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Abstract Currently, more than half of the biosolids produced
within the USA are land applied. Land application of biosolids
introduces organic contaminants into the environment. There
are potential ecological and human health risks associated
with land application of biosolids. Biosolids may be used as
a renewable energy source. Nutrients may be recovered from
biosolids used for energy generation for use as fertilizer. The
by-products of biosolids energy generation may be used
beneficially in construction materials. It is recommended
that energy generation replace land application as the
leading biosolids management strategy.

Keywords Biosolids . Organic contaminants . Land
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transport

Introduction

Many publicly owned treatment works (POTWs) manage
their treated sewage sludge, known as biosolids, through
land application. Biosolids may contain organic contaminants
(OCs), including pharmaceuticals, personal care products
(PCPs), hormones, and manufacturing inputs. Land applica-
tion may introduce these contaminants into the environment
and into the food chain. Land application of contaminated
biosolids may cause environmental and human health
impacts.

Utilizing biosolids for energy generation is a viable man-
agement strategy. Biosolids are a renewable source of ener-
gy. Carbon released by energy generation using biosolids is

already active in the carbon cycle, in contrast to carbon
released through the utilization of fossil fuels. Nutrients
may be recovered from biosolids used for energy generation
(Stendahl and Jäfverström 2003; Lundin et al. 2004). The
by-product of biosolids combustion may be used in
constructionmaterials (Chiou et al. 2006; DeWolf 2009; Otero
et al. 2002; Stasta et al. 2006). Emissions resulting from
biosolids energy generation activities can meet environmental
standards with the use of appropriate emissions control
technologies (Cartmell et al. 2006; DeWolf 2009; Stasta et al.
2006). The use of energy production from biosolids is a more
environmentally sustainable management strategy than land
application.

This paper will review literature regarding the presence
of OCs in biosolids and their presence in soils to which
biosolids have been applied. The paper will also review
literature regarding the environmental and health impacts
associated with land application of contaminated biosolids.
This paper will then evaluate different methods and
technologies available for recovering energy from biosolids.
The paper will evaluate nutrient recovery technologies and
will also review other beneficial uses of combusted biosolids
by-products.

Background

Human waste has historically been applied to agricultural
land to take advantage of the nutrients it contains. In China,
sewage, or “night soil,” has been used as fertilizer for
thousands of years (Water Environment Federation National
Biosolids Partnership 2013a). Application of sewage at
farms in England began in the mid-1800s, partly as a way
to divert sewage from polluted rivers (Water Environment
Federation National Biosolids Partnership 2013a). In the
USA, Maryland was using sewage and Ohio was using
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biosolids as fertilizer from the beginning of the twentieth
century (Water Environment Federation National Biosolids
2013a). Today, untreated sewage sludge may no longer be
applied to agricultural land within the USA; however, treated
sewage sludge may be land applied (US Environmental
Protection Agency 2012).

By the 1970s, increasing environmental regulation in the
USA meant that, much like England in the mid-nineteenth
century, the USA had to find an alternate way to dispose of
wastes that were previously being discharged into waterways.
In 1972, the Federal Water Pollution Control Act, more
commonly known as the Clean Water Act, required the
Environmental Protection Agency (EPA) to identify biosolids
disposal options (Water Environment Federation National
Biosolids Partnership 2013b). As a result, in 1993, the EPA
promulgated 40 CFR Part 503: Standards for the Use and
Disposal of Sewage Sludge (often referred to simply as the
Part 503 rule) (Water Environment Federation National
Biosolids Partnership 2013b).

Currently, the Part 503 rule does not regulate any OCs.
Eighteen OCs were evaluated by the EPA prior to their
deletion from the final Part 503 rule based on at least one
of the following justifications: use of the OC was restricted,
banned, or it was no longer manufactured in the USA; the
OC had a low level of detection in the National Sewage
Sludge Survey (NSSS); and/or the concentration of an OC
was not expected to exceed the limit based on NSSS data
(Smith 2009). OCs continue to be identified in biosolids and
soils to which biosolids have been applied. OCs have a high
potential to accumulate in biosolids because they are often
lipophilic (having a tendency to combine with or dissolve in
fats) and hydrophobic (having little or no affinity for water
molecules) (Smith 2009).

In the most recent NSSS, the EPA conducted biosolids
sampling at 74 POTWs from August 2006 to March 2007
and used the resulting data to estimate concentrations of the
studied compounds for the nation's largest 3,337 POTWs
(US Environmental Protection Agency 2009). Table 1
shows a selection of the NSSS data for contaminants
addressed in this paper and also shows the EPA estimated
percentage of POTWs with detected concentrations of these
contaminants in their biosolids.

In 2002, the National Research Council's Committee on
Toxicants and Pathogens in Biosolids Applied to Land
released a report entitled, “Biosolids Applied to Land:
Advancing Standards and Practices.” The report stated
that although there is no evidence that current regulations have
failed to protect human health, there is a lack of exposure and
health information regarding populations exposed to biosolids
(National Research Council 2002).

The National Research Council report also discussed the
failure of the EPA to reevaluate biosolids OC limits based
on current scientific knowledge and risk-assessment

techniques (National Research Council 2002). The report noted
that the agency has failed to demonstrate that current manage-
ment practices are effective in protecting the environment and
human health (National Research Council 2002). Unlike the US
EPA, the European Commission has set biosolids standards for
OCs, including: absorbable organic halogen, di(2-ethylhexyl)
phthalate, linear alkylbenzene sulfonates, nonylphenols
(NP)/nonylphenol ethoxylates, polycyclic aromatic hydrocar-
bons (PAH), polychlorinated biphenyls, polychlorinated
dibenzo-p-dioxins, and dibenzo-p-furans (Smith 2009).

Currently, 16,000 POTWs generate approximately 7
million tons of biosolids each year in the USA (Water
Environment Federation National Biosolids Partnership
2013b). The three main biosolids management strategies
within the USA are land application (including composting
and use as landfill cover), incineration, and landfill disposal.
Figure 1 shows the current use of each of these management
strategies within the USA as a percent. Approximately 60 %
of biosolids are land applied (Water Environment Federation
National Biosolids Partnership 2013b). Biosolids are ap-
plied to approximately 0.1 % of available agricultural land
annually within the USA (National Research Council 2002).

Biosolids are currently underutilized as a fuel source
within the USA. The net release of carbon from energy
production using biosolids is zero because, unlike traditional
fossil fuels, biosolids are an active part of the global carbon
cycle. Biosolids are also a renewable fuel source; their use
for energy generation would allow the USA to increase its
power production from renewable resources. By-products of
biosolids energy generation have beneficial uses. Nutrients
may be recovered from these by-products and may be used
as fertilizer without the health and environmental risks
associated with biosolids land application. Phosphorous
recovery is especially important due to limited phosphorous
supply.

Organic contaminants in biosolids and soils

Organic contaminants identified in biosolids generally fit
into one of the following three categories: (1) they readily
volatize to the atmosphere; (2) they are rapidly consumed by
microorganisms; or (3) they are strongly adsorbed to sludge
and/or soil (Smith 2000). Due to these characteristics, it has
been argued that crops are unlikely to uptake these substances
and that they are unlikely to be transported in the environment
(Smith 2000). However, studies have confirmed uptake of
these compounds by plants and microorganisms (Snydere et
al. 2011), bioaccumulation of these compounds (Kinney et al.
2008), and environmental transport of these compounds from
land application sites (Topp et al. 2008; Yang et al. 2012).
Contaminants found in biosolids may pose risks to human
health and the environment. In order to evaluate the risks
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associated with the introduction of OCs into the environment
through land application of biosolids, it is necessary to under-
stand their potential to be transported, their impact on health
and the environment, and their persistence in the environment.

Bioaccumulation

Kinney et al. (2008) conducted a study to evaluate the
potential for OCs to be present in biota by comparing
earthworm tissue from earthworms exposed to biosolids
with a control group that had not been exposed to biosolids.
The OCs chosen by Kinney et al. for analysis were studied
because they are anthropogenic waste indicators, meaning
that their presence indicates the presence of human wastes.
The results of the study are presented in Table 2.

The OCs identified in earthworm tissue included phar-
maceuticals, synthetic fragrances, detergent metabolites,
PAHs, biogenic sterols, disinfectants, and pesticides (Kinney
et al. 2008). PAHs are often associated with carbon-based
fuels, but they are also present in preservatives and some
PCPs. Some of the compounds found in the earthworm tissue
were under reporting limits in the soil they were collected
from (Kinney et al. 2008). This indicates that the compounds
had bioaccumulated in the earthworms.

The study found that the bioaccumulation factor (BAF)
for triclosan (TCS) was 27 (Kinney et al. 2008). BAF is
defined as the ratio of a substance in the ambient environment
to the concentration of that substance in an organism that has
accumulated the substance through ingestion or absorption
(US Geological Survey 2011). That means that the TCS level
in the tested earthworm tissue was 27 times higher than the
level in the ambient environment. TCS is a widely used
compound that has been used as an antimicrobial ingredient
in consumer products since the 1970s (Xia et al. 2010). While
effects from TCS exposure on earthworms are unknown,
exposure to TCS has been linked to thyroid hormone
disruption and developmental problems in the North
American bullfrog (Veldhoen et al. 2006).

Another study conducted by Snyder et al. (2011) examined
the impacts of triclocarban (TCC) concentrations in soil on
Eisenia fetida earthworms, soil microbes, andPaspulum notatum
(Bahia grass). Like TCS, TCC has been used in consumer

Table 1 National Sewage Sludge Survey results

Compound Minimum analytical
sample result

Maximum analytical
sample result

POTWs with detected
concentrations (est. %)

Pharmaceuticals (μg/kg)

Carbamazepine 9 6,030 96

Ciprofloxacin 75 40,800 100

Doxycycline 34 5,090 92.8

Triclocarban 187 441,000 100

Triclosan 334 133,000 92.4

Steroids and hormones (μg/kg)

Beta Stigmastanol 3,440 1,330,000 98.5

Campesterol 2,840 524,000 100

Cholestanol 3,860 4,590,000 100

Cholesterol 2,340 5,390,000 96.9

Coprostanol 7,720 43,700,000 100

Epicoprostanol 868 6,030,000 98.5

Stigmasterol 455 568,500 90.1

PBDEs (ng/kg)

BDE-47 (2,2′,4,4′-tetrabromodiphenyl) 73,000 5,000,000 100

BDE-99 (2,2′,4,4′,5-pentabromodiphenyl) 64,000 4,000,000 100

BDE-153 (2,2′,4,4′,5,5′-hexabromodiphenyl) 9,100 410,000 100

BDE-209 (decabromodiphenyl) 150,000 17,000,000 98.5

Source: Data adapted from US Environmental Protection Agency (2009)

Fig. 1 Biosolids management in the USA (Water Environment Feder-
ation National Biosolids Partnership 2013b)
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products as an antimicrobial ingredient since the 1970s (Xia et al.
2010). No effects of TCC addition were observed on soil mi-
crobe respiration, ammonification, or nitrification (Snyder et al.
2011). The BAF ranges for E. fetida and Bahia grass are pre-
sented in Table 3. The addition of biosolids at all TCC concen-
trations examined in the study had a small negative impact on
earthworm survival (Snyder et al. 2011). The authors of this
study identify the need for further research to determine potential
sublethal effects of TCC on earthworms (Snyder et al. 2011).

The Kinney et al. (2008) study and the Snyder et al.
(2011) study demonstrate that OCs have the potential to be
taken up by microorganisms and plants, thereby entering the
food chain. These studies have also demonstrated the
potential for OCs to bioaccumulate. This finding is significant
because increased biological contamination levels associated
with bioaccumulation may result in a greater potential for
causing adverse health impacts.

Fate and transport in the environment

Various studies have evaluated how OCs introduced through
biosolids land application are transported in the environment.
Topp et al. (2008) conducted an experiment to evaluate the
surface runoff of the nine OCs listed in Table 4. For this study,
biosolids were applied using either injection application or
broadcast application followed by tilling. Precipitation was
simulated on 2-m2 plots on days 1, 3, 7, 22, 36, and 266 after
application. Results of the study are shown in Table 4.

On day 1 after application, runoff from the broadcast plot
contained atenolol, carbamazepine, cotinine, gemfibrozil,
naproxen, sulfamethoxazole, and TCS in concentrations
ranging from 70 to 1,477 ng L−1 (Topp et al. 2008). Ibuprofen
and acetaminophen runoff concentrations initially decreased

and then increased, suggesting they were sorbed and then
desorbed (Topp et al. 2008). This study demonstrates that
OCs contained in land-applied biosolids may be transported
throughout the environment through runoff and that the
potential for transport may exist for extended periods of time
following application.

In another study evaluating the environmental fate and trans-
port of OCs, Yang et al. (2012) assessed steroid hormone runoff
from agricultural test plots. Runoff was evaluated for two sterols
and 17 hormones, including androgens, estrogens, and proges-
togens. Biosolids were applied to the test plots for the first time
immediately before the study. Prior to application of biosolids,
cholesterol and the hormones estrone and androstenedione were
present at low concentrations in runoff from the test plots.

Runoff measured 1, 8, and 35 days after biosolids application
contained estrogens, androgens, and progesterone in concentra-
tions shown in Table 5. Increased precipitation levels resulted in
increased hormone concentrations in runoff (Yang et al. 2012).
Runoff from day 1 after application had concentrations of 14 of
the 19 hormones analyzed (Yang et al. 2012). Androgen con-
centrations were lower in runoff from day 35 after application
than in runoff from day 1 after application; however, estrogen
concentrations were similar in days 1 and 35 (Yang et al. 2012).
The estrogen concentration in runoff from day 35 after applica-
tion was higher than levels demonstrated to cause biological
effects in aquatic organisms (Yang et al. 2012). This study again
demonstrates the potential of OCs found in biosolids to be
transported throughout the environment.

A study conducted by Wu et al. (2009) examined the
transport and persistence of antibiotics in the environment.
The study used laboratory experiments to determine sorption
and degradation rates of the six antibiotics listed in Table 6.
Results of the study are also shown in Table 6.

The degradation of the antibiotics in the degradation
experiment was attributed to biological degradation (Wu et al.
2009). Some antibiotics showed no additional degradation
following initial degradation, indicating the remainder was
nondesorbable (Wu et al. 2009). Nondesorbable antibiotic
residuals could potentially desorb if soil conditions changed
(Wu et al. 2009). Antibiotics that sorbed strongly to particles
may persist in biosolids and the environment while those that
sorbed weakly to particles may leach in soil (Wu et al. 2009).
This experiment demonstrates that some antibiotics may be
transported throughout the environment while others may
persist in soil. This study also demonstrates that soil microbes
maymetabolize antibiotics present in biosolids. Risks associated
with repeated low-level exposure of microorganisms to
antibiotics are discussed in the next section.

Risks associated with antibiotic contamination

Land application of biosolids contaminated with antibiotics
may cause adverse health and environmental impacts. Plant

Table 2 OCs in earthworm tissue

Earthworm group Number of OCs
identified in
earthworm tissue

OCs present in a
concentration greater
than 1,000 μg/kg

Earthworms from a
soybean field where
biosolids were applied

25 7

Earthworm control group 20 3

Source: Data adapted from Kinney et al. (2008)

Table 3 Bioaccumulation factor for E. fetida earthworms and Bahia
grass

Organism Bioaccumulation factor range

Eisenia fetida earthworms 5.2–18

Bahia grass 0.00041–0.007

Source: Data adapted from Snyder et al. (2011)
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uptake of antibiotics has been shown to be minimal; however,
some antibiotics can impact the growth of some plant species
(Thiele-Bruhn 2003). Antibiotics present in biosolids can be
toxic to soil bacteria (Thiele-Bruhn 2003). Application of
biosolids containing antibiotics can create drug-resistant
bacteria in soil, especially when the bacteria are repeatedly
exposed to low levels of antibiotics (Thiele-Bruhn 2003).
Antibiotic-resistant bacteria in soil can be transferred through
the food chain (Thiele-Bruhn 2003). Antibiotic-resistant
bacteria place animals and humans at risk of infections that
cannot be treated pharmacologically (Thiele-Bruhn 2003).
The introduction of antibiotics into the environment through
land application of biosolids poses risks to soil microbiology,
plants, animals, and humans.

Persistence

The persistence of OCs introduced into the environment
through land application of biosolids has been the subject of
various studies. A study conducted by Xia et al. (2010) mea-
sured biosolids concentrations of TCC, TCS, 4-nonylphenol
(4-NP), and polybrominated diphenyl ethers (PBDEs) from 16
POTWs. A study conducted by Davis et al. (2012) analyzed
biosolids from two POTWs located in North Carolina and two
POTWs located in California for PBDEs and triclosan. The
biosolids sample results from these studies are shown in
Table 7.

NP is commonly found in surfactants and detergents. NP
has been identified as an endocrine-disrupting compound

(EU 2001). PBDEs have been used as flame retardants since
the 1970s (Xia et al. 2010). PBDEs are persistent in the
environment, have the potential to bioaccumulate, and are
toxic (Davis et al. 2012). PBDEs cause tumors, thyroid
hormone disruption, and developmental problems, and are
suspected endocrine disruptors (Siddiqi et al. 2003). The
EPA, using its authority under section 5(b)(4) of the Toxic
Substances Control Act, has proposed adding a category of
PBDEs to a list of chemicals that present or may present an
unreasonable risk of injury to human health or the environment
(US General Services Administration 2012). This proposal is
based on the hazards presented by PBDEs and themagnitude of
human and/or environmental exposure (US General Services
Administration 2012).

The Xia et al. (2010) study also measured soil plots where
biosolids had been applied for 33 consecutive years. TCC,
TCS, 4-NP, and PBDEs were identified in the soil in
microgram-per-kilogram concentrations (Xia et al. 2010). Their
concentrations were higher in soils where land application rates
were higher (Xia et al. 2010). TCC, 4-NP, and PBDE concen-
tration decreased as soil depth increased indicating limited

Table 4 Organic contaminants
in surface runoff following land
application of biosolids

Source: Data adapted from Topp
et al. (2008)

Organic contaminant Description Detected days after injection

1 3 7 22 36 266

Atenolol Blood pressure medication X X X

Carbamazepine Seizure medication X X X X X X

Cotinine Metabolite of nicotine X X X X X X

Gemfibrozil Cholesterol medication X X X X X X

Naproxen Anti-inflammatory X X X X X X

Ibuprofen Anti-inflammatory X X X X X

Acetaminophen Pain reliever X X X X X

Sulfamethoxazole Prescription antibiotic X X

Triclosan Antimicrobial X X X X X X

Table 5 Hormone concentrations in runoff from biosolids test plots

Compounds Concentration range (ng L−1)

Estrogens <0.8 to 2.23

Androgens <2 to 216

Progesterone <8 to 98.9

Source: Data adapted from Yang et al. (2012)

Table 6 Sorption and degradation of antibiotics

Antibiotic Fate of antibiotics

Ciprofloxacin •Sorbed strongly to particles

Tetracycline •Sorbed strongly to particles

•Initial degradation with a nondesorbable residual

Doxycycline •Sorbed strongly to particles

•Initial degradation with a nondesorbable residual

Sulfamethazine •Sorbed weakly to particles

•Readily transported in soil

Sulfamethoxazole •Sorbed weakly to particles

Clindamycin •Sorbed moderately to particles

•Minimal degradation in degradation experiment

Source: Data adapted from Wu et al. (2009)
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leaching (Xia et al. 2010). TCS soil leaching was observed (Xia
et al. 2010).

Cumulative input for each compound over the 33-year
application period was estimated to determine persistence in
the environment (Xia et al. 2010). Based on these estimates,
PBDEs are highly persistent while TCC, TCS, and 4-NP are
more readily metabolized or transported (Xia et al. 2010).
Compounds that are persistent in the environment may
continue to have environmental impacts for extended periods
of time and may also be found in higher concentrations due to
repeated application with low levels of degradation and/or
transport.

The Xia et al. (2010) study and the Davis et al. (2012)
study demonstrate the prevalence of OCs in biosolids. OCs
present risks to the environment and to human health.
Energy generation from biosolids is an alternative to
land application. Technological advancements and concerns
regarding risks associated with land application continue
to increase the attractiveness of energy generation as a
management strategy.

Energy production from biosolids

Unlike traditional fossil fuels, carbon released from energy
generation using biosolids is already an active part of the
global carbon cycle. Biosolids are also a renewable fuel source.
Digested sludge is composed of carbon (approximately 67 %),
oxygen (approximately 25 %), hydrogen (approximately 5 %),
nitrogen (approximately 2.2 %), and sulfur (approximately
0.8 %) (Stasta et al. 2006). Various technological options are
available for the generation of energy from biosolids. See
Table 8 for an overview of the biosolids energy generation
technologies discussed in this paper. See Table 9 for a summary
of biosolids energy generation by-products and their beneficial
uses.

Mono-combustion and emissions controls

Mono-combustion is the incineration of biosolids alone, as
opposed to co-combustion in which another type of fuel or
substance is present. Incineration, also referred to as complete

combustion, is the oxidation of organics. The energy produced
by incineration depends on the moisture content and heat value
of the biosolids (Moore et al. 2006). Mono-combustion of
sewage sludge may take place in fluidized bed boilers,
multiple-hearth furnaces with or without fluidized beds, rotary
kilns, cyclone furnaces with or without fluidized beds, and
smelting furnaces (Stasta et al. 2006).

Early incineration of biosolids often consisted of mono-
combustion. Early mono-combustion technologies often
resulted in energy consumption and were therefore viewed
as a waste reduction strategy rather than an option for energy
generation (Wang et al. 2008). However, the following case
study demonstrates that mono-combustion can be a viable,
energy-generating biosolids management strategy for utilities.

The Buffalo, Minnesota, POTW uses a furnace for
combustion of dried biosolids (DeWolf 2009). Energy from the
combustion is recaptured and used for drying the biosolids,
which must be dried prior to combustion (DeWolf 2009). The
facility implemented this technology following an increase in
the population served by the POTW and the resultant increase
in biosolids production (DeWolf 2009). The POTW faced
public objections to application of biosolids to agricultural land
and therefore sought an alternative management strategy
(DeWolf 2009).

Utilization of biosolids has allowed the facility to reduce
its natural gas usage by 80 % by recovering energy from the
combustion process (DeWolf 2009). The facility has also
saved on fuel and transportation costs because the
combusted product is only 5 % of the initial sludge volume
(DeWolf 2009). The ash by-product may be used beneficially
in road construction aggregate and other construction materials
(DeWolf 2009). Energy recovery from combustion supplies 75
to 90% of the energy required for drying the biosolids (DeWolf
2009).

Air emissions are a concern associated with biosolids
combustion; however, regulatory emissions standards are
achievable with existing control technologies. The Buffalo
facility meets its Minnesota Pollution Control Agency emissions
requirementswhich include: 99% reduction of particulatematter,
with a limit of ≤1.3 lb/ton of biosolids input; opacity ≤20 %;
80%mercury removal, with a limit of ≤4 lb/year; and heating of
the flue gas to 1,200 °F for ≥0.3 s for VOC destruction (DeWolf

Table 7 Presence of organic
contaminants in biosolids
samples

Compound Present in what
percent (%) of samples?

Concentration
range (mg/kg)

Reference citation

Triclocarban 95 0.23–80 Xia et al. (2010)

Triclosan 87 0.33–61 Xia et al. (2010)

– 0.490–13.866 Davis et al. (2012)

4-Nonylphenol 78 4.85–1,380 Xia et al. (2010)

Polybrominated diphenyl ethers 100 0.071–1.02 Xia et al. (2010)

100 1.750–6.358 Davis et al. (2012)
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2009). A bag filter allows the facility to meet the opacity and
particulate requirements; activated carbon is injected for mercury
removal; and lime injectionwill remove sulfur oxide, if needed in
the future (DeWolf 2009).

Nutrient recovery from sludge ash

Land application of biosolids is used as a management
strategy because it recycles the nutrients contained in biosolids.
However, new technologies are allowing nutrients to be recov-
ered from biosolids used for energy generation. For example,
the Bio-Con process developed by Bio-Con A/S, Denmark, is
designed to separate phosphorous, as well as heavy metals,
from combusted sludge ash (Lundin et al. 2004). In this pro-
cess, ash is dissolved in sulfuric acid and then treated by a set of
ion exchange units. This allows iron to be recovered for reuse in
the wastewater treatment process; separation of sulfate and

heavy metals for proper disposal; and recovery of phosphorous
as phosphoric acid, which can be used to produce fertilizer
(Lundin et al. 2004). A pilot-scale Bio-Con process is capable
of recovering 80 % of phosphorous; however, the system has
not been tested at full scale (Lundin et al. 2004). Technological
advancements that allow recovery of nutrients for beneficial
reuse greatly increase the environmental sustainability of using
biosolids for energy production.

E-fuel and the SlurryCarb process

Orange County Sanitation District, California, in partnership
with EnerTech Environmental, Inc., is utilizing a new biosolids
technology known as SlurryCarb to produce a certified renew-
able fuel source (Moore et al. 2006). SlurryCarb uses heat and
pressure to carbonize organic matter and rupture cell walls to
allow removal of additional water (Moore et al. 2006).

Table 8 Overview of biosolids energy production technologies

Process name Description By-products Benefits

Mono-combustion Incineration of biosolids •Energy in the form of
heat

•Reduction of sludge volume by up to 95 % (DeWolf 2009)

•Sewage sludge ash
(SSA)

•SSA may be used for construction materials (DeWolf 2009)

•Nutrients may be recovered from the SSA (Lundin et al. 2004)

Co-combustion Incineration of biosolids
with coal

•Energy •Reduction of sludge volume by up to 90 % (Otero et al. 2002)

•SSA •SSA may be used to make bricks or for industrial absorbents
(Chiou et al. 2006)

•Replacement of traditional CO2 emitting fuels

•Existing infrastructure may be used (Otero et al. 2002)

•Metals are stabilized in the sludge ash (Otero et al. 2002)

•Toxic organics in the sludge are destroyed during combustion
(Otero et al. 2002)

Co-firing of biosolids in
cement kilns

•Energy •Replacement of raw materials and traditional fuel sources used for
cement production (Stasta et al. 2006)

•Construction materials •Existing infrastructure may be used (Stasta et al. 2006)

•Metals are stabilized in the construction materials (Stasta et al. 2006)

Pyrolysis Heating of digested
sludge in an inert
atmosphere

•Fuel •Products may be used as alternative fuels (Kim and Parker 2008)

•Char •The oils produced have low NOx and SOx emissions
(Kim and Parker 2008)

•Oils •Char produced may be used as an industrial absorbent
(Otero et al. 2002)•Gasses

Cambi–KREPRO Sludge is hydrolyzed at
150 °C at a pH
between 1 and 2

•A solid fuel which may
be used in existing
infrastructure

•Phosphorous and iron may be recovered (Lundin et al. 2004)

•Metals may be precipitated from the liquid (Lundin et al. 2004)

•A carbon-rich liquid •The liquid may be used as a carbon source at the POTW
(Lundin et al. 2004)

Supercritical water
oxidation

Heating (≥374 °C) and
pressurization
(>22.1 MPa) of
biosolids

•Energy in the form of
heat

•99.9 % of organic compounds are oxidized
(Stendahl and Jäfverström 2003)

•Inorganic ash •Oxygen can be recovered from the process
(Stendahl and Jäfverström 2003)

•Reduction of sludge volume (Stendahl and Jäfverström 2003)

•Phosphorous may be recovered from the sludge ash
(Stendahl and Jäfverström 2003)
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Following the SlurryCarb process, the sludge can be dewatered
to 50 % solids using only one third of the energy required by
conventional drying technologies (Moore et al. 2006).

SlurryCarb is a multistage process. First, biosolids with
70 to 80 % moisture content are macerated to ½-in. diameter
(Moore et al. 2006). The biosolids are then pressurized to
prevent water from boiling (Moore et al. 2006). In the third
step, biosolids are heated to 400–450 °F (Moore et al. 2006).
The fourth step is known as decarboxylation (release of
carboxyl groups frommolecules), which releases carbon dioxide
and results in the creation of hydrophobic biosolids (Moore et al.
2006). Finally, biosolids are cooled, depressurized, centrifuged to
50 % moisture content, and dried to less than 10 % moisture
content (Moore et al. 2006).

The resulting product is known as E-fuel, which has a heating
value of 7,000 Btu/lb and has combustion characteristics similar
to lignite coal (Moore et al. 2006). The Green-e Renewable
Electricity Certification Program and the California Energy
Commission have certified E-fuel as a renewable fuel (Moore
et al. 2006). E-fuel can be used in cement kilns; its use reduces
ore consumption and adds calcium, iron, silica, and alumina,
which are beneficial when incorporated into cement (Moore et al.
2006). E-fuel can also be used in oil boilers, gasifiers, fluidized
beds, and other coal facilities (Moore et al. 2006).

Co-combustion and beneficial use of by-product

Biosolids may be co-combusted with coal. The calorific
value of dried digested sludge is similar to that of brown
coal (Otero et al. 2002). Cartmell et al. found that, after
accounting for drying and transportation energy consump-
tion, co-combustion of digested sewage sludge with coal

resulted in net energy production ranging from 0.5 to 5 kWh/kg
of digested sludge (Cartmell et al. 2006). Existing infrastructure
may be used for co-combustion of biosolids and coal (Otero et
al. 2002). Germany has been operating co-combustion facilities
for over 15 years (Cartmell et al. 2006). The 750-MWHeilbronn
power plant in Germany utilizes approximately 66,000 tons of
dried digested sludge annually and meets emissions limits using
electric precipitation and limestone/gypsum desulfurization
(Cartmell et al. 2006). When 5 % sludge is co-fired with 95 %
coal, the combustion process retains efficiency and existing
filters and separators are adequate to treat emissions generated
(Stasta et al. 2006).

Co-combustion of biosolids with coal has benefits aside
from energy generation. Co-combustion results in the thermal
destruction of toxic organics in the sludge (Otero et al. 2002).
Metals in the resulting ash are more stable than metals in
sludge prior to combustion (Otero et al. 2002). The process
reduces sludge volume by 90 % (Otero et al. 2002).

Co-combustion may be an attractive option for utilities
without the ability to make a large initial infrastructure
investment in energy recovery technology. The by-product
can also be used beneficially. Sewage sludge ash (SSA) has
similar characteristics to expansive clay and can be mixed
with 20 to 30 % sewage sludge and sintered into SSA
lightweight aggregate that can be used for cement and other
building materials (Chiou et al. 2006). SSA from co-
combustion with coal is used as a raw material for brick
production and is also used as an industrial absorbent (Otero
et al. 2002).

Digested sludge may also be used as clinker for cement
production (Stasta et al. 2006). One ton of dried digested
sludge co-fired in cement kilns can replace 1/3 ton of raw
material for clinker and also provides an alternative heating
source, replacing coal, heavy fuel oil, coke, and natural gas
use (Stasta et al. 2006). The main products of co-combustion
are carbon dioxide, water, and sulfur dioxide (Otero et al.
2002). Digested sludge must be dried prior to processing.
However, heat exchangers can be used to capture the heat
generated by the cement processing and that heat can be used
to dry digested sludge for input into the process (Stasta et al.
2006). Mercury and cadmium levels are higher in sludge than
in alternative clinker raw materials; however, their levels meet
regulatory standards when sludge is used to replace 5 % of the
clinker rawmaterial (Stasta et al. 2006). Other pollutants present
in clinker, including sulfur, alkali, and heavymetals, are fixed in
the clinker making leaching unlikely (Stasta et al. 2006).

Pyrolysis

Pyrolysis is another technology available for recovering
energy from biosolids. Pyrolysis involves heating digested
sludge in an inert atmosphere (Domínguez et al. 2008).
Pyrolysis produces a fuel char created by cracking or

Table 9 Biosolids energy generation by-products and uses

By-product Use(s)

Sewage sludge ash from
combustion

•Road construction aggregate (DeWolf 2009)

• Phosphorous recovery for fertilizer
(Lundin et al. 2004)

•Lightweight aggregate for cement and other
building materials (Chiou et al. 2006)

•Brick production (Otero et al. 2002)

•Industrial absorbent (Otero et al. 2002)

•Clinker for cement (Stasta et al. 2006)

Pyrolysis char •Industrial absorbent (Otero et al. 2002)

Cambi–KREPRO liquid
organic matter

•Carbon source for wastewater treatment
denitrification process (Lundin et al. 2004)

•Phosphorous recovery for fertilizer
(Lundin et al. 2004)

•Recovery of iron for wastewater
precipitation process (Lundin et al. 2004)

Supercritical water
oxidation inorganic ash

•Phosphorous recovery for fertilizer
(Stendahl and Jäfverström 2003)
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conversion of biosolids at high temperatures in the absence of
oxygen (Moore et al. 2006). Pyrolysis of digested sludge also
produces oils and gas, which is referred to as bio-syngas (Kim
and Parker 2008). The oil, char, and bio-syngas produced
through pyrolysis can be used as alternative fuels (Kim and
Parker 2008). The oil produced through pyrolysis has low
NOx and SOx emissions (Kim and Parker 2008). The
bio-syngas produced through pyrolysis can be used to
generate methanol, dimethyl ether, and synthetic diesel
(Domínguez et al. 2008).

The char produced by pyrolysis can be disposed of in
sanitary landfills because leaching of heavy metals is min-
imal (Otero et al. 2002). Alternatively, the char can be used
as an industrial absorbent (Otero et al. 2002). Char produced
by pyrolysis may also be burnt to fuel the pyrolysis process
(Otero et al. 2002).

There have been recent advancements in pyrolysis
technology. Domínguez et al. (2008) conducted a study to
compare the products of conventional pyrolysis (CP) with those
generated through microwave-induced pyrolysis (MWP)
(Domínguez et al. 2008). MWP produced a gas that was
94 % bio-syngas by volume with a 50 % lower concentration
of CO2 and 70 % lower concentration of CH4 (Domínguez et
al. 2008). MWP produces more gas and less char than CP
(Domínguez et al. 2008). Microwave technology may also
allow drying, pyrolysis, and gasification to be combined.

Microwave drying at 1,000 °C allows sludge drying,
pyrolysis, and gasification to occur in the same process,
referred to as microwave-induced drying, pyrolysis, and
gasification (MWDPG) (Menéndez et al. 2005). MWDPG
maximizes gas yield (Menéndez et al. 2005). The partially
vitrified solid residual produced by MWDPG demonstrates
less leaching than solids produced in an electric furnace
(Menéndez et al. 2005). Residuals produced through
MWDPG have lower volatile concentration than those
produced through conventional pyrolysis (Menéndez et
al. 2005). Electric furnace pyrolysis results in an 89 %
reduction of volume while MWDPG results in a 92 %
reduction in sludge volume (Menéndez et al. 2005).

Cambi–KREPRO

The Cambi–Kemwater Recycling Process (KREPRO) may
be used to recover nutrients and metals from biosolids. The
KREPRO system has been used at the Helsingborg plant in
Sweden since 1995 (Lundin et al. 2004). Lundin et al.
(2004) examined the Cambi–KREPRO process, a proposed
design variation of the KREPRO system. In the Cambi–
KREPRO process, the sludge is hydrolyzed at 150 °C at a
pH between 1 and 2 (Lundin et al. 2004). The resulting solid
organic matter may be combusted using existing infrastructure
while the liquid organic matter can be used as a carbon source
in the wastewater treatment denitrification process (Lundin et

al. 2004). Metals may be precipitated from the liquid portion,
which contains approximately half of the sludge metal
concentration (Lundin et al. 2004). Recovered iron may be
reused in the plant's process for precipitation (Lundin et al.
2004). Phosphorous may be recovered as ferric phosphate for
use as fertilizer on agricultural land (Lundin et al. 2004).

Supercritical water oxidation and nutrient recovery

Another technology that has been used to recover energy
from biosolids is supercritical water oxidation (SCWO).
Svanström et al. (2004) conducted a life cycle assessment
regarding the first SCWO sewage sludge plant, located in
Harlingen, Texas. In the SCWO process, biosolids are heated to
greater than 374 °C and pressurized above 22.1 MPa; at this
temperature and pressure, supercritical water acts as a nonpolar
solvent (Stendahl and Jäfverström 2003). At least 99.9 % of
OCs are oxidized to CO2, H2O, and molecular N2 in under
2 min of the process (Stendahl and Jäfverström 2003). Oxygen
can be recovered from the process (Stendahl and Jäfverström
2003). Heat can also be recovered and used for energy
(Stendahl and Jäfverström 2003).

SCWO results in significant volume reduction of sewage
sludge (Stendahl and Jäfverström 2003). One concern is that
sulfur, chloride, and phosphorous are converted to inorganic
acid that can cause equipment erosion (Stendahl and Jäfverström
2003). However, CO2 can be recovered from the process and
used to neutralize the acid (Stendahl and Jäfverström 2003).
Any excess CO2 may be converted to dry ice for cooling
(Stendahl and Jäfverström 2003). Scaling may also be a concern
because inorganic solids tend to settle; however, controlled
deposition can be used to address this concern (Stendahl and
Jäfverström 2003).

Phosphorous has successfully been extracted from the
inorganic ash by-product of the SCWO process at the lab
scale (Stendahl and Jäfverström 2003). Caustic was used to
recover 90 % of the ash phosphorous content as sodium
phosphate (Stendahl and Jäfverström 2003). The sodium
phosphate was then treated with lime to precipitate phosphate
and allow reuse of the caustic in the leaching process (Stendahl
and Jäfverström 2003). Acids have also been used to leach
phosphate from SCWO ash (Stendahl and Jäfverström 2003).

Discussion and recommendations

If all 7 million tons of biosolids currently generated annually
within the USA was utilized for energy generation in the
form of E-fuel, which has a heating value of 7,000 Btu/lb, it
would provide approximately 9.8 trillion Btu of energy. In
2010, 40 quadrillion Btu was used in buildings in the USA
(USEnergy Information Administration 2013). Using biosolids
for electricity generation could increase the percentage of
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electricity generated by renewable sources by almost 0.2 %
above the 2011 level of 12.7 % (US Energy Information
Administration 2012).

Switzerland has banned the application of biosolids to
agricultural lands based on concerns over contamination
(Smith 2009). Until a full risk analysis has been completed
regarding land application, stricter government controls
should be implemented within the USA. POTWs should
be required to monitor all biosolids applied to land for any
pollutants reasonably expected to be present, including OCs.
All records related to land application of biosolids
should be kept by POTWs for a minimum of 50 years.
The USA should follow the European Commission's
lead and establish limits for OCs that pose a risk to
human health and the environment.

The government should create incentives for POTWs to
use energy generation for biosolids management in order to
encourage the transition from land application. This could
be achieved, in part, by providing funding to POTWs for
development of infrastructure necessary to make the transition.
Biosolids may be certified as a renewable fuel; in those cases,
renewable energy credits should be made available to POTWs.
Technologies for recovering nutrients from biosolids remain in
the development phase but are promising. Government funding
should be provided for research and development of technolo-
gies for recovering nutrients from biosolids.

Government research and development funding should be
provided for pilot projects to test new technologies because
some municipalities may be reluctant to adopt technologies that
have not been proven. For instance, the SCWO plant located in
Harlingen, Texas, is no longer operational due to corrosion
issues in the facility's heat exchangers (Wang et al. 2008).
Technology for controlling corrosion can be integrated
into the process now that the need has been identified;
however, this is an example of why facilities often need
incentives and ongoing financial and logistical support
to adopt newer technologies.

Waste streams associated with the use of biosolids for
energy generation include emissions and increased ash
production, in the case of co-firing with coal. There are a
variety of options for using the by-products of biosolids energy
generation for construction materials. Evidence suggests that
any contamination remaining in the by-product following
processing would be strongly bonded within the material.
Additional research should be conducted to confirm that there
are no health or environmental risks associated with the use of
these products. The Buffalo, Minnesota, case study demon-
strates that air emission standards can bemet at a facility where
combustion of biosolids occurs as long as proper controls are
in place. Subpart E of the Part 503 rule requires emissions
monitoring and sets national standards related to biosolids
combustion. Research and development of emissions control
technology should be ongoing.

Reduction of contamination in biosolids is recommended
regardless of whether the leading management strategy
continues to be land application or if a transition is made
to energy generation. Contaminant reduction may mitigate
some potential impacts of land-applied biosolids by reducing
concentrations of contaminants introduced into the environ-
ment. Contamination reduction in biosolids used for energy
generation will reduce emissions concerns and concerns
regarding beneficial reuse of the by-product. This requires
reduction at the source. Strategies such as public education,
pharmaceutical take-back programs, substitution of OCs in
the manufacturing process, and regulation of OCs under the
federal pretreatment program may be effective in reducing
loading of certain contaminants to POTWs.

Just as there is public objection to the land application of
biosolids near people, energy generation using biosolids
may also meet with public resistance. In order for a successful
transition between these biosolids management strategies,
both policy support and public support are necessary. It is
important to educate the public and to involve the
public in decision making. It is also important for
individual municipalities to keep their decision-making
process in regard to biosolids management as transparent as
possible.

Conclusion

The use of biosolids for energy production is a more
environmentally sustainable management strategy than
land application. Land application introduces OCs into the
environment. Some OCs have the potential to bioaccumulate
in the food chain. Some OCs are highly persistent in the
environment. OCs may also be transported throughout the
environment from the land application site, posing a potential
threat to water quality, aquatic organisms, and other organisms
exposed to these contaminants. The health and environmental
impacts of some OCs are known to be toxic while the
impacts of others are unknown. Repeated application of
biosolids contaminated by antibiotics could lead to the
development of antibiotic-resistant strains of bacteria.
Bacteria resistant to antibiotics pose a great risk to
humans and animals.

According to the National Research Council, there is a
lack of information regarding exposure pathways and past
risk assessments have been insufficient to fully evaluate the
risks associated with biosolids OC contamination. Spreading
contaminants in the environment when the consequences are
not fully understood is contrary to the precautionary principle.
Biosolids are land applied as a way to divert what might
otherwise be considered a waste stream into a beneficial use.
As populations continue to expand and water quality criteria
become increasingly stringent, the quantity of biosolids
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generated can reasonably be expected to increase. Land
application of biosolids is an unsustainable management
strategy because it introduces dangerous contaminants into
the environment.

Biosolids offer a renewable energy source. Carbon
released from the use of biosolids for energy generation
does not increase the amount of active carbon in the
global carbon cycle. By-products from energy generation can
be used beneficially for construction materials. Nutrients can
be recovered from processed biosolids and applied to land
without the inherent risks associated with spreading
contaminated biosolids in the environment. The preferred
management strategy should be one that is most protective
of human health and the environment while providing societal
benefit. In that respect, the most viable biosolids management
strategy is energy generation with nutrient recovery and
beneficial use of the by-product.
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