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a b s t r a c t

Utilization of waste sludge as a renewable resource for energy recovery is the appropriate solution of how to
manage the continuously increasing waste sludge generation effectively in order to meet stringent
environmental quality standards, and at the same time, how to sustain the supply of reliable and affordable
energy for our future generations and ourselves. The valuable characteristics of sludge, including high energy
and nutrient content, with the stringent criteria of sludge disposal, driving the environmental engineers and
scientist to change their standpoint to considering sludge as a viable resource of energy instead of a waste. It
may be an important move towards the development of a sustainable energy solution to fulfill present and
future energy requirements and thus reduce the dependency on non-renewable resource. Thus, this review
discusses about the type of resources that can be recovered from waste sludge and, conventional and
emerging methods used to convert the sludge into valuable resources. Moreover, the major factors involved
in the process, stage of application, advantages and possible drawbacks of the methods are also discussed.

& 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

The growing global urbanization of society coupled with increas-
ingly stringent sludge reuse/disposal regulations and increasing
public pressure, is forcing both public and private sludge generators
to re-evaluate their sludge management strategies [1]. Convention-
ally, the waste sludge is disposed via incineration, landfilling or
ocean disposal as well as reused as soil conditioner in agriculture.
With the recent banning of ocean disposal and new stringent
European landfilling criteria, much more sludge is now beneficially
reused, both in agriculture and via a variety of thermal technologies
[2]. The selection of a sludge management strategy is of interest to a
wide variety of groups including facility owners, engineering
consultants, contract operators, equipment suppliers, politicians,
regulators, environmental groups and the general public. Selection
of a sludge management strategy based on the actual needs of the
community rather than on some artificial set of criteria is probably
the single most important component in achieving long-term
sustainability [3]. It is anticipated that upcoming sludge manage-
ment efforts will accentuate upon the recovery and reuse of value
added crops from sludge [4]. This interest in renewable energy has
been driven by a combination of shrinking reserve of fossil fuels due
to rising demand for primary energy, fuel price spikes, climate
change concerns, public awareness, and advancements in renew-
able energy technologies [5,6].

The two components in sludge that are technically and eco-
nomically feasible to recycle are nutrients (primarily nitrogen and
phosphorus) and energy (carbon) [3]. There are several options

available for energy recovery from waste sludge. The utmost
significant routes are anaerobic digestion of sludge with biogas
recovery, co-digestion, incineration and co-incineration with
energy recovery, pyrolysis, gasification, supercritical (wet) oxida-
tion, use in the production of construction materials, production of
bio-fuels (hydrogen, syngas, bio-oil), electricity generation by
using specific microbes, and beneficial recovery of heavy metals,
nutrient (nitrogen and phosphorus), protein and enzymes. Thus
the present efforts are aimed to provide an overview, and discuss
the ways to achieve more sustainable sludge management strategy
by recovering the energy rich products.

2. Sludge characterization

Sewage sludge is a complex heterogeneous mixture of micro-
organisms, undigested organics such as paper, plant residues, oils,
or fecal material, inorganic materials and moisture [7]. The
undigested organic materials contain a highly complex mixture
of molecules coming from proteins and peptides, lipids, polysac-
charides, plant macromolecules with phenolic structures (e.g.
lignins or tannins) or aliphatic structures (e.g. cutins or suberins),
along with organic micro-pollutants such as polycyclic aromatic
hydrocarbons (PAH) or dibenzofurans [8]. Table 1 depicts the
characteristics of primary and secondary activated sludge.

Primary sewage sludge is generated through mechanical
(screening, grit removal, sedimentation) wastewater treatment

Table 1
Characteristics of primary sludge and activated sludge [10].

Parameter Primary sludge Activated sludge Composition

Total dry solids (total solids, TS) % 5–9 0.8–1.2 � Non-toxic organic carbon compounds (appx. 60% on dry
basis), Kjeldhal-N, phosphorus containing components.

� Toxic pollutants: heavy metals (Zn, Pb, Cu, Cr, Ni, Cd, Hg, As:
Concentration vary from 1000 mg/L to less than 1 mg/L),
polychlorinated biphenyls (PCB), PAH, Dioxins, Pesticides,
Endocrine disrupters, Nonyl-phenols.

� Pathogens and other microbiological pollutants.
� Inorganic Compounds: Silicates, aluminates, calcium and

magnesium containing compounds.
� Water, varying from a few percent to more than 95%.

Volatile solids, VS (%TS) 60–80 59–68
Nitrogen (%TS) 1.5–4 2.4–5.0
Phosphorus (%TS) 0.8–2.8 0.5–0.7
Potash (K2O %TS) 0–1 0.5–0.7
Cellulose (%TS) 8–15 7–9.7
Iron (Fe g/kg) 2–4 –

Silica (SiO2%TS) 15–20 –

pH 5.0–8.0 6.5–8.0
Grease and fats (%TS) 7–35 5–12
Protein (%TS) 20–30 32–41
Alkalinity (mg/L as CaCO3) 500–1500 580–1100
Organic acids (mg/L as acetate) 200–2000 1100–1700
Energy content (kJ/kg TS) 23,000–2900 19,000–23,000
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