et al., 2009), causing further depletion of nutrients in the FS. While there may be seepage225

of liquid from VIPs and UDs into the subsurface, both systems do not use flush water and would therefore226
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Figure 6: Inorganic faecal sludge characterisation data for three sanitation technologies

experience these mechanisms to a comparably minor extent. The FS from correctly operated UD systems227

does not receive the nutrients contained in urine, but benefits from minimising potential nutrient losses228

from seepage to the subsurface strata in the liquid phase. Generally, the concentrations of phosphorus and229

potassium in this study agree well with reported ranges for different wastewater sludges (Metcalf & Eddy,230

2003). The concentrations in ST sludge fall within the ranges of 0.7-1.8% and 0-2.5% of phosphorus and231

potassium respectively, reported for digested primary sludge. Sludge from UDs and VIPs corresponds to232

the range of 1.2-4.8% for phosphorus reported for undigested activated sludge, whilst exceeding the typical233

limit of 0.6% reported for potassium. These findings support the proposal that nutrients concentrated in234

the solid products of thermally treated FS could be recovered as fertilisers, as is done following sewage235

Table 2: P-values of Mann-Whitney U hypothesis testing for differences in nutrient concentrations between three sanitation
technologies

Compared populations Calcium Magnesium Phosphorus Potassium
Ventilated improved pit latrine

<.001 <.001 <.001 .005
Septic tank

Ventilated improved pit latrine
.054 .970 .241 .001

Urine diverting dry toilet
Septic tank

.031 <.001 .002 .003
Urine diverting dry toilet

Mann-Whitney U Test, nVIP=nUD=nST=10, α=0.05
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sludge incineration (Herzel et al., 2016) or pyrolysis (Racek et al., 2019). It further highlights the necessity236

of taking the sanitation technology into account when considering the recoverable levels of phosphorus and237

potassium in FS following a thermal treatment process.238

The heavy metal concentrations across all sanitation technologies fall within the lower 5% of typical239

concentration ranges found in the dry solids of wastewater (Metcalf & Eddy, 2003). Heavy metals are not240

normally considered to be of concern in FS from domestic sources (Strande et al., 2014; Tayler, 2018).241

This was confirmed by the concentrations observed in this study, which all comply with US EPA limits for242

exceptional quality biosolids applied to land (Walker et al., 1994) and the European Directive for sludge used243

in agriculture (EEC, 1986). Despite these low concentrations in the raw feedstock, the relative increase in244

concentration of the heavy metals in the solid residue after thermal treatment should be monitored. Recent245

technical literature has highlighted concerns over inappropriate disposal of items such as batteries in onsite246

systems, which may cause elevated heavy metal concentrations in the FS and resulting residues (Strande247

et al., 2014). This is particularly applicable for the production of char, where recent guidelines for the248

application of biochar to land require considerably lower heavy metal limits compared to those for sludge249

(EBC, 2019).250

4. Conclusions251

This study assessed thirty FS samples taken from three sanitation technologies at the point of discharge252

to the treatment site, to inform the development of thermal treatment processes. The following conclusions253

were drawn:254

• Meaningful sample characterisation informing the thermal treatment design of both manually and255

mechanically emptied FS can be performed by using simple, improved sampling protocols256

• For more than 90% of samples the minimum required moisture reduction necessary before thermal257

treatment processes can be achieved in commonly applied dewatering systems such as drying beds.258

The minimum required reduction for a majority of ST sludge can be met within the mechanical259

dewatering limit.260

• The type of sanitation technology has a significant influence on the relevant FS properties, such as261

the ash content. The comparison of ratios between fixed carbon and volatile matter, and between262

hydrogen and carbon, indicated significant compositional differences in FS from STs, compared to263
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UDs and VIPs. These differences will need to be taken into consideration in the development of264

thermal treatment processes.265

• Thermal treatment processes will need to accommodate for a large variability in feedstock properties266

such as calorific values between 2.1-25.7MJ/kg and ash concentrations between 9.5-88.4% as observed267

for ST sludge.268

• The recovery potential of nutrients for use in agriculture (phosphorus, potassium, calcium, magnesium)269

through thermal treatment is significantly higher in the case of sludge from VIPs and UDs. Compared270

to STs, median concentrations of phosphorus and potassium in VIPs were 3.4 and 3.8 times higher271

respectively, and 3.0 and 8.8 times higher in UDs. This is most likely due to intrinsic treatment272

mechanisms causing nutrient depletion in sludge from STs. Heavy metal concentrations should be273

monitored, but are of subordinate concern.274

The design of thermal treatment processes specifically requires information on the heating value, proxi-275

mate and CHN analysis of the feedstock (Basu, 2010). Data and analysis presented in this study can therefore276

form the basis of future modelling, experimental and scaled research, accounting for the significant influence277

that the sanitation technology can have on the FS composition. This applies to the thermally relevant char-278

acteristics, as well as recoverable nutrient concentrations and can therefore inform future techno-economic279

analyses. To further assess the viability of thermal processes for FS treatment, the findings of this study will280

need to be validated by FS analysis in other geographical regions. Further study is required to determine the281

parameters within which thermal treatment plants can operate with a positive energy balance, to identify282

the thermal degradation mechanisms specific to FS and to investigate the recovery and reuse of nutrients in283

the solid treatment products of such processes.284
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