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To char or not to char? Review of technologies to produce
solid fuels for resource recovery from faecal sludge
Nienke Andriessen, Barbara J. Ward and Linda Strande

ABSTRACT

Resource recovery from faecal sludge can take many forms, including as a fuel, soil amendment,
building material, protein, animal fodder, and water for irrigation. Resource recovery as a solid fuel
has been found to have high market potential in Sub-Saharan Africa. Laboratory- and pilot-scale
research on faecal sludge solid fuel production exists, but it is unclear which technology option is
most suitable in which conditions. This review offers an overview and critical analysis of the current
state of technologies that can produce a dried or carbonized solid fuel, including drying, pelletizing,
hydrothermal carbonization, and slow-pyrolysis. Carbonization alters fuel properties, and in faecal
sludge, it concentrates the ash content and decreases the calorific value. Overall, a non-carbonized
faecal sludge fuel is recommended, unless a carbonized product is specifically required by the
combustion technology or end user. Carbonized and non-carbonized fuels have distinct
characteristics, and deciding whether to char or not to char is a key judgement in determining the
optimal solid fuel technology option. Based on the existing evidence, this review provides a decision-
making structure for selecting the optimal technology to produce a faecal sludge solid fuel and
identifies the top research needs prior to full-scale implementation.
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INTRODUCTION

Faecal sludge accumulates in onsite sanitation technologies
and is not transported through a sewer. It is the liquid, slurry
or semi-solid matter that results from the combination of
excreta, flush water, anal cleansing material, and other sub-
stances that are stored inside onsite sanitation technologies
such as septic tanks and pit latrines (Strande et al. 2014).
Onsite sanitation is an appropriate solution to fulfil sani-
tation needs, with appropriate management of the entire
service chain. Currently, 1.8 billion people globally rely on

This is an Open Access article distributed under the terms of the Creative
Commons Attribution Licence (CC BY-NC-ND 4.0), which permits copying
and redistribution for non-commercial purposes with no derivatives,
provided the original work is properly cited (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

doi: 10.2166/washdev.2019.184

Downloaded from https://iwaponline.com/washdev/article-pdf/9/2/210/569206/washdev0090210.pdf

bv auest

faecal sludge management for their sanitation needs
(Berendes et al. 2017). The majority of faecal sludge is not
safely managed or adequately treated, and ends up in the
immediate urban environment, posing a severe risk to
human and environmental health (Peal ef al. 2014).
Valorization of end products from faecal sludge can
serve as an incentive for appropriate faecal sludge manage-
ment (Diener et al. 2014). Revenues from resource recovery
could partially offset operation costs, incentivize proper
operation and maintenance, and stimulate regular emptying
and delivery of faecal sludge to treatment plants. There are
various forms of treatment end products for the recovery
of resources from faecal sludge. Soil conditioners, compost,
and effluent for irrigation are well-established end products


mailto:nienke.andriessen@eawag.ch
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

211 N. Andriessen et al. | Solid fuel resource recovery from faecal sludge

Journal of Water, Sanitation and Hygiene for Development | 09.2 | 2019

(Diener et al. 2014). Other possibilities that are starting to be
implemented include the production of animal feed (from
black soldier fly larvae or fodder crops), incorporation in
building materials, and energy in the form of fuel, electricity
or heat, but limited information is available for implemen-
tation. The type and form of resource recovery should
always meet local conditions and user acceptance, and
whenever possible, should be decided early in the planning
process, so that appropriate treatment objectives can be set
to ensure public health (Reymond 2014). A market-driven
assessment can help to inform which end product is most
marketable in the specific location (Andriessen ef al. 2017).
Research indicates that there is a high demand for solid
fuels in urban areas of Sub-Saharan Africa, especially from
manufacturing industries (e.g. brick and cement industries)
(Diener et al. 2014).

Wood and waste biomass (e.g. coffee husk, rice husk,
and sawdust) are conventionally used as a solid fuel in
many industries in low- and middle-income countries.
Solid fuel products can be either in carbonized or non-car-
bonized forms. Carbonization is often used to convert
dried biomass (e.g. wood) into a fuel that more closely
resembles coal, and can improve the energy density (calori-
fic value) of the fuel. Wastewater sludge is also used as a fuel
in co-combustion with coal or other solid fuels in industrial
setups, both in carbonized and dried form (Werther &
Ogada 1999; Fytili & Zabaniotou 2008). Alternatively, it is
incinerated, with or without energy recovery (Werther &
Ogada 1999). As faecal sludge management has only been
acknowledged as a sustainable solution within the last 30
years (USEPA 1984), resource recovery and treatment
research lag behind research on centralized wastewater
treatment. Full-scale implementations are quite limited;
however, there is a growing body of work on faecal sludge
fuels, based on laboratory- and pilot-scale research. Possible
solid fuel products include dried fuels and char fuels in
powder, pellet, or briquette form.

This review presents relevant laboratory- and pilot-scale
studies on the production of solid fuels from faecal sludge in
order to evaluate what is working, to make recommen-
dations for practitioners, and to identify areas for future
research. The article first defines the range of possible
input faecal sludge characteristics and output end products
and discusses what factors influence the selection of fuel
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type, and technical aspects of technologies to produce
faecal sludge solid fuels. Afterwards, a critical comparison
of technologies and guidelines to select appropriate technol-
ogy and solid fuel end product is presented based on their
required inputs, technical complexity, energy requirement,
land area, and environmental impact.

TECHNOLOGY INPUTS AND OUTPUTS

This review covers faecal sludge that has been dewatered to
at least 20% dry solids (ds) and to solid fuel end products
that are at least 90% ds. Twenty percent ds was selected as
the starting point, because although faecal sludge is typically
<6% ds when it is emptied from onsite containments, tech-
nologies such as drying beds that dewater to 20% ds are
relatively standard (Strande et al. 2014). Following dewater-
ing to 20% ds, further removal of moisture requires drying,
removing bound water in the faecal sludge via evaporation.
As illustrated in Figure 1, the technologies that can produce
solid fuels require varying levels of dewatered or dried faecal
sludge as input material. In this review, unplanted drying
beds, which passively dry faecal sludge to >90% ds to pro-
duce a dried fuel for direct combustion, are considered as
the ‘baseline’ option, to which other technology options
are compared. To produce pellets, conventional pelletizers
that use binders require approximately 70% ds (Nikiema
et al. 2013), the Bioburn pelletizer 30-60% ds (Turyasiima
et al. 2016), and the LaDePa process 20-30% ds (Harrison
& Wilson 2012; Septien et al. 2018). For carbonized options,
pyrolysis requires sludge dried to 70-90% ds as wetter sludge
requires increased energy consumption (Bond ef al. 2018),
whereas hydrothermal carbonization (HTC) functions opti-
mally with dewatered faecal sludge at 20% ds (Fakkaew et al.
2015b). Dewatering and the required level of input dryness
are important considerations when selecting technologies to
produce fuel, as dewatering and drying require varying levels
of time and space depending on the technologies used.

The breakeven point for positive energy recovery from
faecal sludge combustion is as low as 27% ds (Murray
Muspratt et al. 2014), though, in reality, end users prefer
dried fuel. Ninety percent ds is conventionally considered
an appropriate dryness for solid fuel to meet industrial cus-
tomer demands (Gold et al. 2014; Seck ef al. 2015).
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Figure 1 | An overview of technological options for producing solid fuel, starting from dewatered faecal sludge at 20% ds and ending at non-carbonized or carbonized solid fuel end
products. The position of the technology icons from left to right indicates the required dryness of the input sludge for each technology, as indicated by the size of the droplets,

ranging from 20% ds on the left to 90% ds on the right.

CONSIDERATIONS FOR EVALUATING FAECAL
SLUDGE FUELS

A market assessment should always be conducted as a first
step to determine the most appropriate resource recovery
product in the local context. If it becomes evident that
potential customers have an insurmountable aversion
towards using faecal sludge as fuel, another type of resource
recovery product should be considered. Once a market
demand study has identified that solid fuels are the desired
end product, it is important to determine which type of
solid fuel will best meet demand and specific needs of con-
sumers. Specifically, fuel quality and form should be
compatible with the desired end use.

Solid fuels are composed of ds and moisture. The ds con-
sist of combustible material and incombustible ash. The
energy density contained within the fuel is reported as
calorific value, the heat produced during complete combus-
tion of a specific mass of dry fuel. Only the combustible
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material contributes positively to the energy density of
fuel; generally, the higher the ash fraction in fuel, the
lower its calorific value. Standard metrics for solid fuel qual-
ity assessment fractionate combustible material into volatile
matter and fixed carbon (proximate analysis), or into C, O,
H, N, and S (ultimate analysis) (Jenkins et al. 1998). Volatile
matter and fixed carbon both contain energy;, however,
empirical studies of biomass fuels have shown that fixed
carbon has a higher positive impact on a calorific value
than volatile matter (Yin 201). The elemental fractionation
of fuel can also influence calorific value (Sheng & Azevedo
2005; Yin 2011) and provide information about levels of SOx
and NOx emissions produced during combustion (Demirbag
2003).

The qualities of faecal sludge-derived solid fuel end pro-
ducts are affected by the characteristics of the input sludge.
Faecal sludge characteristics are highly variable, depending
on residence time in containment, differences in sanitation
technologies and practices, and numerous other factors
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(Strande et al. 2014). Several studies have reported that
anaerobic digestion decreases the calorific value of recov-
ered solids by reducing the readily degradable organic
fraction (Gold et al. 2014; Bond et al. 2018). For example,
Zuma et al. (2015) measured calorific value throughout a
ventilated improved pit (VIP) latrine. Calorific value
decreased with depth, which was attributed to deeper
layers having a longer residence time over which to degrade.
Decreased calorific value tracked with increased ash frac-
tion in deeper layers of the pit. Although recalcitrant
organic matter remains after stabilization and contributes
to calorific value (Cao & Pawlowski 2012; Murray Muspratt
et al. 2014), the inorganic ash fraction increases as a result of
anaerobic digestion of available organic material, releasing
carbon as methane and carbon dioxide and negatively affect-
ing the energy density of the end product (Murray Muspratt
et al. 2014).

Sand contributes significantly to the ash fraction in
faecal sludge fuels. Infiltration of sand and soil during sto-
rage, ablution, collection, and dewatering on drying beds
decreases faecal sludge fuel quality by increasing the ash
fraction (Seck et al. 2015). Hafford et al. (2019) observed
that 5% of the ash fraction in faeces consisted of sand, com-
pared to 9-39% of the ash fraction in thermally dried faecal
sludge (not dried on drying beds). Sand drying beds can con-
tribute between 6% (Seck et al. 2015) and 20% (Ward ef al.
2017) of additional ash. In Tanzania, the ash fraction in
faecal sludge char produced from sludge dewatered and
dried on unplanted drying beds comprised 77% sand on
average (Mwamlima et al. 2017).

The differences in sand and ash content between faeces,
faecal sludge and faecal sludge char show that the variability
is extremely high, but could potentially partially be con-
trolled with sand reducing measures. Possibilities to keep
sand from contaminating faecal sludge fuel include a geotex-
tile layer on the surface of sand drying beds, or dewatering
and drying with geotubes (Mwamlima ef al. 2017; Ward
et al. 2017). For example, char from faecal sludge that was
dried using geotubes had 14% less sand than char from
faecal sludge that was dried on sand drying beds (Mwam-
lima et al. 2017).

The requirements of end users of faecal sludge fuels
determine the form and quality of the end product. Diener
et al. (2014) reported that industrial end users in Kampala
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were willing to use faecal sludge as a fuel, if its form was
compatible with their existing combustion technologies.
For example, kilns typically require fuel in powdered form
(Diener et al. 2014; Gold et al. 2017), while most gasifiers
and many boilers require densified fuel pellets or briquettes
(Saidur et al. 2011; Ward et al. 2017). When fuels need to be
transported offsite of the treatment plant, pellets work
much better than powder (easier to load and keep from
blowing away during transport) (Stelte ef al. 2011). Fuel qual-
ity also needs to be taken into account: in addition to
reducing calorific value, high-ash fractions can pose techni-
cal challenges for combustion and gasification technologies
due to the formation of metal oxide deposits (Saidur et al.
2011; Ward et al. 2017). Simpler combustion setups like brick-
making kilns do not appear to suffer from ash deposition
issues during pilots conducted with high-ash faecal sludge
fuels (Gold et al. 2017).

With the current state of faecal sludge solid fuel pro-
duction, industrial end users are identified as the main
target market (Diener et al. 2014). Industrial end users
have a less complicated supply chain, more robust combus-
tion technologies, and a constant demand for high volumes
of fuel compared to non-industrial or domestic end users
(e.g. households and schools) (Diener et al. 2014). In
addition, industrial end users are better suited to handle
hazards arising from the use of (not completely pathogen-
free) faecal sludge fuels. Industrial end users are also likely
better equipped to control emissions and maintain air qual-
ity standards (Werther & Ogada 1999). Social acceptance of
using a faecal sludge product may also be easier to obtain for
industrial use (Diener et al. 2014).

However, even when resource recovery efforts are con-
centrated at centralized treatment facilities, faecal sludge
fuel production volume alone may not be able to fulfil the
demand of large industrial customers (Ward et al. 2017).
For example, fuel demand from cement manufacturers in
Dakar and Kampala is 4-40 times higher than the volume
of treated faecal sludge in these cities (Gold ef al. 2017).
Potentially, large-scale demand could also help stimulate
the entire faecal sludge management service chain. Co-man-
agement with other organic waste streams can increase the
volume and quality of faecal sludge fuels produced (Ward
et al. 2017; Hafford et al. 2019). However, candidate waste
streams for co-processing must be critically evaluated, as
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frequently they are already used. Proper co-management
should not dilute high-value fuels with faecal sludge, but
instead combine low-value or valueless waste streams to
create a more useable end product, for example, by briquet-
ting previously unused and difficult to transport powdered
wastes with dewatered faecal sludge (Palmer et al. 2017).
The suitability of co-management will depend on the avail-
ability and properties of organic waste streams.

TECHNOLOGY OPTIONS

Once the qualities of the input faecal sludge (calorific value,
ash, and available volumes) and intended end use (a type of
end user and consequent requirements for form and output
dryness) have been identified, available technologies that
meet these requirements can be assessed. In this section,
technologies are divided into those producing non-carbo-
nized and carbonized fuels. For each group of
technologies, typical end product fuel qualities are pre-

sented, followed by a detailed overview of each technology.

Non-carbonized fuel

Dried faecal sludge is directly combustible. Summarized in
Table 1 are fuel characteristics of dried faecal sludge and
faeces reported in the literature. Murray Muspratt et al.
(2014) were the first to report the calorific value of faecal
sludge for use as a solid fuel. They observed the calorific
value of faecal sludge to be fairly consistent across cities;
however, subsequent studies have observed more variations
(Table 1). In general, the calorific value of faecal sludge is
comparable to that of anaerobically digested wastewater
sludge, which could be explained by partial digestion
during storage in containment. The ash content is higher
in faecal sludge than in wastewater sludge, which is likely
due to the introduction of sand and soil during storage, col-
lection, and treatment. The values reported in Table 1 show
a lower calorific value for dried faecal sludge than for dried
faeces. This is likely due to factors affecting the material
during storage in the containment, such as the breakdown
of energy-dense bonds in readily degradable organic
material over time, and mixing with inert materials. Dried
faecal sludge also has much higher variability than dried
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faeces in both calorific value and ash content, which could
be explained by the aforementioned reasons, and the vary-
ing conditions in containments.

Dried faecal sludge performed comparably to common
biomass fuels in pilot-scale industrial kiln trials (Gold ef al.
2017), although high-ash content may present problems for
more complex combustion or gasification setups unless
they are specifically designed to handle high-ash fuels
(Ward et al. 2017). Upper limits for fuel ash fraction in
cement kilns and power plant boilers have been reported as
15% and 20% dw, respectively (Velis et al. 2012). Gold et al.
(2017) reported a higher range of <60-15% ash as limits for
industrial kilns. In addition to ash fraction, the combustion
temperature, combustion atmosphere, and fractions of
alkali ash and chlorine are important factors in determining
how much sludge to add during co-combustion (Wzorek 2012;
WBCSD 2014). No foul odours have been observed while
burning dried sludge in industrial kilns (Nantambi ef al. 2016).

Drying technologies

Drying of faecal sludge to >90% ds can be achieved either
passively or actively. Passive drying relies on natural mechan-
isms of evaporation (e.g. wind and sun) and does not entail
the addition of energy, for example, on drying beds or other
surfaces. This form of drying can take several weeks to
months, depending on the faecal sludge, treatment design,
loading rates, and climate (Cofie ef al. 2006). For example,
in Tanzania, drying time to dry to >90% ds on unplanted
drying beds varied between 21 and 83 days, for loading
rates between 100 and 200 kg/m?/year (Moto et al. 2018).
Required land area for unplanted drying beds is significant
and is an important consideration for their use in dense
urban areas. For example, at the Cambéréne treatment
plant in Dakar, Senegal (designed for 100 m>/day), drying
beds take up 1,300 m? of land area (Strande ef al. 2014).
Active drying entails supplying external energy as heat
or hot air (thermal drying) (Lowe 1995) or microwaves
(Mawioo et al. 2016), mechanical or manual turning of the
sludge to enhance evaporation (Seck ef al. 2015, Ward
et al. 2017), or mechanical ventilation (Bux et al. 2002).
Active drying is used to accelerate the drying process com-
pared to passive drying, and can increase processing
capacity at treatment plants and/or reduce required land
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Table 1 | Studies that report calorific value (as higher heating value) per dry weight of end product and ash content of faecal sludge, faeces, and representative ranges of wastewater

sludge (all based on dry weight)

Calorific value Ash content

Reference (MJ/kg) (% dw) Location
Faecal sludge
Murray Muspratt ef al. (2014) 19.1 (n=30) NA Kumasi, Ghana

Liu et al. (2014)
Zuma (2015)

Seck et al. (2015)
Koottatep et al. (2016)
Gold et al. (2017)

16.6 (17 = 48) NA
162 (n=102) NA
18.1 (n=NA) 17.1
13.1 (n = 84) NA
122 (n=5) 41.7
169° m=NA)  319°
10.9 (n =NA) 585

Dakar, Senegal
Kampala, Uganda
Beijing, China
Durban, South Africa
Dakar, Senegal
Pathumthani, Thailand
Kampala, Uganda

134 (n=4) 47.0 Dakar, Senegal
Mwamlima et al. (2017) 83 (n=3) 51.3 Dar es Salaam,
Tanzania
Pivot Works Ltd (2017) 16.9 (n=33) 15.7 Kigali, Rwanda
Nyaanga et al. (2018) 13.1 (n=5) 48.3 Nakuru, Kenya
Hafford et al. (2019) 125 (n=6) 44.0 Boulder, USA
143 (n=23) 34.0 Kampala, Uganda
Faeces
Rose et al. (2015) 17.2b 7.5-16 NA
Onabanjo et al. (2016) 24.7 14.6 Cranfield, UK
Somorin et al. (2017) 23.4 18.3 Cranfield, UK
Afolabi et al. (2017) 19.5 13.3 Loughborough, UK
Wastewater sludge ranges
Primary sludge (Fytili & Zabaniotou 2008; Kim & Parker 2008) 23-29 NA NA
Activated sludge (ECN; Fytili & Zabaniotou 2008; Kim & Parker 2008) 16-23 18.2-23 NA
Anaerobically digested sludge (ECN; Fytili & Zabaniotou 2008; Kim & 9-13 14-26 NA

Parker 2008)

The number of samples (n) is in parentheses. NA means that the information was not available.

?Recalculated to dry weight.
PRecalculated based on kcal/kg, design guidelines.

area. For example, Bux ef al. (2002) found that solar drying
with active ventilation by fans could reduce land area by
25% compared to passive drying beds. Manual turning of
sludge on drying beds can reduce drying time by 20-30%
(Seck et al. 2015, Ward et al. 2017).

Pelletizing technologies

Pelletization is the process of compressing biomass into
pellets. Conventional pelletizing machines can be used for
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faecal sludge fuels and also in animal feed and compost
pellet production. These compress the material to form a
pellet and require binders to stick the biomass together.
Potential binders that have been reported to work with
dried faecal sludge are cassava starch, beeswax, clay, ligno-
sulfonates, and molasses (Nikiema ef al. 2014a). Binders
can affect the calorific value of pellets depending on the
calorific value of the chosen binder and the amount used.
Optimum dryness required for conventional pelletizing is
dependent on the type of binder and the type of sludge,
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and has been reported around 70% ds (Nikiema et al. 2013).
Further drying of the pellets is then needed to reach >90%
ds, depending on the requirements of the combustion tech-
nology and end user. One reported conventional pelletizer
is 1.2 m length, 0.5 m width and 1.4 m height, and can pro-
cess faecal sludge at 60-100 kg/hour (Nikiema et al. 2013).

Another type of pelletizer is the Bioburn pelletizer (www.
bioburn.ch). The Bioburn extruder twists the pellets in a heli-
cal fashion during extrusion, which produces stronger pellets
than conventional pelletizers (Nikiema et al. 2014b). The pel-
letizer can process sludge with 30-60% ds compared to the
70% ds required for conventional pelletizers. This difference
in moisture allows for pellets to be formed without the use of
a binder. After processing, faecal sludge pellets produced
with the Bioburn system dried passively to 90% ds in 1
week, compared to several weeks or months on conventional
drying beds (Gold et al. 2016; Ward et al. 2017). Even if not
used for fuel, the Bioburn pelletizing process can increase
the drying capacity of a treatment plant. One Bioburn pelleti-
zer unit has a footprint of approximately 1-2 m? and can
process faecal sludge at a rate of 20-35 kg/hour/pelletizing
unit (wet weight) (Nikiema et al. 2014b; Bioburn AG 2016).
As the system is modular, additional pelletizing units can
be installed to meet processing demand.

The LaDePa (Latrine Dehydration and Pasteurization)
pelletizer technology produces sanitized pellets from faecal

sludge with 20-35% ds, also without a binder. Sludge is
extruded through a grid onto a porous conveyer belt while
partially drying with heated air and then treated with infra-
red radiation to a temperature of 180-220 °C for 8 minutes
to kill all pathogens (Septien ef al. 2018). The end product
is a pellet of approximately 60-80% ds. The LaDePa
machine was developed in response to local challenges in
Durban, South Africa, where thick sludge from VIP latrines
with solid waste needed to be treated. One unit is the size of
a shipping container and can process a maximum of
20 tonne/hour (Nikiema et al. 2013).

Carbonized fuel

Carbonization increases the fraction of fixed carbon and
reduces the fraction of volatile matter, including impurities
such as chlorine and sulfur (Zethraeus 2012; Parshetti ef al.
2013). Reducing volatile matter by carbonizing can also
reduce odours (Shinogi & Kanri 2003), and the high temp-
eratures maintained during carbonization can sanitize the
end product, which might be desired depending on the
intended use of the fuel. Characteristics of carbonized fuel
made from faecal sludge and faeces reported in the literature
are summarized in Table 2. Char can be produced through
two distinct processes, pyrolysis and HTC, which produce
fuels with different characteristics. These processes are

Table 2 | Published proximate analysis results of char from slow-pyrolysis of faecal sludge and faeces, and hydrochar from HTC of faecal sludge and faeces

Source Calorific value (MJ/kg)

Ash content (% dw)

Volatile matter (% dw) Fixed carbon (% dw)

Faecal sludge char

Liu et al. (2014) NA 26.3-62.5 6.3-60.5 13.2-31.2

Mwamlima et al. (2017) 4.7-8.9 63.5-78.6 11.4-17.9 9.5-18.5

Gold et al. (2018) 8.8-12.4 54.5-73.8 6.7-26.1 18.8-23.3

Hafford et al. (2019) 8.6-14.5 55.0-67.9 21.9-30.9 10.2-14.1
Faecal sludge hydrochar

Koottatep et al. (2016) 16.1-28.5 33.2-414 39.8-44.8 12.6-24.6

Afolabi et al. (2017)* 19.3-25.2 21.1-23.6 76.4-78.9 NA
Faeces char

Ward et al. (2014) 13.83-25.57 20.0-50.0 NA NA
Faeces hydrochar

Afolabi et al. (2017) 24.9-25.6 20.8-24.5 75.5-79.2 NA

NA means that the data were not available. The ranges summarize results from varying operating conditions (e.g. temperature and hold time).
aAuthors refer to substance as a *human faecal sludge’, which includes fresh faeces, urine, toilet paper, and flush water. The reported characteristics resemble that of fresh faeces.
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explained in the next sections. Considerably lower calorific
values are reported for faecal sludge char made through
pyrolysis (4.7-14.5 MJ/kg) than for hydrochar made through
HTC (16.1-28.5 MJ/kg). This could be partially due to gener-
ally higher ash fractions in faecal sludge char compared to
hydrochar as a result of better retention of volatile matter
in hydrochar solids (volatile matter is often released as gas
during pyrolysis). Carbonization technology does not
appear to have as significant an effect on fuel quality
when faeces is the feedstock. Faeces pyrolysed at 350 °C
has comparable calorific value and ash content to faeces
hydrochar.

When comparing Tables 1 and 2, two studies show that
pyrolysis does not appear to increase the calorific value of
dried faecal sludge and increases the ash fraction in the
fuel (Mwamlima et al. 2017, Hafford ef al. 2019). Conversely,
HTC reportedly produces hydrochar with a higher calorific
value than dried faecal sludge (from 16.3 MJ/kg dried
faecal sludge to 18.8 MJ/kg hydrochar) (Koottatep et al.
2016). Adding a catalyst increases the reaction rate, but
could affect calorific value positively or negatively. For
faeces feedstocks, both low-temperature pyrolysis (at
350°C) and HTC increase the calorific value compared
to the dried fuel. Pyrolysis at higher temperatures decreases
the calorific value of faecal sludge char (Gold et al. 2018),
and pyrolysis results for faeces show that chars produced
at 450 and 700 °C have lower calorific values than dried
faeces (Ward et al. 2014). The values from Mwamlima
et al. (2017) include char from anaerobically digested
faecal sludge, which had a lower calorific value and vola-
tile matter content, than char from faecal sludge that was
not treated anaerobically.

Carbonizing technologies produce carbonized faecal
sludge in the form of powder or chunks. Carbonized
sludge can be directly combusted, or transformed into bri-
quettes (Mbuba ef al. 2017). Like conventional pellets,
briquettes also need a binder and the same considerations
apply as with using binders for producing pellets. Binders
that have been used with faeces and faecal sludge char
are molasses with lime, cassava starch, and clay (Ward
et al. 2014; Lubwama & Yiga 2018; Nyaanga ef al. 2018).
Dewatered faeces has also been demonstrated as a binder
for char dust from other biomass sources to make briquettes
(Palmer et al. 2017).
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Pyrolysis

Pyrolysis is the thermochemical treatment of biomass by
heating to temperatures between 300 and 700 °C in the
absence (or near absence) of oxygen. Slow-pyrolysis,
which employs heating rates from 1 to 10 °C/min and resi-
dence times in the order of hours, is typically used when
producing solid fuel, as it has higher char yields than pyrol-
ysis processes with higher heating rates. In this article, the
term pyrolysis refers to slow-pyrolysis. If the faecal sludge
is not dry, the initial energy input will go toward volatilizing
the water in the sludge before pyrolysis proceeds. A net posi-
tive energy balance could hypothetically be achieved with
faecal sludge of >65% ds (Liu et al. 2014; Bond et al. 2018).
Pyrolysis can provide calorific value improvement for ligno-
cellulosic biomass (Demirbas 2001). With manure, faeces,
and faecal sludge, this is not necessarily true (Ward ef al.
2014; Mwamlima et al. 2017). Operating conditions during
pyrolysis can determine the composition of the faecal
sludge char (Cunningham et al. 2016). For example, multiple
articles note that a higher pyrolysis temperature increases
the ash content of the end product (Shinogi & Kanri
2003; Cantrell et al. 2012; Liu et al. 2014; Ward et al. 2014).
The upper-range values for ash content of char in Table 2
are all pyrolysed at higher (>600) operating temperatures.
Therefore, it is important to keep tight control over tempera-
ture during operation (Gold ef al. 2018). A lower pyrolysis
temperature (350 °C) is recommended when producing
char for use as a fuel is the objective (Gold et al. 2018).
End product yield (the distribution of how much of which
end product (char, tar or gases) is produced) is also affected
by operating conditions. For optimal char yield, a low
heating rate (slow-pyrolysis) and low temperatures are
recommended (Lehmann & Joseph 2015; Gold et al. 2018),
although gases and tar can also be used as fuel products.
In general, pyrolysis of faecal sludge decreases its calorific
value (Mwamlima et al. 2017; Hafford et al. 2019). For
faeces, pyrolysis could improve calorific value, but only at
low pyrolysis temperatures (300°C) (Ward et al. 2014).
Pyrolysis has been applied at the bench- and pilot-scale
with faecal sludge. Various pyrolysis reactors are available,
which vary in technical complexity. A simple reactor
could consist of two oil drums with a chimney and a gas
burner, like the reactor used in Tanzania by Mwamlima
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et al. (2017), or can be made from bricks as used by
Atwijukye et al. (2018). These simple reactors can be built
locally and are relatively small (<5 m?). To scale up, the
number of units would be increased. More complex reactors
include fixed bed and fluidized bed reactors that are also
used for carbonization of other biomass. These systems
need more technical skill for operation and maintenance,
and commonly have a larger footprint than simple reactors
(Lehmann & Joseph 2015).

HTC

HTC is the thermochemical conversion of wet biomass at
temperatures ranging from 180 to 250 °C for 1-12 hours
reaction time under pressure (>30bar). A char yield of
50-80% is observed, and higher char yields are obtained at
lower temperatures (Afolabi & Sohail 2017a). While there
are multiple studies available on HTC of sewage sludge
(Danso-Boateng et al. 2013; He et al. 2013; Parshetti et al.
2013), HTC of faecal sludge has only been reported by
one group at the Asian Institute of Technology (Fakkaew
et al. 20152, 2015b; Koottatep et al. 2016). They found that
HTC improved the calorific value of the faecal sludge
fuel, from 16 to 19 MJ/kg (Koottatep et al. 2016). Faecal
sludge input with 20% ds was found to be optimal for oper-
ation (Fakkaew et al. 2015b), which eliminates long drying
times on drying beds. Liquid by-products need further treat-
ment to remove organic matter before discharge into the
environment. HTC reactors exist on a pilot scale, but few
full-scale examples exist at this moment (Roman et al
2018). HTC of faecal sludge has been demonstrated in lab-
oratory- and pilot-scale tests, and scaling up will require
research on the behaviour of faecal sludge (e.g. ash content)
in larger reactors. The heat distribution of larger-scale
reactors is sensitive and will require more energy (Fakkaew
et al. 2015a).

HTC has also been demonstrated at a laboratory scale
with microwave technology. In this case, HTC temperatures
are reached with microwaves instead of a conventional elec-
tric heating source (Afolabi & Sohail 2017a, 2017b). It is
proposed that microwave technology could be an option
for mobile processing of faecal sludge (Afolabi & Sohail
2017b).
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CRITICAL COMPARISON

Comparison of technology options

Additional aspects of the technologies discussed above are
compared in Table 3. Passive sludge drying does not use
energy, but requires a large land surface, which is often
not available in dense urban areas. If the land is scarce
and the required energy investment is available, active
drying is worth investigating. The theoretical amount of
energy needed for complete thermal drying from 20% to
90% ds is 1,604 kWh/tonne of dried end product (calculated
from Bond ef al. (2018), calculations in Supplemental Infor-
mation, available with the online version of this paper). That
is very high compared to other active drying options, which
makes it impractical to thermally dry up to 90% ds. Bux
et al. (2002) show that low-temperature solar drying can be
more economical than conventional thermal drying. Manual
turning requires manpower, which may be more cost effective
in some locations, and could reduce land area by 25% com-
pared to passive drying beds (Gold et al. 2014). Where
drying technologies are not available, technologies that can
handle higher moisture content could be more appropriate
than options requiring a high level of dryness. Realistically, a
trade-off between maximizing dryness and minimizing
processing time and surface area is often unavoidable.

A compacted end product (pellets or briquettes) is rel-
evant in contexts where transportation is needed, or
where the market demands fuel in these forms. Pelletizing
requires relatively small energy input compared to the
other processing technologies and can also facilitate faster
drying. For example, the Bioburn pelletizer could reduce
the land area for drying beds by 50% (Ward et al. 2017).
Using binders can elevate costs, as some binders may be
expensive or not locally available (Nikiema ef al. 2014a).
Co-processing with other biowastes can improve the phys-
ical strength of pellets (Turyasiima et al. 2016). The
LaDePa process is an appropriate technology in places
where thicker or dewatered sludge (20-35% ds) needs to
be treated, or where a sanitized final product is required.
With that input, the machine pelletizes and dries sludge in
8 minutes, which, compared to passive drying on drying
beds, increases capacity immensely. However, the energy
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Output Relative required CO, equivalent
Required input dryness Energy input (kWh/tonne Pathogens in land area for (kg/MJ end
Technology dryness (% ds) (% ds) end product) end product technology product)®
Dried sludge 20° 90 NA + 0.00603
(passive drying)
Dried sludge 20° 90 79-101 (low-temperature + o/ NA
(energy required) solar drying)©
252-396 (conventional
thermal drying)©
Conventional 70 70 36-574 + NA
pelletizers with
binders
Bioburn pelletizer 30-60 30-60 64° + . 0.0088
LaDePa 20-30 80 507" - NA
Pyrolysis 70-90 100 2978 0.0502
HTC 20 100 392-5338 . NA

The listed energy inputs are for pre-drying (from 20% ds to technology input) and the technology operation, and do not include additional energy needed for post-drying after processing.
Plus signs (+) indicate the presence of pathogens in the end product. Dots indicate the amount of land area required for a technology, with () indicating small area and (ee*) indicating large

area.
2Egloff & Whett (2017).

PFor the purpose of this paper, calculations started at 20, but for these options, the starting point could be the dryness of the raw faecal sludge.

Bux et al. (2002) (based on wastewater sludge, adapted for drying from 20% ds to 90% ds).

97hao et al. (2010) (based on wastewater sludge).
€Gold (2017).

Nikiema et al. (2013).

8Fakkaew et al. (2015a).

requirements are much higher than drying or other pelleti-
zers, so a constant energy supply needs to be ensured.

HTC operates under high pressure, meaning that proper
operation and maintenance are necessary to ensure safe
operation. Therefore, this technology option should only
be considered for contexts where the operation is performed
by appropriately trained personnel. Additionally, treatment
for the liquid by-products needs to be ensured, which is
also more likely to be feasible on a centralized scale.
Multiple variations on the process are currently in develop-
ment, of which microwave heating reported the lowest
energy consumption. The energy consumption of micro-
wave HTC is 47-57% lower than HTC with an electric
heating source (Afolabi & Sohail 2017a).

Pyrolysis of faecal sludge can reduce the sludge volume,
but has a relatively high energy requirement. The quality of
the fuel is not very high compared to other biomass fuels.
Pyrolysis could be relevant for faeces from container-based
sanitation models where the faeces is collected in portable
containers at the user level, and regularly transported to
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treatment by a designated collection service, but should
not be pursued for faecal sludge.

A comparison of the environmental impact of pelletiz-
ing, carbonizing, and combining both processes to create
fuel from passively dried faecal sludge has been performed
by Egloff & Whett (2017). Their life cycle analysis results
on global warming potential are summarized in Table 3
(in kg CO, equivalent/M] end product). Compared to no
processing (only drying on drying beds to 90% ds), pyrolysis
increases greenhouse gas emissions by 733%, pelletizing by
46%, and the combination of the two processes by 938%.
The impact of pyrolysis on global warming potential has
also been investigated by Houillon & Jolliet (2005), who
evaluated the environmental impact of pyrolysis (among
other processes) with sewage sludge. Production of fuel
through pyrolysis seems to have a higher environmental
impact than non-carbonized fuels. HTC could potentially
reduce greenhouse gas emissions by reducing drying time
(Escala et al. 2013), which strongly affects greenhouse gas
emissions (Houillon & Jolliet 2005; Escala et al. 2013).
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Land area use does not have a large influence on environ-
mental impact, but from an urban planning or faecal
sludge management point of view, land area is a major
point to consider (Egloff & Whett 2017).

All technologies for application with faecal sludge are
currently in development on a laboratory-, bench-, or pilot-
scale, meaning that it is not yet possible to provide a cost
comparison. Future research should be focused on scaling
up relevant technology options to scales relevant for
treatment.

Technology selection

In conclusion, as illustrated in Figure 2, the selection of the
fuel type will depend on: (1) the intended use of the fuel (e.g.
combustion technology, user/handling requirements, and
amount required); and (2) the properties of the input
faecal sludge (e.g. level of stabilization, sand content, and
moisture content). The intention of Figure 2 is to help ident-
ify suitable technology options, which must subsequently be
evaluated for best fit in the local context (e.g. local capacity
for electricity, land, and technical (operation and mainten-

ance) requirements).

DETERMINE
FSQ&Q

- Q&Q suitable for .
solid fuel
production?

l YES

| —

‘Compatible with ]

NO | Waste biomass

To start with, the (expected) characteristics of the input
sludge must be determined. If quality or quantity of the input
faecal sludge does not comply with user needs (e.g. if calori-
fic value or quantity is too low), co-processing with other
biowastes could be an option to improve the faecal sludge
fuel. When there is no land area for drying, and operational
safety can be ensured, HTC or LaDePa could be a solution, as
both technologies can take high moisture sludge (20% ds) as
an input. When the receiving combustion technology is not
capable of handling high-ash fuels, adding another biomass
resource could improve fuel quality and lower the ash frac-
tion. For example, in faecal sludge char from pyrolysis, co-
processing experiments with faecal sludge and sawdust
showed that the calorific value decreased and the percentage
of ash increased linearly with increasing fractions of faecal
sludge (Mwamlima et al. 2017). Adding another biomass
source is also a good way to increase end product volume
to meet high volume demands of industrial consumers, pro-
vided that waste biomass is available in sufficient quantities
for co-processing and at an affordable price.

The decision to char or not to char affects the fuel prop-
erties considerably and is, therefore, a critical factor. The
ash in faecal sludge is concentrated during pyrolysis.

NO RE-CONSIDER

coal combustion =——— PROCESSING

systems?

FS from

| container-based
system?
Transportat|on7

Transportatlon7

1 YES NO —_—
YES

lNO

Transportation?

available? — PRODUCING
. A FUEL
lYES
CO-
Sanitized? | —— LADEPA

(+ fuel form) (+ fuel form) (+ fuel form)
YESl 1!\!0 YESI lNO YESl lNO
HTC/PYROLYSIS + HTC +
HTC PELLETIZING DRYING
PELLETIZING/ HTC/PYROLYSIS PELLETIZING/
BRIQUETTING BRIQUETTING

Figure 2 | Decision tree suggesting a decision basis for selecting appropriate technologies to produce a solid fuel from faecal sludge, starting from the quantities and qualities (Q&Q) of

influent faecal sludge.
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Typically, non-carbonized faecal sludge has a higher calori-
fic value and lower ash content than pyrolysed sludge,
which makes it distinct from other biomass. HTC, in con-
trast, produces hydrochar from faecal sludge with a higher
calorific value than dry sludge. However, operational
requirements do not make it a safe option in many situ-
ations. In cases where the desired end product should be
compatible with coal or charcoal combustion systems and
the receiving combustion technology is capable of handling
high-ash fuels, carbonization is an option. Char is preferred
over dried biomass for co-combustion with coal when very
high-temperature combustion processes are desired (e.g.
for steel or glass production), or when impurities in flue
gas would be detrimental. In cement and brick kilns, co-
combustion with dried biomass does not seem to pose a
problem and is frequently practised (Zethraeus 2012). The
quality of char from sources that are relatively unstabilized
and have low sand content (e.g. faeces, or faecal sludge
sourced from container-based systems) will be better than
char from faecal sludge that typically comes into treatment
plants. In most other cases, non-carbonized fuel should be
favoured, as it is easier and less energy-intensive to produce.

Pelletization or briquetting is compatible with a range of
moisture contents and sludge properties, and can also be
used for co-processing with waste biomass. Both make the
end product fuel more robust for transportation to custo-
mers and could be applied when the receiving combustion
technology is compatible with compressed fuel.

The guidelines presented in Figure 2 fit within a greater
framework of technology selection. Before deciding on a
solid fuel as a resource recovery product, a market assess-
ment should be conducted. Available quantities and
qualities of the input faecal sludge should be assessed and
Figure 2 can be used to generate suitable technology
options. Subsequently, identified technologies should be
evaluated based on local capacities and limitations.

FUTURE RESEARCH NEEDS

To get faecal sludge fuels into practice as rapidly as possible,
research should focus on upscaling of the presented technol-
ogies. For practitioners, this is currently the greatest need.
This includes extended pilot trials of different configurations
of faecal sludge fuels in industrial kilns in collaboration with
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industries, optimization of reactor dynamics in larger reac-
tors, and testing business models for resource recovery-
oriented faecal sludge management. At the same time,
researching ways to improve fuel quality or quantity can
help to build a more robust and desirable product, targeted
at the needs of potential customers. Suggestions include
investigating the removal of sand at treatment facilities,
investigating drying methods that do not increase sand con-
tent (e.g. alternatives to sand drying beds or methods to
reduce sand transfer from drying beds), or optimizing oper-
ating conditions for improved fuel production.

CONCLUSIONS

The key considerations for the use of faecal sludge as a dry
combustion fuel are as follows:

e The work summarized in this paper has only been con-
ducted at a laboratory- or pilot-scale. It is promising for
full-scale implementations, but requires more resources
prior to scaling up.

e In comparison to simple combustion of dried faecal
sludge, pyrolysis is not as beneficial based on fuel quality
and environmental impact.

e All types of resource recovery options should be con-
sidered based on the local context, prior to selecting
end use as a solid fuel.

e Industry is a promising end user of faecal sludge solid
fuels, based on consistent, large-scale demand; prevent-
ing pathogen transmission during handling; and
capacity for reduced emissions.

e Forms of solid fuel need to be selected to be compatible
with existing combustion technologies.

e Governments could improve public health by putting
rules and regulations in place that enable safe resource
recovery (e.g. solid fuel production stimulating the treat-
ment of faecal sludge).

ACKNOWLEDGEMENTS

Funding for this research was provided by the Swiss Agency
for Development and Cooperation (SDC). The authors



222 N. Andriessen et al. | Solid fuel resource recovery from faecal sludge

Journal of Water, Sanitation and Hygiene for Development | 09.2 | 2019

thank Petro Mwamlima and Dr Hassan Rajabu (University of
Dar es Salaam), Hildemar Mendez Guillen (University of
Stuttgart), Laura Stupin (Pivot Works Ltd), Florian Studer,
Markus Studer (Bioburn), Kim Whett, Mirco Egloff, Harry
Spiess, Vincente Carabias-Hiitter, and Luis Lopez de Obeso
(Ziirich University of Applied Sciences) for their contribution.

REFERENCES

Afolabi, O. O. D. & Sohail, M. 2017a Comparative evaluation of
conventional and microwave hydrothermal carbonization of
human biowaste for value recovery. Water Science and
Technology doi:10.2166/wst.2017.164.

Afolabi, O. O. D. & Sohail, M. 2017b Microwaving human faecal
sludge as a viable sanitation technology option for treatment
and value recovery - a critical review. Journal of
Environmental Management 187, 401-415. doi:10.1016/j.
jenvman.2016.10.067.

Afolabi, O. O. D., Sohail, M. & Thomas, C. L. P. 2017
Characterization of solid fuel chars recovered from microwave
hydrothermal carbonization of human biowaste. Energy 134
(Supplement C), 74-89. doi:10.1016/j.energy.2017.06.010.

Andriessen, N., Schoebitz, L., Bassan, M., Bollier, S. & Strande, L.
2017 Market driven approach for faecal sludge treatment
products. In: Paper Presented at the 40th WEDC
International Conference, Loughborough, UK.

Atwijukye, O., Kulabako, R., Niwagaba, C. & Sugden, S. 2018 Low
cost faecal sludge dewatering and carbonisation for
production of fuel briquettes. In: Paper Presented at the 41st
WEDC International Conference, Nakuru, Kenya.

Berendes, D. M., Sumner, T. A. & Brown, J. M. 2017 Safely
managed sanitation for all means fecal sludge management
for at least 1.8 billion people in low and middle income
countries. Environmental Science & Technology 51 (5),
3074-3083. doi:10.1021/acs.est.6b06019.

Bioburn AG 2016 Pelletizing of Faecal Sludge. Available from:
https://www.sandec.ch/seek (accessed 9 May 2018).

Bond, T., Tse, Q., Chambon, C. L., Fennell, P., Fowler, G. D.,
Krueger, B. C. & Templeton, M. R. 2018 The feasibility of char
and bio-oil production from pyrolysis of pit latrine sludge.
Environmental Science: Water Research & Technology
4(253). doi:10.1039/C7EW00380C.

Bux, M., Baumann, R., Quadt, S., Pinnekamp, J. & Miihlbauer, W.
2002 Volume reduction and biological stabilization of sludge
in small sewage plants by solar drying. Drying Technology
20 (4-5), 829-837. doi:10.1081/DRT-120003765.

Cantrell, K. B., Hunt, P. G, Uchimiya, M., Novak, J. M. & Ro, K. S.
2012 Impact of pyrolysis temperature and manure source on
physicochemical characteristics of biochar. Bioresource
Technology 107 (Supplement C), 419-428. doi:10.1016/j.
biortech.2011.11.084.

Downloaded from https://iwaponline.com/washdev/article-pdf/9/2/210/569206/washdev0090210.pdf

bv auest

Cao, Y. & Pawlowski, A. 2012 Sewage sludge-to-energy approaches
based on anaerobic digestion and pyrolysis: brief overview
and energy efficiency assessment. Renewable and
Sustainable Energy Reviews 16 (3), 1657-1665. d0i:10.1016/
jrser.2011.12.014.

Cofie, O. O., Agbottah, S., Strauss, M., Esseku, H., Montangero,
A., Awuah, E. & Kone, D. 2006 Solid-liquid separation of
faecal sludge using drying beds in Ghana: implications for
nutrient recycling in urban agriculture. Water Research
40 (1), 75-82. doi:10.1016/j.watres.2005.10.023.

Cunningham, M., Gold, M. & Strande, L. 2016 Liferature Review:
Slow-Pyrolysis of Faecal Sludge. Available from: https://
www.dora.lib4ri.ch/eawag/islandora/object/eawag®
3A14834/datastream/PDF/view (accessed 17 November
2017).

Danso-Boateng, E., Holdich, R. G., Shama, G., Wheatley, A. D.,
Sohail, M. & Martin, S. J. 2013 Kinetics of faecal biomass
hydrothermal carbonisation for hydrochar production.
Applied Energy 111 (Supplement C), 351-357. doi:10.1016/j.
apenergy.2013.04.090.

Demirbas, A. 2001 Carbonization ranking of selected biomass for
charcoal, liquid and gaseous products. Energy Conversion
and Management 42 (10), 1229-1238. do0i:10.1016/S0196-
8904(00)00110-2.

Demirbas, A. 2003 Sustainable cofiring of biomass with coal.
Energy Conversion and Management 44 (9), 1465-1479.
doi:10.1016/50196-8904(02)00144-9.

Diener, S., Semiyaga, S., Niwagaba, C. B., Muspratt, A. M., Gning,
]J. B., Mbéguéré, M., Ennin, J. E., Zurbrugg, C. & Strande, L.
2014 A value proposition: resource recovery from faecal
sludge — can it be the driver for improved sanitation?
Resources, Conservation and Recycling 88, 32-38. doi:10.
1016/j.resconrec.2014.04.005.

ECN Phyllis2 Database for Biomass and Waste.
Energieonderzoekscentrum Nederland. Available from:
https://www.ecn.nl/phyllis2/ (accessed 19 December 2017).

Egloff, M. & Whett, K. 2017 Life-Cycle Assessment (LCA) of
Energy Resource Recovery Options From Dewatered Faecal
Sludge. https://www.sandec.ch/fsm_tools (accessed 11
October 2018).

Escala, M., Zumbiihl, T., Koller, C., Junge, R. & Krebs, R. 2013
Hydrothermal carbonization as an energy-efficient
alternative to established drying technologies for sewage
sludge: a feasibility study on a laboratory scale. Energy &
Fuels 27 (1), 454-460. doi:10.1021/ef3015266.

Fakkaew, K., Koottatep, T. & Polprasert, C. 2015a Effects of
hydrolysis and carbonization reactions on hydrochar
production. Bioresource Technology 192 (Supplement C),
328-334. d0i:10.1016/j.biortech.2015.05.091.

Fakkaew, K., Koottatep, T., Pussayanavin, T. & Polprasert, C.
2015b Hydrochar production by hydrothermal carbonization
of faecal sludge. Journal of Water Sanitation and Hygiene for
Development 5 (3), 439-447. doi:10.2166/washdev.2015.017.

Fytili, D. & Zabaniotou, A. 2008 Utilization of sewage sludge in
EU application of old and new methods - a review.


http://dx.doi.org/10.2166/wst.2017.164
http://dx.doi.org/10.2166/wst.2017.164
http://dx.doi.org/10.2166/wst.2017.164
http://dx.doi.org/10.1016/j.jenvman.2016.10.067
http://dx.doi.org/10.1016/j.jenvman.2016.10.067
http://dx.doi.org/10.1016/j.jenvman.2016.10.067
http://dx.doi.org/10.1016/j.energy.2017.06.010
http://dx.doi.org/10.1016/j.energy.2017.06.010
http://dx.doi.org/10.1021/acs.est.6b06019
http://dx.doi.org/10.1021/acs.est.6b06019
http://dx.doi.org/10.1021/acs.est.6b06019
http://dx.doi.org/10.1021/acs.est.6b06019
https://www.sandec.ch/seek
https://www.sandec.ch/seek
http://dx.doi.org/10.1039/C7EW00380C
http://dx.doi.org/10.1039/C7EW00380C
http://dx.doi.org/10.1081/DRT-120003765
http://dx.doi.org/10.1081/DRT-120003765
http://dx.doi.org/10.1016/j.biortech.2011.11.084
http://dx.doi.org/10.1016/j.biortech.2011.11.084
http://dx.doi.org/10.1016/j.rser.2011.12.014
http://dx.doi.org/10.1016/j.rser.2011.12.014
http://dx.doi.org/10.1016/j.rser.2011.12.014
http://dx.doi.org/10.1016/j.watres.2005.10.023
http://dx.doi.org/10.1016/j.watres.2005.10.023
http://dx.doi.org/10.1016/j.watres.2005.10.023
https://www.dora.lib4ri.ch/eawag/islandora/object/eawag&percnt;3A14834/datastream/PDF/view
https://www.dora.lib4ri.ch/eawag/islandora/object/eawag&percnt;3A14834/datastream/PDF/view
https://www.dora.lib4ri.ch/eawag/islandora/object/eawag&percnt;3A14834/datastream/PDF/view
https://www.dora.lib4ri.ch/eawag/islandora/object/eawag&percnt;3A14834/datastream/PDF/view
http://dx.doi.org/10.1016/j.apenergy.2013.04.090
http://dx.doi.org/10.1016/j.apenergy.2013.04.090
http://dx.doi.org/10.1016/S0196-8904(00)00110-2
http://dx.doi.org/10.1016/S0196-8904(00)00110-2
http://dx.doi.org/10.1016/S0196-8904(02)00144-9
http://dx.doi.org/10.1016/j.resconrec.2014.04.005
http://dx.doi.org/10.1016/j.resconrec.2014.04.005
https://www.ecn.nl/phyllis2/
https://www.ecn.nl/phyllis2/
https://www.sandec.ch/fsm_tools
https://www.sandec.ch/fsm_tools
http://dx.doi.org/10.1021/ef3015266
http://dx.doi.org/10.1021/ef3015266
http://dx.doi.org/10.1021/ef3015266
http://dx.doi.org/10.1016/j.biortech.2015.05.091
http://dx.doi.org/10.1016/j.biortech.2015.05.091
http://dx.doi.org/10.1016/j.biortech.2015.05.091
http://dx.doi.org/10.2166/washdev.2015.017
http://dx.doi.org/10.2166/washdev.2015.017
http://dx.doi.org/10.1016/j.rser.2006.05.014
http://dx.doi.org/10.1016/j.rser.2006.05.014

223 N. Andriessen et al. | Solid fuel resource recovery from faecal sludge

Journal of Water, Sanitation and Hygiene for Development | 09.2 | 2019

Renewable and Sustainable Energy Reviews 12 (1), 116-140.
doi:10.1016/j.rser.2006.05.014.

Gold, M. Personal communication, 9 November 2017.

Gold, M., Niang, S., Niwagaba, C. B., Eder, G., Murray Muspratt,
A., Diop, P. S. & Strande, L. 2014 Results from FaME (Faecal
Management Enterprises) - can dried faecal sludge fuel the
sanitation service chain. In: Poster Presented at the 37th
WEDC International Conference.

Gold, M., Turyasiima, D., Cunningham, M., Studer, F., Tukahirwa,
S., Nantambi, S., Arnheiter, R., Bleuler, M., Getkate, W.,
Schonborn, A., Niwagaba, C., Babu, M., Kanyesigye, C. &
Strande, L. 2016 Energy recovery with faecal sludge fuels in
Kampala, Uganda. Sandec News 17, 10.

Gold, M., Ddiba, D. I. W., Seck, A., Sekigongo, P., Diene, A.,
Diaw, S., Niang, S., Niwagaba, C. B. & Strande, L. 2017
Faecal sludge as a solid industrial fuel: a pilot-scale study.
Journal of Water Sanitation and Hygiene for Development
doi:10.2166/washdev.2017.089.

Gold, M., Cunningham, M., Bleuler, M., Arnheiter, R., Schonborn,
A., Niwagaba, C. & Strande, L. 2018 Operating parameters of
faecal sludge slow-pyrolysis for three resource recovery
options. Journal of Water Sanitation and Hygiene for
Development doi:10.2166/washdev.2018.009.

Hafford, L. M., Ward, B. J., Weimer, A. W. & Linden, K. 2019 Fecal
sludge as a fuel: characterization, cofire limits, and
evaluation of quality improvement measures. Water Science
and Technology 78 (12), 2437-2448.

Harrison, J. & Wilson, D. 2012 Towards sustainable pit latrine
management through LaDePa. Sustainable Sanitation
Practice 13, 25-32.

He, C., Giannis, A. & Wang, J.-Y. 2013 Conversion of sewage
sludge to clean solid fuel using hydrothermal carbonization:
hydrochar fuel characteristics and combustion behavior.
Applied Energy 111 (Supplement C), 257-266. doi:10.1016/j.
apenergy.2013.04.084.

Houillon, G. & Jolliet, O. 2005 Life cycle assessment of processes
for the treatment of wastewater urban sludge: energy and
global warming analysis. Journal of Cleaner Production
13 (3), 287-299. doi:10.1016/j.jclepro.2004.02.022.

Jenkins, B. M., Baxter, L. L., Miles Jr, T. R. & Miles, T. R. 1998
Combustion properties of biomass. Fuel Processing Technology
54 (1), 17-46. d0i:10.1016/S0378-3820(97)00059-3.

Kim, Y. & Parker, W. 2008 A technical and economic evaluation
of the pyrolysis of sewage sludge for the production of bio-oil.
Bioresource Technology 99 (5), 1409-1416. doi:10.1016/j.
biortech.2007.01.056.

Koottatep, T., Fakkaew, K., Tajai, N., Pradeep, S. V. & Polprasert,
C. 2016 Sludge stabilization and energy recovery by
hydrothermal carbonization process. Renewable Energy 99,
978-985. doi:10.1016/j.renene.2016.07.068.

Lehmann, J. & Joseph, S. 2015 Biochar for Environmental
Management: Science, Technology and Implementation.
Routledge, New York, USA.

Liu, X., Li, Z., Zhang, Y., Feng, R. & Mahmood, I. B. 2014
Characterization of human manure-derived biochar and

Downloaded from https://iwaponline.com/washdev/article-pdf/9/2/210/569206/washdev0090210.pdf

energy-balance analysis of slow pyrolysis process. Waste
Management 34 (9), 1619-1626.

Lowe, P. 1995 Developments in the thermal drying of sewage
sludge. Water and Environment Journal 9 (3), 306-316.
doi:10.1111/j.1747-6593.1995.tb00944 x.

Lubwama, M. & Yiga, V. A. 2018 Characteristics of briquettes
developed from rice and coffee husks for domestic cooking
applications in Uganda. Renewable Energy 118 (Supplement C),
43-55. d0i:10.1016/j.renene.2017.11.003.

Mawioo, P. M., Hooijmans, C. M., Garcia, H. A. & Brdjanovic, D.
2016 Microwave treatment of faecal sludge from intensively
used toilets in the slums of Nairobi, Kenya. Journal of
Environmental Management 184, 575-584. doi:10.1016/].
jenvman.2016.10.019.

Mbuba, J., Nyaanga, D. M., Kabok, P. & Eppinga, R. 2017 Effect of mix
ratios and binders on physical and physical combustion
characteristics of faecal matter-sawdust briquettes. International
Journal of Emerging Technology and Advanced Engineering 7 (4),
94-99.

Moto, N., Esanju, M., Andriessen, N., Kimwaga, R. & Strande, L.
2018 Use of chitosan and Moringa oleifera as conditioners for
improved dewatering of faecal sludge. In: Paper Presented at
the 41st WEDC International Conference, Nakuru, Kenya.

Murray Muspratt, A., Nakato, T., Niwagaba, C. B., Dione, H.,
Kang, J., Stupin, L., Regulinski, J., Mbéguéré, M. & Strande,
L. 2014 Fuel potential of faecal sludge: calorific value results
from Uganda, Ghana and Senegal. Journal of Water
Sanitation and Hygiene for Development 4 (2), 223-230.
doi:10.2166/washdev.2013.055.

Mwamlima, P., Andriessen, N., Rajabu, H. M. & Strande, L. 2017
Characterization and Improvement of Char Quality From
Pyrolyzed Faecal Sludge in Dar es Salaam, Tanzania.
Available from: https://www.sandec.ch/fsm_tools (accessed
11 October 2018).

Nantambi, S., Getkate, W. & Abbo, M. S. 2016 Business Models for
Faecal Sludge Treatment end Products. Available from:
https://www.sandec.ch/seek (accessed 12 March 2019).

Nikiema, J., Cofie, O., Impraim, R. & Adamtey, N. 2013 Processing
of fecal sludge to fertilizer pellets using a low-cost technology
in Ghana. Environment and Pollution 2 (4). doi:10.5539/ep.
v2n4p70.

Nikiema, J., Cofie, O., Asante-Bekoe, B., Otoo, M. & Adamtey, N.
2014a Potential of locally available products for use as binders
in producing fecal compost pellets in Ghana. Environmental
Progress & Sustainable Energy 33 (2), 504-511. doi:10.1002/
ep.11790.

Nikiema, J., Cofie, O. & Impraim, R. 2014b Technological options
for safe resource recovery from fecal sludge. In: Resource
Recovery and Reuse Series, 2nd edn. International Water
Management Institute IWMI) and CGIAR Research Program
on Water Land and Ecosystems (WLE), Colombo, Sri Lanka.

Nyaanga, D. M., Kabok, P., Mbuba, J., Otieno, A., Eppinga, R. &
Irungu, J. 2018 Faecal matter-saw dust composite briquette and
pellet fuels: production and characteristics. In: Paper Presented
at the 41st WEDC International Conference, Nakuru, Kenya.


http://dx.doi.org/10.2166/washdev.2017.089
http://dx.doi.org/10.2166/washdev.2018.009
http://dx.doi.org/10.2166/washdev.2018.009
http://dx.doi.org/10.2166/washdev.2018.009
http://dx.doi.org/10.2166/wst.2019.005
http://dx.doi.org/10.2166/wst.2019.005
http://dx.doi.org/10.2166/wst.2019.005
http://dx.doi.org/10.1016/j.apenergy.2013.04.084
http://dx.doi.org/10.1016/j.apenergy.2013.04.084
http://dx.doi.org/10.1016/j.apenergy.2013.04.084
http://dx.doi.org/10.1016/j.jclepro.2004.02.022
http://dx.doi.org/10.1016/j.jclepro.2004.02.022
http://dx.doi.org/10.1016/j.jclepro.2004.02.022
http://dx.doi.org/10.1016/S0378-3820(97)00059-3
http://dx.doi.org/10.1016/j.biortech.2007.01.056
http://dx.doi.org/10.1016/j.biortech.2007.01.056
http://dx.doi.org/10.1016/j.renene.2016.07.068
http://dx.doi.org/10.1016/j.renene.2016.07.068
http://dx.doi.org/10.1016/j.wasman.2014.05.027
http://dx.doi.org/10.1016/j.wasman.2014.05.027
http://dx.doi.org/10.1111/j.1747-6593.1995.tb00944.x
http://dx.doi.org/10.1111/j.1747-6593.1995.tb00944.x
http://dx.doi.org/10.1016/j.renene.2017.11.003
http://dx.doi.org/10.1016/j.renene.2017.11.003
http://dx.doi.org/10.1016/j.renene.2017.11.003
http://dx.doi.org/10.1016/j.jenvman.2016.10.019
http://dx.doi.org/10.1016/j.jenvman.2016.10.019
http://dx.doi.org/10.2166/washdev.2013.055
http://dx.doi.org/10.2166/washdev.2013.055
https://www.sandec.ch/fsm_tools
https://www.sandec.ch/fsm_tools
https://www.sandec.ch/seek
https://www.sandec.ch/seek
http://dx.doi.org/10.5539/ep.v2n4p70
http://dx.doi.org/10.5539/ep.v2n4p70
http://dx.doi.org/10.5539/ep.v2n4p70
http://dx.doi.org/10.1002/ep.11790
http://dx.doi.org/10.1002/ep.11790

224 N. Andriessen et al. | Solid fuel resource recovery from faecal sludge

Journal of Water, Sanitation and Hygiene for Development | 09.2 | 2019

Onabanjo, T., Kolios, A. J., Patchigolla, K., Wagland, S. T., Fidalgo,
B., Jurado, N., Hanak, D. P., Manovic, V., Parker, A., McAdam,
E., Williams, L., Tyrrel, S. & Cartmell, E. 2016 An experimental
investigation of the combustion performance of human faeces.
Fuel 184, 780-791. doi:10.1016/j.fuel.2016.07.077.

Palmer, M., Leaper, M., Das, D., Woods, E., Berner, C. & Foote, A.
2017 Fuel from briquettes from faeces. In: Poster Presented at the
40th WEDC International Conference, Loughborough, UK.

Parshetti, G. K., Liu, Z., Jain, A., Srinivasan, M. P. &
Balasubramanian, R. 2013 Hydrothermal carbonization of
sewage sludge for energy production with coal. Fuel 111
(Supplement C), 201-210. doi:10.1016/j.fuel.2013.04.052.

Peal, A., Evans, B., Blackett, I., Hawkins, P. & Heymans, C. 2014
Fecal sludge management: a comparative analysis of 12
cities. Journal of Water, Sanitation and Hygiene for
Development 4 (4), 563-575. doi:10.2166/washdev.2014.026.

Pivot Works Ltd 2017 Personal communication, 9 October 2017.

Reymond, P. 2014 Planning integrated faecal sludge management
systems. In: Faecal Sludge Management: Systems Approach
for Implementation and Operation (L. Strande, M. Ronteltap
& D. Brdjanovic, eds). IWA Publishing, London, UK.

Romadn, S., Libra, J., Berge, N., Sabio, E., Ro, K., Li, L., Ledesma,
B., Alvarez, A. & Bae, S. 2018 Hydrothermal carbonization:
modeling, final properties design and applications: a review.
Energies 11 (1), 216. doi:10.3390/en11010216.

Rose, C., Parker, A., Jefferson, B. & Cartmell, E. 2015 The
characterization of feces and urine: a review of the literature
to inform advanced treatment technology. Critical Reviews in
Environmental Science and Technology 45 (17), 1827-1879.
doi:10.1080/10643389.2014.1000761.

Saidur, R., Abdelaziz, E. A., Demirbas, A., Hossain, M. S. &
Mekhilef, S. 2011 A review on biomass as a fuel for boilers.
Renewable and Sustainable Energy Reviews 15 (5),
2262-2289. doi:10.1016/j.rser.2011.02.015.

Seck, A., Gold, M., Niang, S., Mbéguéré, M., Diop, C. & Strande,
L. 2015 Faecal sludge drying beds: increasing drying rates for
fuel resource recovery in Sub-Saharan Africa. Journal of
Water Sanitation and Hygiene for Development 5 (1), 72-80.
doi:10.2166/washdev.2014.213.

Septien, S., Singh, A., Mirara, S. W., Teba, L., Velkushanova, K. &
Buckley, C. A. 2018 ‘Ladepa’ process for the drying and
pasteurisation of faecal sludge from VIP latrines using
infrared radiation. South African Journal of Chemical
Engineering 25, 147-158. doi:10.1016/j.sajce.2018.04.005.

Sheng, C. & Azevedo, J. L. T. 2005 Estimating the higher heating value
of biomass fuels from basic analysis data. Biomass and
Bioenergy 28 (5),499-507. doi:10.1016/j.biombioe.2004.11.008.

Shinogi, Y. & Kanri, Y. 2003 Pyrolysis of plant, animal and human
waste: physical and chemical characterization of the
pyrolytic products. Bioresource Technology 90 (3), 241-247.
doi:10.1016/S0960-8524(03)00147-0.

Somorin, T. O., Kolios, A. J., Parker, A., McAdam, E., Williams, L.
& Tyrrel, S. 2017 Faecal-wood biomass co-combustion and

ash composition analysis. Fuel 203, 781-791. doi:10.1016/j.
fuel.2017.05.038.

Stelte, W., Holm, J. K., Sanadi, A. R., Barsberg, S., Ahrenfeldt, J. &
Henriksen, U. B. 201 Fuel pellets from biomass: the
importance of the pelletizing pressure and its dependency on
the processing conditions. Fuel 90 (11), 3285-3290. doi:10.
1016/j.fuel.2011.05.011.

Strande, L., Ronteltap, M. & Brdjanovic, D. 2014 Faecal Sludge
Management: Systems Approach for Implementation and
Operation. IWA Publishing, London, UK.

Turyasiima, D., Studer, F., Englund, M., Gold, M., Strande, L. &
Niwagaba, C. 2016 Drying of Faecal Sludge Pellets. https://
www.sandec.ch/seek (accessed 7 November 2017).

USEPA 1984 Handbook for Septage Treatment and Disposal. United
States Environmental Protection Agency, Cincinnati, USA.

Velis, C., Wagland, S., Longhurst, P., Robson, B., Sinfield, K.,
Wise, S. & Pollard, S. 2012 Solid recovered fuel: influence of
waste stream composition and processing on chlorine
content and fuel quality. Environmental Science &
Technology 46 (3), 1923-1931. doi:10.1021/es2035653.

Ward, B. J., Yacob, T. W. & Montoya, L. D. 2014 Evaluation of
solid fuel char briquettes from human waste. Environmental
Science & Technology 48, 9825-9858.

Ward, B. J., Gold, M., Turyasiima, D., Studer, F., Getkate, W.,
Maiteki, J. M., Niwagaba, C. B. & Strande, L. 2017 SEEK
(Sludge to Energy Enterprises in Kampala): co-processing
faecal sludge for fuel production. In: Paper Presented at the
40th WEDC International Conference, Loughborough, UK.

WBCSD 2014 Guidelines for Co-Processing Fuels and Raw
Materials in Cement Manufacturing. World Business Council
for Sustainable Development, Geneva, Switzerland.

Werther, J. & Ogada, T. 1999 Sewage sludge combustion. Progress
in Energy and Combustion Science 25 (1), 55-116. doi:10.
1016/S0360-1285(98)00020-3.

Wzorek, M. 2012 Characterisation of the properties of alternative
fuels containing sewage sludge. Fuel Processing Technology
104, 80-89. doi:10.1016/j.fuproc.2012.04.023.

Yin, C.-Y. 2011 Prediction of higher heating values of biomass from
proximate and ultimate analyses. Fuel 90 (3), 1128-1132.
doi:10.1016/j.fuel.2010.11.031.

Zethraeus, B. 2012 Chapter 4: biomass for energy - extracting energy.
In: The Bioenergy System Planners Handbook - BISYSPLAN.

Zhao, L., Gu, W.-M,, He, P.-J. & Shao, L.-M. 2010 Effect of air-flow
rate and turning frequency on bio-drying of dewatered sludge.
Water Research 44 (20), 6144-6152. doi:10.1016/j.watres.
2010.07.002.

Zuma, L. N. 2015 An Investigation Into the Characteristics of On-Site
Faecal Sludge in Durban in a Study of Ventilated Improved pit
(VIP) Latrines and Urine Diversion (UD) Toilets. MSc Thesis,
University of KwaZulu-Natal, Durban, South Africa.

Zuma, L., Velkushanova, K. & Buckley, C. 2015 Chemical and
thermal properties of VIP latrine sludge. Water SA 41 (4).
doi:10.4314/wsa.v41i4.13.

First received 23 November 2018; accepted in revised form 20 March 2019. Available online 4 April 2019

Downloaded from https://iwaponline.com/washdev/article-pdf/9/2/210/569206/washdev0090210.pdf
bv auest


http://dx.doi.org/10.1016/j.fuel.2016.07.077
http://dx.doi.org/10.1016/j.fuel.2016.07.077
http://dx.doi.org/10.1016/j.fuel.2013.04.052
http://dx.doi.org/10.1016/j.fuel.2013.04.052
http://dx.doi.org/10.2166/washdev.2014.026
http://dx.doi.org/10.2166/washdev.2014.026
http://dx.doi.org/10.3390/en11010216
http://dx.doi.org/10.3390/en11010216
http://dx.doi.org/10.1080/10643389.2014.1000761
http://dx.doi.org/10.1080/10643389.2014.1000761
http://dx.doi.org/10.1080/10643389.2014.1000761
http://dx.doi.org/10.1016/j.rser.2011.02.015
http://dx.doi.org/10.2166/washdev.2014.213
http://dx.doi.org/10.2166/washdev.2014.213
http://dx.doi.org/10.1016/j.sajce.2018.04.005
http://dx.doi.org/10.1016/j.sajce.2018.04.005
http://dx.doi.org/10.1016/j.sajce.2018.04.005
http://dx.doi.org/10.1016/j.biombioe.2004.11.008
http://dx.doi.org/10.1016/j.biombioe.2004.11.008
http://dx.doi.org/10.1016/S0960-8524(03)00147-0
http://dx.doi.org/10.1016/S0960-8524(03)00147-0
http://dx.doi.org/10.1016/S0960-8524(03)00147-0
http://dx.doi.org/10.1016/j.fuel.2017.05.038
http://dx.doi.org/10.1016/j.fuel.2017.05.038
http://dx.doi.org/10.1016/j.fuel.2011.05.011
http://dx.doi.org/10.1016/j.fuel.2011.05.011
http://dx.doi.org/10.1016/j.fuel.2011.05.011
https://www.sandec.ch/seek
https://www.sandec.ch/seek
https://www.sandec.ch/seek
http://dx.doi.org/10.1021/es2035653
http://dx.doi.org/10.1021/es2035653
http://dx.doi.org/10.1021/es2035653
http://dx.doi.org/10.1021/es500197h
http://dx.doi.org/10.1021/es500197h
http://dx.doi.org/10.1016/S0360-1285(98)00020-3
http://dx.doi.org/10.1016/j.fuproc.2012.04.023
http://dx.doi.org/10.1016/j.fuproc.2012.04.023
http://dx.doi.org/10.1016/j.fuel.2010.11.031
http://dx.doi.org/10.1016/j.fuel.2010.11.031
http://dx.doi.org/10.1016/j.watres.2010.07.002
http://dx.doi.org/10.1016/j.watres.2010.07.002
http://dx.doi.org/10.4314/wsa.v41i4.13
http://dx.doi.org/10.4314/wsa.v41i4.13

	To char or not to char? Review of technologies to produce solid fuels for resource recovery from faecal sludge
	INTRODUCTION
	TECHNOLOGY INPUTS AND OUTPUTS
	CONSIDERATIONS FOR EVALUATING FAECAL SLUDGE FUELS
	TECHNOLOGY OPTIONS
	Non-carbonized fuel
	Drying technologies
	Pelletizing technologies

	Carbonized fuel
	Pyrolysis
	HTC


	CRITICAL COMPARISON
	Comparison of technology options
	Technology selection

	FUTURE RESEARCH NEEDS
	CONCLUSIONS
	Funding for this research was provided by the Swiss Agency for Development and Cooperation (SDC). The authors thank Petro Mwamlima and Dr Hassan Rajabu (University of Dar es Salaam), Hildemar Mendez Guillen (University of Stuttgart), Laura Stupin (Pivot Works Ltd), Florian Studer, Markus Studer (Bioburn), Kim Whett, Mirco Egloff, Harry Spiess, Vincente Carabias-H&uuml;tter, and Luis L&oacute;pez de Obeso (Z&uuml;rich University of Applied Sciences) for their contribution.
	REFERENCES


