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Figure 10.5 Crop irrigation with untreated wastewater is still practiced in many low- and middle-income countries 

Yaoundé, Cameroon (photo: Linda Strande). 

of protective measures depending on the level of treatment should be adopted for human health 
protection. These include crop restrictions, irrigation technique, harvesting periods, food preparation 
measures and exposure control (WHO, 2006).

Koottatep et al. (2005b) examined the effect of using leachate from planted drying beds for irrigation 
in a six year study in Thailand where sunfl owers were grown under different irrigation conditions. 
Different plots were irrigated with water containing varying amounts of leachate and the results on 
plant growth were observed. The experiment showed that sunfl ower plant growth was not hindered 
by the leachate, and was in fact improved. The seed and oil yields increased when leachate was used 
for irrigation (Figure 10.6), the best ratios being 20% and 50% leachate. Slightly lower yields were 
observed with 100% leachate, probably due to the high salinity leachate.

 
Figure 10.6  Average sunfl ower seed yields and oil content of sunfl ower seeds, irrigated with different fractions of 

drying bed leachate (Koottatep et al., 2005b).  
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10.6 ADDITIONALFORMS OF RESOURCE RECOVERY

In addition to using endproducts from FS management as soil amendments and for water reclamation, 
there are many other opportunities for resource recovery depending on the type of treatment and 
processing technologies. Possibilities include food and agricultural uses (e.g. protein, fodder, fi sh), or 
energy reclamation (e.g. biofuels).

10.6.1 Protein
The Black Soldier fl y (BSF) larvae (Hermetia illucens) can be used as a conventional protein and fat 
source for poultry and fi sh feed, and could readily replace fi shmeal as a key component of animal 
feed (St-Hilaire et al., 2007). The larvae grow while feeding on organic matter, such as FS and organic 
wastes. The last larval stage, the prepupa, has a high protein and fat content. The risks are very low that 
the BSF is a vector for disease transmission, as it does not feed during the adult stage when it can fl y 
(Sheppard et al., 1994). The use of FS as a feed source for fl y larvae has been successfully demonstrated 
(Nguyen, 2010). However, a mixture of FS and organic municipal waste can achieve higher and faster 
larvae biomass production (Diener et al., 2009). BSF larvae have the potential of reducing the volume of 
organic waste by about 55% and the residue remaining after digestion can be composted or anaerobically 
digested to produce a soil conditioner. It will however be lower in nitrogen and phosphorus than raw 
organic wastes (Diener et al., 2009). BSF larvae grown only on FS with a dry matter content of 40%, 
can convert one ton of FS into 20 kg of dried prepupa, with a protein content of 35-44% (Nguyen, 
2010). This research is still in developmental stages, and needs to be evaluated on a case by case basis 
to determine whether the treatment option would be appropriate, if there is a market for endproducts, 
and if other factors such as climate and availability of organic matter are conducive to the growth of BSF.

10.6.2 Fodder and plants
The plants used in drying beds should be harvested regularly to aid in sludge removal, but can also be 
harvested more frequently because they have a commercial value that can generate additional revenue. 
Uses of plants from drying beds include ornamental arrangements, use in compost, or as fodder for 
livestock (Case Study 10.1). The choice of plants to be grown on the beds should be selected taking the 
local conditions and market into consideration. In this way, the species that will grow well in drying 
beds, and which have the potential to generate the most income will be planted (for more information 
refer to Chapter 8). The growing of plants on drying beds have also been shown to have an increased 
productivity compared to traditional growing methods. For example, more than 900 shoots/m2 of 
Echinochloapyramidalis have been reported with full scale planted dewatering beds in Dakar after 21 
weeks of growth (Tine et al., 2009), and in Cameroon, up to 150 dry tons/ha/year (approximately 750 
fresh tons /ha/yr) of E. pyramidalis were reported (Kengne et al., 2008). 
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Case Study 10.1: Market value of fodder grown in drying beds in Cameroon

A socio-economic survey conducted in three cities of Cameroon (Douala, Yaoundé and Garoua) to 

assess the market potential of E. pyramidalis has shown that the daily quantities of marketed forage 

vary between 5 and 8 tons of fresh weight in the dry and rainy season respectively (Figure 10.7). This 

fodder plant is used by breeders to feed horses, goats, sheep, dairy cows, rabbits, greater cane rats 

(Thryonomys swinderianus) and guinea pigs (Figure 10.8).

Figure 10.7  Antelope grass is a highly prized fodder in urban and peri-urban areas (photo: Ives Kengne).

E. pyramidalis is marketed in the urban and peri-urban centres and the price varies throughout the 

year according to its quality (dry or fresh), quantity and availability. Prices obtained varied according 

to the seasons from 0.1–0.2 USD to 0.2–0.3 USD/kg fresh weight, generating a daily income varying 

between 500–1,000 USD and 1,600–2,400  USD in dry and rainy seasons, respectively.

Figure 10.8 Range of animals being fed on E. pyramidalis (antelope grass) in Yaoundé, Cameroon.
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10.6.3 Fish and plants
The nutrients in FS can be harnessed for use in aquaculture, when growing fi sh in stabilisation ponds 
with the effl uent from FS treatment plants. The nutrients can increase the growth of plankton, or 
increase the growth of aquatic plants such as duckweed, water spinach, or water mimosa. Plankton can 
be harvested for use as fi sh feed in aquaculture, and aquatic plants can be harvested for animal feed or 
human consumption. Fish bred in ponds with FS can be used as animal feed, and are also sometimes 
used for direct human consumption. In the case of direct consumption, certain precautions have to be 
taken to prevent pathogen transmission and adverse health effects.

Although fi sh are not susceptible to human pathogens, they can be carriers of them. Faecal bacteria can 
accumulate in the internal organs and gills of fi sh. Protective barriers to prevent transfer to humans 
include cooking fi sh thoroughly before consumption, transferring the fi sh into clean water ponds for 2 
to 3 weeks before consumption, or maintaining a faecal coliform count of less than 1,000 FC/100mL 
(WHO, 1998). Fish can also act as intermediate hosts to Helminths, which is a concern with FS. In areas 
where schistosomiasis is endemic, fi shery workers may be exposed to snails, which are vectors of the 
disease. Preventive measures include using treated FS, wearing protective clothing such as boots, and 
removing vegetation on the banks of the ponds to reduce snail growth (Cairncross and Feachem, 1983).

Another concern is that there is inadequate knowledge of the technical aspects of using FS or wastewater 
in aquaculture, thereby making control of operating parameters more of an art than a science, and 
leading to potential problems such as the rapid eutrophication of ponds due to excess nutrients.

10.6.4 Building materials
Dried FS can be used in the manufacturing of cement and bricks, and in the production of clay-based 
products. This resource recovery option captures the material and chemical properties of FS, at a trade-
off of their nutrient value not being utilised. The presence of pathogens is less of a concern as human 
contact is reduced, and high manufacturing temperatures result in the killing off of pathogens. 

Dried wastewater sludge and FS have been shown to have similar qualities to other traditional raw 
building materials such as limestone and clay materials (Jordán et al., 2005; Lin et al., 2012). FS is 
commonly used in cement production in Japan as an alternative fuel in the kiln, and/or by incorporating 
the ash resulting from FS incineration into the cement (Taruya et al., 2002).

Another possible method of integrating FS into cement manufacturing is to stabilise and dry the 
sludge through treatment with lime. Rodriguez et al. (2011) describe a process where 20 to 30% lime 
(CaO) is added to wastewater sludge, which triggers degradation of organic matter and hydration of 
the CaO. The reaction between lime and the sludge is exothermic and therefore favours sludge drying 
(the temperature increases from 20oC to 100oC). The product obtained after lime treatment has a 
powder-like texture with a particle size smaller than 40 µm and can be used as a raw material instead of 
limestone in cement manufacturing (Rodríguez et al., 2011).The authors claim that this form of sludge 
dewatering is more energy effi cient than other processes due to the exothermic reaction of lime and 
sludge generating enough heat to promote evaporation without requiring the use of fossil fuels.

FS can also be used in the manufacture of ceramics. Experiments carried out by Jordan et al. (2005) 
showed promising results for the incorporation of FS into the ceramic processing mixture. Amounts 
of dried sewage sludge varying from 1-10 wt.% were incorporated in the manufacture of clay. Results 
showed that the addition of wastewater sludge increased the permeability of clay, and reduced its 
bending strength (Jordán et al., 2005).
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Figure 10.9  Energy recovery options from faecal sludge.

10.6.5 Biofuels
As summarised in Figure 10.9, there are several biological and thermal options for the production of 
energy from FS. These technologies have been receiving increased interest due to the considerable 
demand for sustainable biofuels. Possible technologies include anaerobic digestion, which yields biogas, 
heat, and digestate (sludge); pyrolysis or gasifi cation, which yields biochar, oils and gasses; biodiesel, 
which can be produced through fermentation or successive chemical reactions; and incineration or co-
combustion of dried FS. Energy recovery harnesses the energy potential of organic matter in FS, but 
frequently at a trade-off of nutrient recovery. 

Biogas
The anaerobic digestion of FS produces a mixture of gaseous compounds, commonly referred to as 
‘biogas’. The mixture of gasses that is commonly produced is presented in Table 10.7. The mixture and 
amount of gas produced depends on operating parameters such as stability of the sludge, COD of the 
sludge, and temperature. Biogas has a high energy content due to the high calorifi c value of methane 

Table 10.7  Gases produced during anaerobic digestion (adapted from Bates, 2007)

Substance Symbol Percentage (%)

Methane CH4 50-70

Carbon dioxide CO2 30-40

Hydrogen H2 5-10

Nitrogen N2 1-2

Water vapour H2O 0.3

Hydrogen sulphide H2S Traces
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and can therefore be used as a fuel. The gas can be used directly for applications such as cooking fuel, but 
if used in engines should be ‘scrubbed’ prior to use to remove the hydrogen sulphide to avoid corrosion. 
Table 10.8 presents equivalents of common fuels compared to 1 Nm3 of biogas. Large and small scale 
anaerobic digestion facilities have the same equipment requirements, the cost of which can sometimes 
be prohibitive for small scale applications. Smaller scale applications also tend to be more sensitive 
to shock loadings and process changes than larger scale plants, making the latter easier to manage. 
Electricity generation from biogas is not always practical on a small scale. For example, the anaerobic 
digestion of organic waste generates about 100-200 Nm3 of biogas per ton of municipal organic waste 
(Claassen et al., 1999). Taking a 25% conversion effi ciency of biogas into electricity, 1m3 of biogas 
can generate 1.51 kWh (Cuéllar and Webber, 2008). Therefore the anaerobic digestion of one ton of 
municipal organic waste could produce a maximum of about 320 kWh, which is suffi cient to operate 
one 100 W light bulb for around 132 days, or 3,200 100 W light bulbs for 1 hour. In this case it would 
be more feasible to use the biogas as a cooking gas (or as a fuel) for local district lighting.

The solids fraction remaining after anaerobic digestion can also be utilised for any of the enduses 
described for FS, but may require further treatment depending on the choice. The degree of pathogen 
destruction during anaerobic digestion depends on the operating temperature. Thermophilic digestion 
(>50oC) will result in signifi cant pathogen reduction, but mesophilic conditions (30-38oC) do not 
guarantee pathogen inactivation. Maintaining a well-mixed reactor also increases the degree of 
pathogen deactivation as it prevents the formation of dead zones in the reactor (Smith et al., 2005).

Incineration/co-combustion
Incineration is the complete combustion of organic matter at high temperatures, and can either be 
a disposal mechanism, or provide a way to generate electricity or heat. Incineration of wastewater 
sludge is relatively common in Europe and US. Incineration reduces sludge to ash (10% of its initial 
volume) which is mainly composed of remaining inorganic material, and at the same time destroys all 
pathogens due to the high processing temperatures (Werther and Ogada, 1999). Several methods of 
incineration and co-combustion are possible with FS and these are summarised in Figure 10.10. Ashes 
remaining after incineration can either be disposed of, or utilised as raw materials for the manufacture 
of construction materials.

The calorifi c value of wastewater sludge typically ranges from 10-29 MJ/kg, while the calorifi c value of 
FS is reported to be 17 MJ/kg solids; compared to an average coal value of 26 MJ/kg (Murray Muspratt 
et al., 2014). Sludge can be co-combusted with coal in coal-fi red power plants or other industrial 
applications such as cement kilns (Figure 10.11; Rulkens, 2008). The direct injection of dewatered FS 
can reduce NOx emissions from a cement kiln by 40% and produces 30% less CO2 emissions compared 
to when sludge is incinerated (Taruya et al., 2002). The use of FS as a fuel will only be fi nancially 
sustainable if the fi nancial gains outweigh the economic and environmental costs of suffi cient drying 
prior to combustion.

Table 10.8  Biogas fuel equivalents at 15°C and atmospheric pressure (adapted from Bates, 2007) 

Energy Source Equivalent to 1m3 of biogas

Petrol 0.53 - 0.75 L

Diesel 0.48 - 0.68 L

Firewood 1.50 kg

Electricity 1.51 kW/h

LPG 0.46 kg
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Figure 10.10  Different options for the combustion of sludge (adapted from Werther and Ogada, 1999).

Incineration can produce gases that contain pollutants which can enter the atmosphere. A gas treatment 
system for the removal of pollutants prior to off-gassing is typically very expensive (Rulkens, 2008). 
Despite the high nitrogen content of FS, it has been shown that the emissions of nitrous oxides are in 
fact lower from sludge incineration than from coal incineration. The emissions of dioxins and furans 
from sludge incinerators are also lower than from waste incinerators (Werther and Ogada, 1999).

Pyrolysis/gasifi cation
Pyrolysis is based on the principle of heating in an oxygen-depleted environment. The absence of 
oxygen prevents combustion from occurring, and hence yields carbon-based endproducts that are 
different from those produced during incineration. These endproducts include (bio)char, oils and 
gases, the quantity of each depending on the processing temperature and presence of gasifying agents. 
At temperatures above 700oC gasifi cation occurs, which favours the production of syngas (H2 and CO), 
whereas temperatures between 350-500oC results in pyrolysis, thereby yielding a larger quantity of 
char, and gas with more compounds (e.g. CO2 and CH4). Both endproducts can be used as fuels, and the 
gasses produced can also be recovered (Rulkens, 2008). Reported calorifi c values for syngas from the 
gasifi cation of wastewater sludge are similar to that produced from coal (7-9.5 MJ/m3) (Domínguez et 
al., 2006).
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Figure 10.11  FaME (Faecal Management Enterprises) project pilot scale kiln for combustion of faecal sludge to heat 
oil in industrial processes, Thies Polytechnical University, Senegal (photo: Linda Strande).

Char can be used in furnaces and kilns in the same way as coal, but an energy analysis should be 
considered to ensure that the production of char from wet sludge has a net positive energy gain. Char 
can also be used as a soil conditioner; however, there is still some debate around the benefi ts. As char is 
a highly porous material, it is thought that this will increase the surface area in soils, and hence improve 
water retention and aeration capacity (Chan et al., 2007). This technique is commonly compared to 
the ‘terra preta’ soils in the Amazon resulting from usage patterns of ancient civilisations. However, 
char does not provide available organic matter and nutrients present in compost as these are lost in the 
pyrolysis or gasifi cation process. Growing trials with char have shown both plant yield suppression and 
plant yield increases. Char can also potentially deplete nutrients in the soil if they are absorbed (Brown, 
2011). It therefore appears that it is more benefi cial to use char as a fuel than a soil conditioner. There is 
however a need for additional research to further characterise the properties of char, the dependence on 
manufacturing conditions, and the effects on soil (Manyà, 2012). To date, information is only available 
based on wastewater sludge (biosolids) and not with FS, although research is currently being conducted 
as part of the Reinventing the Toilet Challenge (RTTC) programme of BMGF.

Conventional pyrolysis is carried out with relatively dry materials (Figure 10.12), whereas hydrothermal 
carbonisation (HTC) is a different type of pyrolysis that allows handling of wet materials. Hydrothermal 
carbonisation or hydrous pyrolysis is the thermal degradation of biomass in the presence of subcritical 
water and in the absence of oxygen (Libra, 2011). The solid yielded from this process is referred to 
as hydrochar to distinguish it from char obtained from dry pyrolysis. Hydrochar is reported to have a 
highly porous nanostructure, which can be utilised for ion binding, pollutant or water absorption, or as 
a scaffold for particle binding of catalysts (Titirici et al., 2007). Berge et al. (2011) produced hydrochar 
from anaerobically digested wastewater sludge and found that its carbon content was lower than 
the initial feedstock, indicating an ineffective carbonisation. Possible reasons reported for this are an 
incomplete initial hydrolysis step, the slightly basic pH of digested sludge and its stabilised state, and 
being less prone to changes in carbon content (Berge et al., 2011). Further research is required in the 
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fi eld of HTC and its applications to biomass degradation. Overall, there is less literature available on 
HTC than dry pyrolysis and char, probably due to the intense research interest that the discovery of 
the ‘terra preta’ soils instigated in char research (Berge et al., 2011), and the high energy and pressure 
requirements of HTC.

Gasifi cation is made up of a series of chemical and thermal steps: drying, pyrolysis, oxidation and 
reduction (Dogru et al., 2002). This process mainly produces a synthetic gas, or syngas, which is made 
up of carbon monoxide (CO), carbon dioxide (CO2), hydrogen gas (H2) and other trace elements. 
Syngas has a high energy content and can be either directly used for electricity generation in gas engines 
and turbines, or it can be further processed to obtain liquid fuel. It has been reported that gasifi cation 
yields 37% more energy than pyrolysis (Nipattummakul et al., 2010). Dogru et al., (2002) obtained gas 
with a calorifi c value of 4 MJ/m3 in a bench-scale experiment with a fi xed bed downdraft gasifi er. The 
use of this type of gasifi er is limited to small scale applications as it cannot be easily scaled up, whereas 
circulating fl uidised bed confi gurations, most commonly used for coal applications, are planned to be 
used on an industrial scale for wastewater sludge gasifi cation (Ferrasse et al., 2003).

Hydrogen gas is potentially a valuable renewable fuel, which has the potential to power hydrogen fuel 
cells or hydrogen engines without greenhouse gas emissions. Under the right operating conditions, 
hydrogen can make up a substantial portion of the syngas that is produced, and research efforts are 
focused on optimising processing conditions to maximise hydrogen gas yield. Greater volumes of 
hydrogen gas can be obtained with higher reactor temperatures, and three times as much hydrogen can 
be obtained with steam gasifi cation of sewage sludge than with air gasifi cation (0.076 g gas/sample at 
1,000oC) (Nipattummakul et al., 2010).

Figure 10.12  Iiribogo gasifi cation project utilising corn husks and sawdust, located in Muduuma Sub-county, Mpigi 
District, Uganda (photo: Linda Strande). 
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Other alternatives for biofuel production include the processing of syngas into transportation fuel. 
Syngas can be fermented to produce alcohols such as ethanol. This fermentation is mediated by 
microorganisms, which convert syngas into hydrocarbons. These microorganisms are mesophilic 
and the gases therefore need to be cooled down b efore the fermentation step. Heat recovery during 
the cooling process is possible (Henstra et al., 2007). Another option is to apply the Fischer Tropsch 
process to syngas to obtain biodiesel, which involves a chain of chemical reactions aided by a metal 
catalyst (e.g., cobalt, iron, ruthenium). This process is complex, and applications of producing liquid 
hydrocarbons from biomass are only in the fi rst stages of commercialisation (Srinivas et al., 2007).

Biodiesel
Biodiesels are produced from oils and fats, and therefore the lipids contained in FS have to be harvested 
through extraction processes. Once lipids are isolated, they undergo a base- or acid-catalysed trans 
esterifi cation process using alcohol. The resulting compounds are fatty acid alkyl esters (i.e. methyl, 
propyl or ethyl), which make up the biodiesel. The diffi culty in maximising the extraction of lipids from 
sludge and the associated costs are the main barriers to producing biodiesel from FS (Kargbo, 2010).

Biodiesel can be used in similar applications to conventional fossil fuel-based diesel. Biodiesel has a 
slightly lower heat of combustion than petroleum-based diesel, resulting in about a 10% reduction in 
power when using biodiesel. Also It does however have benefi ts compared to conventional diesel such 
as increasing engine life and producing less exhaust gas emissions (Demirbas, 2009).

Figure 10.13   Screenings from the Niayes faecal sludge treatment plant in Dakar, Senegal (photo: Linda Strande).
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10.7 GRIT SCREENINGS

Screening at the infl uent of treatment plants is essential to prevent clogging of pumps and machinery, 
and to prevent detritus in endproducts (Figure 10.13). Unfortunately, there are not many options for 
resource recovery from these screening solids. The screenings contain a large number of pathogens, 
are odorous, haves a high water content, and a high density and weight. Organic decomposable wastes 
represent the largest constituent of screenings from FS, as also observed for municipal solid wastes in 
low-income countries (Troschinetz and Mihelcic, 2009). Screenings also contain rocks, sand, iron, 
wood, textiles and plastics in various proportions. 

The most common form of disposal is landfi lling. Incineration is usually not an option due to the 
presence of non-decomposable materials in the screenings (e.g. rocks, sand). Composting is an option 
to treat the organic decomposable fraction, potentially co-composted with domestic household solid 
wastes to provide suffi cient readily degradable matter (Koné et al., 2007, Niwagaba, 2009). 
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End of Chapter Study Questions

1. Identify at least six resource recovery options for FS, the associated treatment technologies, 
and their advantages and disadvantages.

2. Describe different options for composting and their advantages and disadvantages. 

3. Char from FS could be used as a soil conditioner or as a fuel. List advantages and disadvantages 
for both resource recovery options.

 
 


