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Abstract: The objectives of this article are to offer a comprehensive evaluation of the opportunities
and barriers for swine manure conversion technologies and to shed light on the gaps that might
require further investigation to improve the applicability of these technologies. The challenges
of manure management have been propagated alongside the global growth of swine production.
Various technologies that target the production of energy, fuels, and bioproducts from swine manure
have been reported. These technologies include pretreatments, i.e., drying, and solid separation;
biological techniques, i.e., composting, anaerobic digestion, and biodrying; and thermochemical
techniques, i.e., combustion, gasification, pyrolysis, liquefaction, and carbonization. The review
highlights the yields and qualities of products, i.e., energy, gaseous fuel, liquid fuel, and solid fuel,
of each technology. It exhibits that the choice of a conversion technology predominantly depends
on the feedstock properties, the specifics of the conversion technique, the market values of the end
products as well as the local regulations. The challenges associated with the presented techniques are
discussed to ameliorate research and development in these areas. The notable finding of this paper is
that there is a need for full-scale research in the area of thermochemical conversion of solid-separated
swine manure.

Keywords: swine manure; biological conversion; anaerobic digestion; composting; biodrying;
thermochemical conversion; combustion; gasification; pyrolysis; liquefaction; carbonization

1. Introduction

The United States Department of Agriculture (USDA) inventory reported that the number of
pigs had reached 70.7 million heads in 2017 [1]. The growth in the pig inventory can be correlated
to an increase in the swine manure production. The annual cumulative swine manure generated
could reach 120 million metric tons (MMT) year−1 based on the assumption that the daily manure
production per pig is about 4.67 kg·day−1 [2]. This vast amount of manure production has created
a substantial challenge to the swine sector mainly due to the concentration of swine production [3].
It has been reported that about 85% of the national swine inventory produced in the USA is centered
in the Midwestern states including Iowa, Minnesota, Illinois, Indiana, Nebraska and Kansas which
are among the top ten producing states [4]. Research has also revealed that, out of the 69,000 swine
operations, about 87% house 2000 heads or more [1].

The concentrated swine manure production, with the limitation of available land to apply manure
as fertilizer has created a need to develop various technologies to convert this feedstock into bioenergy
and/or value-added products. Bioenergy signifies the most essential renewable energy source [5].
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It can add to fulfil, in a sustainable manner, the future energy requirements [6,7]. The conversion
technologies could be classified as biological and thermochemical technologies. Biological techniques
include composting, anaerobic digestion, and biodrying while thermochemical techniques include
combustion, gasification, pyrolysis, liquefaction, and carbonization. Despite the success of developing
various swine manure conversion technologies, some challenges still limit their large-scale applicability.
The difficulties of swine manure conversion techniques include high moisture content, low calorific
value, the scatter distribution that makes collection difficult and results in economic problems and
deficiencies in transportation, handling, storage, and conversion. The present review focuses on the
illustration of these technologies as well as the challenges facing them.

2. Swine Manure Composition and Characteristics

Swine manure composition data is highly varied, as shown by a survey of the available literature.
This occurrence is occasioned by the fact that manure composition is incumbent upon various factors
including, animal feed composition, animal age, and genetics. Additionally, the manure handling
system alters the properties and composition of raw manure. Moreover, manure composition data
are often reported using different matrices, i.e., as excreted, or as-removed basis. The latter option,
as-removed basis, factors in the influence of the handling method on the composition and the properties
of the manure. Table 1 below presents the various characteristics of swine manure for the animals at
different stages. It is clear that, regardless of stage, the swine excrements are predominantly water,
with the total solids making only 10% w/w of the manure.

Table 1. The weight of pigs at different stages and the corresponding characteristics of manure
as-excreted [2].

Component Units Gestating Sow Lactating Sow Boar

Animal weight kg 200 192 200
Total Manure kg·day−1animal−1 5.00 12.00 3.80

Moisture Cont. %, w.b. 90.00 90.00 90.00
TS kg·day−1animal−1 0.50 1.20 0.38
VS kg·day−1animal−1 0.45 1.00 0.34

BOD kg·day−1animal−1 0.17 0.38 0.13
N kg·day−1animal−1 0.03 0.09 0.03
P kg·day−1animal−1 0.01 0.03 0.01
K kg·day−1animal−1 0.02 0.05 0.02

3. Swine Manure Pretreatments

Manure is an essential source of nutrients, predominantly nitrogen (N), phosphorus (P),
and potassium (K), to plants when applied in an ecologically sustainable manner [8,9]. Conventionally,
land application of swine manure is considered the most recognized practical and economical
utilization technique [10]. However, repeated manure application on the same field elevate the
P concentration levels, which may harm the environment via surface runoff or leaching of P [11,12].
As mentioned earlier, the moisture content and total solids of fresh swine manure are approximately
90% w.b. and 10% w.b., respectively [2]. The high moisture content of manure tends to limit its
long-distance transportation. Accordingly, research focused on reducing manure moisture content and
concentrate the solid content via drying and solid separation.

3.1. Manure Drying

Manure could be dried to reduce its moisture content and to concentrate the solids via evaporation
of water, thus reducing its volume. Animal manure used to be dried using old-fashioned techniques,
i.e., oven-drying and hot air-drying. Typically, additional heat and/or forced air is desirable to
enhance faster evaporation of moisture [13,14]. The advantage of dried manure is the reduction of
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microorganisms or insects growth. Additionally, dried manure has less odor as compared with fresh
manure. Also, dry manure could be utilized as a soil fertilizer in the same manner that composted
manure is utilized. The substantial disadvantages of drying manure are the high energy requirements
and the costs associated with moisture removal. In a 100% efficiency dryer, the thermal energy required
to evaporate 1 kg of moisture from manure was described to be 2.3 MJ [15]. This energy and the
associated cost are incredibly high and cannot be fully recovered from the sale of the dried manure,
which makes it economically unacceptable to producers. Drying systems also must be covered to keep
manure away from rainfall.

3.2. Manure Solid Separation

Liquid and solid segments of swine manure could be separated and employed via various
techniques to convert them to value-added products and to minimize their harmful effects [16].
Employing solid-liquid separation as a technique for manure treatment not only potentially enhances
its management properties but also produces manure solids that might be exploited for either
energy generation or compost [17]. Separation of solids from liquid manure could be achieved
via sedimentation (gravity settling), centrifugation, filtration (using belt presses, screw presses,
and screens), or chemical amendment [18,19]. The separated solid fraction of swine manure is
rich in nutrients, particularly P, and can be transported for land application on soils with poor P
concentrations. The liquid portion can be used to irrigate soils without considerably increasing their
P levels [20]. Xiu et al. [21] stated that chemical separation of manure solids could be achieved
using metal salts and organic flocculants that transport solubilized nutrients out of solution as fine
particles. Following, it forms agglomerates of these salts, which can then rapidly precipitate. Normally
used chemical amendments are metallic salts, i.e., iron (Fe), calcium (Ca), or aluminum (Al) and
synthetic organic polymers, i.e., polyacrylamide (PAM) formulations [22]. Addition of coagulants,
i.e., FeCl3, Fe2(SO4)3, Al2(SO4), and CaCO3, to manure results in coagulation of suspended particles
by neutralizing the particles’ negative surface charge and enhances P removal via coagulation of P by
the cations constituting the coagulants [23]. Christensen et al. [24] and Sadaka and VanDevender [16]
reported that treatments of animal manure with coagulants and flocculants enhanced solid-liquid
separation. It has been reported that the overall energy balance presented a reduction of 0.596 MJ·kg−1

for the pyrolysis of the chemically pre-treated manure, whereas positive values of 0.352 MJ·kg−1 and
0.817 MJ·kg−1 were found for anaerobically digested sample and un-pretreated solid swine manure,
respectively [25].

3.3. Challenges Associated with Swine Manure Pretreatments

As mentioned earlier, the energy consumption to dry manure is exceptionally high. Accordingly,
an enhancement of the manure drying technology can considerably advance the overall impacts of
swine manure management via thermochemical conversion. Manure solid separation using chemicals
or mechanical methods add more costs to the manure management system which reduce the overall
benefits to producers. Therefore, simple and affordable techniques to separate the solid portions from
the liquid portion of manure need to be investigated. Swine manure drying using infrared technology
or microwave drying systems could potentially be economic ways to reduce manure moisture content.

4. Biological Treatments of the Swine Manure

Biological processes target the elimination of pathogens, weed seeds, and parasites. Additionally,
they amend the manure composition from a complex, malodorous effluent to an odor-free,
plant-accessible one. Furthermore, biological treatments decrease the manure nutrient loading,
thus minimizing the risk of over-application or nutrient runoff [26]. In general, most swine farms
utilize at least one type of biological treatment. Biological treatments could take place in aerobic
and anaerobic conditions as well as low temperature (mesophilic, 25–35 ◦C) or high temperature
(thermophilic, above 50 ◦C) [27]. Manure matrix maintained within thermophilic conditions for a few
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days is usually sufficient to kill pathogens. However, manure composition modification is achieved
through a sequence of decomposition stages that digest the complex organic species in the manure
(proteins, fibers, fat, and organic acids) into uncomplex, short-chain compounds while releasing
gaseous emissions of NH3, CO2, CH4, and VFAs through aerobic and anaerobic digestion.

Manure management in farms above 2500 heads falls under the purview of Environmental Protection
Agency’s (EPA) concentrated animal feeding operation (CAFO) guidelines [28]. Soil application in such
cases is regulated through a permitting process. Application permits are tied to manure quality only
from a nutrient loading perspective, unlike with municipal sludge in which permitting tracks both
composition and pathogen loading before permitting soil application. Permitting also ensures that the
targeted agricultural land is capable of assimilating the intended manure volumes through soil nutrients
analysis. In the following sections, we will explore swine manure biological treatments, i.e., composting,
anaerobic digestion, and biodrying.

4.1. Swine Manure Composting

For centuries, animal farming has practiced aerobic composting of animal manure. It serves as a
treatment that reduces odors and moisture, also, to eliminate pathogens and to improve the manure
properties as a soil conditioner. The process is achieved through a series of oxidation and mineralization
stages carried out by aerobic microorganisms (mesophilic and thermophilic), which convert the
biomass matrix into a stabilized, humus-like substance [29]. The composting process requirements
and outcomes are given by the following formula [30]:

fresh organic waste + O2
microbial metabolism−−−−−−−−−−−−→ stabilized organic residue + CO2 + H2O + Heat (1)

The rate of carbon and nitrogen mineralization is triggered by the elevated temperatures achieved
during activation of thermophilic bacteria. Incomplete aerobic digestion happens naturally in the
bedding mixture (crop residue, and animal manure) under hoop structure swine feeding. By scraping
it into piles or windrows, the bedding-manure mixture is often enabled to continue compositing
between herds [31]. To facilitate aerobic conditions in wet-handling systems, where manure is flushed
and collected in lagoons, a solid-separation step is necessary to increase the solid content of the matrix.

The levels of microbial activity and the phytotoxicity of the decomposed matrix remains the most
critical determinants of the composting process [32]. From a temperature standpoint, the process can
be separated into three consecutive stages: heating, thermophilic, and cooling phases. The heating
phase, which starts immediately after mixing the biomass and setting the piles, is typically the
shortest. The stage usually lasts 1–3 h, during which the compost pile temperatures increase rapidly
from ambient to thermophilic levels, above 50 ◦C. The temperatures are sustained all across the
thermophilic phase, the period of which depends on the nature of the mixture, and the aeration levels.
Mineralization and oxidation rates are at their highest during this stage, resulting in volatilization
of NH3, CO2, and evaporation of moisture. This phase is critical for killing pathogens, parasites,
and weed seeds. Therefore, for the compost to be deemed safe, it should remain at this stage, at 55 ◦C,
for at least three days [33]. The last stage is cooling and stabilization, which is typically the longest and
it ends with the material thoroughly degraded and pathogen-free.

The composting process parameters (aeration, C/N ratio, moisture, pH, and temperature) should
be appropriately managed to produce a stabilized, pathogen-free compost within a suitable timeframe.
Most importantly, there are no sufficient C and N levels in swine manure (C/N ratio) to initiate and
sustain composting by itself as it is evident in Table 2. Accordingly, introducing a carbon-rich source,
i.e., wood chips, sawdust, or crop residue, to adjust the C/N ratio is the first step to initiate manure
composting [34]. The recommended C/N range of 25–35 and the moisture content range of 50%
and 60% w.b. are optimum conditions for the starting of the composting process. Excessively high
temperatures (>60 ◦C), or rapid drying of the pile resulted in rapid decomposition in the initial phase
but a limited activity of bacterial population, and eventual termination of the composting process [31].
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Effects of aeration rates, both perpetual and intermittent, on maintaining a thermophilic environment
for a blend of swine manure separated solids, and peat moss in an in-vessel composting setup was
investigated [35]. Within 15 days of composting, the C/N ratio decreased from 15–18 to 10–14.
Likewise, the pH of the mixture decreased from nearly neutral to acidic range (5.2–6.9). Intermittent
aeration regime (between 0.04 and 0.08 L·min−1·KgVM

−1) was proposed to attain pathogen-eradication
(above 55 ◦C for three days) and odor control without volatilizing significant amount of the organic
matter content in the mixture. Chemical composition changes during a 63-day composting experiment
of swine manure blended with sawdust in a pile composting were investigated [36]. There was a
rapid decline in organic-C from 45 to 36% within the first 14 days, followed by a slow decline in
the remaining time, totaling a 10% drop in the process. Swine manure was also found to lose up
to 72% of its organic C and 60% of the total N through emissions as part of the decomposition and
mineralization stages [37]. Carbon dioxide and ammonia volatilization remain the primary causes
of the losses. Various greenhouse gas (GHG) emissions from unturned and turned compost piles of
manure and bedding material mixtures were monitored for over 80 days [38]. Higher GHG emissions
were reported from turned piles (1.98 kgCO2-eq·kgVSdegraded

−1), in comparison to unturned ones which
reported to be 1.55 kgCO2-eq·kgVSdegraded

−1. CO2 emissions comprised the bulk of GHG emissions
(75–80%), followed by CH4, at 18–21%, then finally N2O at 2–4%.

Table 2. Typical composition of liquid and solid swine manure [38].

Manure Dry Matter
(g·kg−1)

Organic C
(g·kg−1)

Total N
(g·kg−1)

NH4-N
(g·kg−1)

pH
-

Liquid 4.9–152 1.0–65 0.6–7.8 0.3–6.6 6.7–8.9
Solid 150–330 42–132 3.5–11 0.5–6.0 8.1

4.2. Swine Manure Anaerobic Digestion

Anaerobic digestion of manure provides a method to treat animal waste by allowing
microorganisms to digest the feedstock. This process produces biogas (with similarity to natural
gas) suitable for energy production through burning, internal combustion engines, and gas turbines.
The solids produced after the digestion process can be used as fertilizer or bedding for farm animals.
About 200 anaerobic digesters were installed at dairy farms through the USA as a reaction to the
energy deficient in the early 1970s. Several of these systems shut down or failed after just a few
years of operation. In 2014, about 260 anaerobic digesters were operational in USA farms with only
39 digesters operational in swine farms according to data compiled by AgStar (AgStar Financial
Services, Mankato, MN, USA), an EPA program to promote CH4 mitigation projects in the livestock
sector [39]. Anaerobic digestion process works efficiently with dairy and beef manures, although
research continue to improve the process for swine and other animals. With enhancements in anaerobic
digester equipment, as well as a better understanding of the method, there was a recovery of anaerobic
digesters being installed on large dairy farms starting in the late 1990s and continuing to this day.

In mostly confined swine houses, anaerobic digestion occurs in the manure collection pits, and in
the last storage lagoons. To activate specific bacterial and microbial communities that digest the organic
matter, this process requires anaerobic conditions (oxygen-free). The composite manure substrate is
converted to an effluent of degraded humic acids, and a mixture of gases (CH4, CO2, NH3, and N2O)
by anaerobic bacteria. This process has been understood on USA swine farms in manure collection
lagoons before the annual, or bi-annual, land application. However, most of these lagoons are not
covered, meaning that the process only occurs within certain anaerobic sections of the lagoon.

Most farms do not actively flush or collect volatilized gaseous species resulting from digestion,
making these gases a prominent source of greenhouse gas (GHG) emissions in agriculture. For instance,
between 1990 and 2011 CH4 and N2O emissions from USA manure management were found to
have increased from 31.5 to 52.0 TgCO2-eq, and from 14.4 TgCO2-eq to 18.0 TgCO2-eq, respectively [40].
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These increases were credited, to the increase in the size of production units, and the spread of liquid
handling and storage in dairy and swine production. Only a handful of USA farms have active digestion
processes with covered anaerobic digesters where temperature, pH, and organic matter loading are
controlled for purposes of biogas generation for energy or heating or both.

As shown in Figure 1, anaerobic digestion is a sequential process with different groups of
bacteria carrying out different tasks to fully digest the biological substrate. After hydrolysis of soluble
components, complex organic acids are transformed into volatile fatty acids (VFAs) by acidogenic
bacteria. The VFAs are then transformed to acetate by acetogenic bacteria [41]. The VFDs were shown
to decrease the pH of the mixture, thus damaging the pH-sensitive acetogenic and methanogenic
bacteria. After inducing perturbation (changes in hydraulic retention time of substrate, temperature,
and organic matter loading) to the anaerobic digestion of a cattle-swine manure mixture, changes in
the VFAs concentration were reported [42]. Ammonia (NH3) as a by-product of the acidogenesis was
found to have an inhibitory effect on the digestion process. For instance, anaerobic digestion literature
indicates that 1.7 to 14 g·L−1 total ammonium nitrogen (TAN), can lower CH4 production by 50% [43].
Swine manure was proven to be challenging in anaerobic digestion studies, due to its high NH4-N
and sulfide contents [44,45]. Carbon-rich sources such as crop residue, glucose or glycerol are added
to the swine manure to adjust the starting C/N ratio and to elucidate this challenge. Investigation
of crop residue additive (wheat straw, corn stalks, and oat straw) and the C/N ratio (16, 20, and 25)
on the gas yield from anaerobic digestion of swine waste was carried out [46]. There was a definite
correlation between increasing the C/N ratio and the yields of both the CH4 and the total biogas.
Wheat straw blends yielded significantly lower CH4 and biogas at all C/N levels when compared to
corn stalks and oat straw blends. A better explanation for the occurrence is that wheat straw contained
much higher lignin content, which is inaccessible to most digestive bacteria, in comparison to the other
crop residues.

Figure 1. Biomass transformation with the various stages of anaerobic digestion [47].

As mentioned earlier, there are two temperature ranges for achieving anaerobic digestion process
namely mesophilic and thermophilic. The removal of chemical oxygen demand (COD), biogas
production, and CH4 production disparity effected by mesophilic and thermophilic anaerobic digestion
were studied [48]. Only minimal differences in COD reduction, 63% versus 67%, and volatile solids
(VS) reduction of 64% versus 65%, were observed between mesophilic and thermophilic conditions,
respectively. However, CH4 productions were lower in thermophilic conditions compared to
mesophilic conditions of 3.3 versus 3.5 Lreactor volume

−1 day−1, respectively. On the other hand, biogas
yields and CH4 concentrations in the biogas under thermophilic conditions were 494–611 L·kgVS

−1

(vs denotes to volatile solids) and 59.8–61.7%, which were higher than those under mesophilic
conditions 315–419 L·kgVS

−1 and 56.9–57.7%, for the anaerobic digestion of three different maize
varieties [49]. Thermophilic digestion increased the metabolism of bacterial communities but resulted
in a buildup of VFA, in case of high-protein and urea substrates, which resulted in an accumulation of
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NH3 [50]. Increases in free NH3 concentration (0.75–2.6 gmN·L−1), VFA accumulation (gmacetate L−1)
and a decrease in methane yield (188–220 mLCH4 gmVS

−1) were observed with temperature increases in
a study of swine manure anaerobic digestion [46]. There arises a critical need for continual monitoring
and control of the swine manure anaerobic digestion due to the difficulty of the process and reluctance
of stakeholders to adopt the technology. Furthermore, challenges arise due to the toxic effect of the
liberated NH3 in the digestion of nitrogen-rich sludge, such as swine manure [51].

4.3. Swine Manure Biodrying (Partial Composting)

The majority of the manure thermochemical conversion technologies or applications require
manure drying to facilitate both transportation and conversion. Animal waste drying is a challenging
procedure given its relatively low heating value of 19.7 MJ·kg−1 on a dry basis [52]. Table 3 shows the
heating value of swine manure as well as both conventional fossil fuels, and different biomasses.

Table 3. Typical higher heating values (HHV, MJ·kg−1) for various feedstocks [53,54].

Feedstock HHV (MJ·kg−1)-Dry Basis

Bituminous coal 31.60
Peat 21.22

Cellulose 17.30
Lignin 26.70

Poplar wood chips 20.75
Oil shale 12.44

Wheat straw 17.55
Corn stover 18.10
Rice straw 15.95

Poultry litter 17.14
Cattle manure 17.36
Swine manure 19.70

Manure drying is the leading obstacle to the broader application of thermochemical conversion
due to the lack of economic manure drying. Biodrying has become a remedy to this obstacle. Biodrying
is a biological process by which biodegradable waste is quickly heated through initial stages of
biodegradability to remove excess moisture. The manure biodrying technique is a physical-biological
treatment of organic feedstock generating heat from exothermic reactions, along with excess aeration,
to volatilize most of the moisture yielding minimum carbon conversion. Except for the required
aeration rates, biodrying and composting procedures are similar in their operating parameters.
Biodrying operating parameters including pile temperature, reactor configuration, and aeration rate
have been studied numerously. Adani et al. [55] carried out studies on the effects of temperature
of biomass on the biodrying of urban solid waste. They adjusted aeration by setting three different
temperature levels; 70, 60 and 45 ◦C. They attributed high temperatures with favorable biomass
degradation, more stable high moisture material with low energy content. In previous studies [56,57]
researchers indicated that elevated temperatures facilitated microbial activities until a threshold of
55–60 ◦C, beyond which microbial activity and heat generation diminished. Sadaka and Ahn [57]
biodried swine manure-corn stover mixture. They reported that with no external heat provided to
swine manure-corn stover mixture, about 50% reduction of the initial water content was achieved after
biodrying for 2–4 weeks. A thermophilic temperature of 60 ◦C was attained after four days for swine
manure. Biodrying did not significantly affect the biodegradability of the mixture as measured by
volatile solids and heating value reductions.

The deliberation is presently continuing regarding the determination of suitable aeration levels
for both composting and biodrying. Various composting studies have recommended various aeration
rates. Li et al. [58] reported that several aeration rates on dairy manure composting indicate that
0.25 L·min−1·kg−1

volatile matter (VM) achieved the highest temperature and kept it for the longest
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retention time, with lowest emissions of odorous gases. Hong et al. [59] also mentioned that the
maximum degradation rate in dairy manure composting occurs with an air flow rate between 0.87 and
1.87 L·min−1·kg−1

volatile matter. Gao et al. [60] investigated the effects of three aeration levels; 0.3, 0.5
and 0.7 L·min−1·kg−1

volatile matter on the composting of poultry manure and sawdust. They found
that the best quality of composted manure (regarding maturity and stability) was under the air flow
rate of 0.5 L·min−1·kg−1

volatile matter. Aeration levels for the biodrying process are recommended by
few studies [61]. Consequently, there is a need to assess the effects of various aeration levels on the
biodrying process of swine manure mixed with crop residues.

4.4. Challenges Associated with Swine Manure Biological Conversion

It is often quite challenging to operate biological conversion systems due to the complexity
and interdependencies in the process. There are several attainment stories of biological conversion
systems that have helped producers in meeting their goal of converting swine manure to value-added
products. On the other hand, some biological conversion systems failed despite the enhancements of
the biological conversion techniques. These failures can be attributed to the following causes:

• Poor design and equipment selection: Design and equipment selection for biological conversion
systems can include decisions related to the manure pumping and conveyance systems, the gas
cleaning and electrical generation equipment. Therefore, it is essential that the proper technology
and equipment be selected. A failure of any one of these system components can result in
operation failure, reduced revenue generation or added capital costs to replace faulty equipment.

• Lack of appropriate technical expertise: There is a lack of technical expertise in managing
biological conversion systems in many cases due to the complexity of manure treatment systems.
Although animal farmers routinely manage other complex systems, and training programs on
biological conversion systems are available, there is a need to enhance the manure management
skills to be able to sustain steady-state operations.

• Lack of system maintenance: Biological conversion systems need to be well maintained.
Accordingly, producers need to dedicate some time and costs for maintaining these systems
to avoid downtime.

• Lack of commitment by the operator: Given the seasonal nature of farming, there can be times of
the year when the biological conversion systems may not receive the required attention and the
careful maintenance. Again, this can be associated with the view that these systems are not an
essential business function of the animal farm.

5. Thermochemical Conversion of Swine Manure

Thermochemical conversion, mainly combustion, remains the oldest known thermal technique
to convert organic and biological residues to heat. Thermochemical conversion techniques include
combustion, gasification, pyrolysis, liquefaction, and carbonization. Thermochemical processes utilize
elevated temperatures, at different ranges for each process, aided by an oxidative or an inert agent.
These processes target energy production or destruction of hazardous wastes.

5.1. Swine Manure Combustion

Combustion enabled people to utilize energy contained in organic matter for heating and cooking.
Embedded in the hydrocarbon bonds, i.e., coal, petroleum and natural gas, and biomass, i.e., forest,
crop or livestock residue, is fossilized energy which can be released under oxidative conditions using
heat. A direct correlation can be drawn between the embedded energy and hydrogen (H), carbon
(C), and oxygen (O), sulfur (S) and ash contents of the feedstock. Feedstock heating value is the
primary characteristic that determines whether it could be logistically and economically used as an
energy source. The heating value of common solid fuels is highly dependent on its characteristics
and composition [62]. Various models were developed to forecast the heating value of biomass
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from its composition (C, H, N, O, S, and ash); proximate analysis (volatile matter, and fixed carbon),
or summative analysis (cellulose, hemicellulose, and lignin) [63]. Ultimate analysis models: C, H, S, N,
O, and Ash proved to be the most accurate in predicting higher heating values in biomass. Channiwala
and Parikh [64] developed a correlation to estimate the HHV (MJ·kg−1) of solid, liquid and gaseous
fuels as follows:

HHV = 0.3491 C + 1.1783 H + 0.1050 S− 0.1034 O− 0.0151 N− 0.0211 Ash (2)

where

C, H, S, O, N, and Ash represent the elemental analysis of the feedstock.
HHV is the higher heating value, MJ·kg−1.

It should be mentioned that HHV is the energy released upon oxidation of unit mass of the
feedstock taking into consideration the enthalpy of vaporization for the generated water, whereas LHV
accounts only the oxidation enthalpy. The correlation [65] below can be used to calculate one from the
other, in units of MJ·kg−1:

HHV = LHV + 21.978×H (3)

where:

H is the hydrogen weight fraction in the sample.
LHV is the lower heating value, MJ·kg−1.

The combustion process is an accumulation of sequential steps of drying, pyrolysis
(devolatilization), gasification, char combustion, and gas-phase oxidation. The biomass moisture
evaporates at rates dependent on the particle size, and the vapor pressure in the surrounding space
under atmospheric pressure (101.3 kPa) and at temperatures above 100 ◦C. Volatile organic species
pyrolysis takes place at temperatures between 250 ◦C and 500 ◦C. Depending on the biomass type,
and based on the size of biomass particles this range varies accordingly. Exothermic mixed reactions
(gas-solid gasification, and char combustion) and exothermic homogenous reactions (gasification,
and gas combustion) take place at higher temperatures between 600 ◦C and 1200 ◦C. Thermal energy
and flue gas (CO2, H2O, NO2, and SO2), in addition to an inert ash residue, are released by these
reactions. An organic molecule’s embedded energy is the enthalpy of the complete oxidation of its
hydrocarbons, into oxides and water.

Majority of incinerators used with biomass are grate, or fluidized-bed systems. They are more
flexible to the fuel type, suspension burners which only allow for co-firing biomass at specific ratios
(25% by energy share) with particular moisture, ash content and particle size prerequisites [66].

Combustion technology is effective in reducing animal manure volume and concentrating
nutrients. Park et al. [67] evaluated the feasibility of using solids separated from swine wastewater
treatment practice as a fuel source for heat production. Proximate analysis of the solid recovered from
the swine wastewater after flocculation with organic polymer showed that the high heating value and
the moisture content were 22.3 MJ·kg−1 and 15.38%, respectively. The combustion efficiency of the
solids was found to be in the range of 95% and 98% with varied temperatures. Based on their results
they recommended that solid separated from swine manure can be used as an alternate source of fuel.

Swine manure, coal, and their co-combustion (10% dry weight of manure) were studied by
simultaneous TG/MS dynamic runs [68]. Furthermore, the non-isothermal kinetic analysis presented
that the Arrhenius activation energy parallel to the combustion of the blend (125.8–138.9 kJ·mol−1)
was slightly higher than that of manure (106.4–114.4 kJ·mol−1) or coal (107.0–119.6 kJ·mol−1).
The valorization of three different manure samples through pyrolysis and combustion processes
was evaluated [69]. Dairy manure and swine manure were biologically pretreated by anaerobic
digestion and biodrying processes, respectively. Thermal behavior of manure samples was studied
using thermogravimetric analysis coupled with mass spectrometry. These researchers reported
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that the processes could be divided into four stages to include dehydration, devolatilization,
char transformation and chemical matter decomposition. They attributed the differences among
the samples to their different composition and pretreatment. Combustion characteristics of bio-oil
derived from swine manure were examined using thermogravimetry techniques [70]. The results
designated that the combustion processes of bio-oil happened in three stages, namely the water and the
lighter compound evaporation, i.e., the release of the volatile compounds, ignition, and burning of the
more massive compounds (central carbon), and finally decomposition of the carbonate compounds.

Various biomasses lean towards the slagging and fueling in the combustion reactors. Several
indices were developed to correlate the composition and alkaline minerals to the slagging tendency.
Determining the weight of alkali oxides (potassium and sodium oxides) per unit energy (heat) in the
fuels used is among the standard measures to monitor slagging and fouling upon co-firing agricultural
and biomass residue. The upper limit for alkali levels in fuel is 0.17 kg·GJ−1 to minimize the chance of
slagging and fueling. Biomass S and Cl were influential in fouling and minerals deposition mostly
because of the formation of alkali sulfates and chlorides that condensed on fly-ash, gas exits and
downstream. On the other hand, the interaction of K and P with Si and Ca was responsible for the
formation of agglomerates in fluidized bed combustors [71].

Combustion of animal manure produces ash that has concentrated nutrients. Komiyama et al. [71]
tested the chemical characteristics of ashes from three manure types namely cattle, poultry, and swine
manure. The concentration of P and K did not change in cattle and layer manure due to the existence
of Si and Ca. However, the concentration of P increased by 3.6 and 4.6 folds for swine and broiler
manure, respectively as compared to the original materials. In another study, after incineration at 700 ◦C,
the resultant manure ashes were investigated [72]. High pH (>10), increased the concentration of P, K,
and heavier metals like zinc (Zn), copper (Cu) and manganese (Mn) for all ashes. N was never detected
in the manure. Swine manure ashes had the highest P concentration in ash residue, around 10–12%.
These P levels are close to those in phosphate rocks, regularly used as soil amendment. Combustion
temperature impact of solids on plant-available P in the swine manure ash was investigated [73].
An insoluble crystalline form of phosphorous (hydroxyapatite, Ca5(PO4)3(OH)) was formed at
temperatures of 700 ◦C and above. Therefore, to retain the functionality of ash-bound P, low-temperature
combustion or gasification technologies (400–700 ◦C) were recommended.

5.2. Swine Manure Gasification

During gasification, that takes place in a starved oxygen environment, biomass particles undergo
drying, devolatilization, solid-gas and gas-phase reactions that produce producer gas, char, and a small
fraction of condensable [74]. Gasification primary objective is the production of an energy-rich blend
of gases called “producer gas” that could be combusted in boilers, internal combustion (IC) engines
or gas turbines. Producer gas contains carbon dioxide (CO2) carbon monoxide (CO), hydrogen (H2),
methane (CH4) and nitrogen (N2) typically. Gasification takes place under temperature levels of 700 ◦C
and 1000 ◦C, which is often lower than those of combustion. However, the type of feedstock is used to
determine the exact gasification temperature. Coal, because of its low volatile matter content and low
reactivity, has higher reaction temperatures than biomass. The gasification reactions commence after
the biomass feedstock undergoes drying and devolatilization. Biomass has a much higher volatile
matter content (around 80% of dry weight) and a more reactive char because of the catalytic effect
of the ash minerals. The overall biomass gasification reaction in the air and steam environment can
be represented by Equation (4), which proceeds with several gasification reactions as shown in the
subsequent equations [75,76]:

Biomass
(
CHxOy

)
+ Air + Steam = CO2 + CO + CH4 + H2+

N2 + H2O (unreacted steam) + tar + Char
(4)
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Combustion reactions:
CO + 1/2O2 = CO2 − 283 MJ·kmol−1 (5)

Fischer-Tropsch reaction:

C + 2H2 = (CH2) + H2O− 165 MJ·kmol−1 (6)

The Boudouard reaction:

C + CO2 = 2CO + 172 MJ·kmol−1 (7)

The water gas reaction:

C + H2O = CO + H2 + 131 MJ·kmol−1 (8)

The methanation reaction:

C + 2H2 = CH4 − 75 MJ·kmol−1 (9)

Methane steam reforming:

CH4 + H2O = CO + 3H2 + 260 MJ·kmol−1 (10)

Additionally, some other elements, N and S, are liberated together with producer gas in the
form of ammonia (NH3), hydrogen sulfide (H2S), hydrogen cyanide (HCN), and nitrous oxides
(NOx).The reaction temperature, heating mode (auto-thermal or externally heated), amount of oxidant
present (typically oxygen) in the reaction volume per mole of biomass, use of a catalyst, physical and
chemical characteristics of the biomass particles, and the type of gasification system are the key factors
that influence gasification efficiency.

Pure oxygen, steam, carbon dioxide or blends of these oxidants can be used as the gasifying
agent apart from the atmospheric air [77,78]. Energy-intensive oxidants such as pure oxygen or steam
should only be used with high calorific value feedstock according to thermodynamic efficiency of the
conversion. The use of air as the gasifying agent means the dilution of the product gas with nitrogen
from the air (78.09 vol. %). It should be mentioned that the gasification process can be achieved
without supplying an external oxidant given that most biomasses contain O2 as part of their structures.
There is a requirement for an external source of heat when no oxidizing agent is supplied because
all devolatilization reactions: the water-gas reaction, and the Boudouard reaction are endothermic.
On the other hand, supplying an oxidizing agent could eliminate the need for external heat beyond
the startup (autothermal mode) because the exothermic reactions, full- or partial-oxidation reactions,
can sustain the conversion.

Extensive research has gone into biomass gasification leading to commercial adoptions in different
gasifier configurations. Gasification platforms resemble combustion units as relates to feeding
mechanisms and reactor types. These systems are classified as a fixed bed, fluidized bed, and plasma
gasifiers. In fixed bed gasifiers, biomass feed is fed into metered or gated entrance moving gradually,
by gravity, across the various reaction zones. The feedstock is incrementally fed in, as part of the stack
is reacted away into producer gas, char, and tars. The stages of the gasification process of drying,
devolatilization or pyrolysis, char gasification (Reduction) and combustion proceed within distinct
stratified zones in the biomass stack. Dependent on the thermodynamics of reaction taking place in
each zone, temperatures inside a fixed-bed gasifier are also stratified. Downdraft, updraft, and cross
draft systems represent fixed-bed gasifier’s examples based on the relative movement of the producer
gas concerning the feedstock. Downdraft gasifiers are the most common among fixed bed systems
due to their ease of operation, and the superior quality of producer gas (low tar and condensable) [79].
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Tar and condensable are deposited on low-temperature surfaces, typically downstream, causing
blockages and considerable pressure drops during gasification process. Additionally, tar content
corrodes the combustion chamber and forms undesirable deposition applications where the producer
gas is directly fired. The majority of commercial gasification systems (75%) are downdraft gasifiers
with updraft systems accounting for only 2.5% [80]. In a laboratory-scale gasifier, agglomeration
(formation of an ash-layer as well as condensation in upper parts of a countercurrent/updraft) was
reported with nutshells, and olive husks gasification [81].

Fluidized-bed gasification is a relatively newer model of conversion comparatively. Fluidized
beds are rapid and efficient options that are also suitable for up-scaling. They consist of an inert,
thermally stable media like silica, olivine, or alumina particles, blended at times with specialty catalysts
for tar reforming. This inert media serves as the heat-transfer medium that facilitates conversion
as the feedstock is fed into the reactor. The heat transfer is higher than in fixed bed reactors due to
the fluidization of the biomass-bed material mixture increasing the contact between hot media and
ambient biomass particles. Compared to fixed-bed reactors, the fluidized bed does not have thermal
stratification or distinct conversion zones (isothermal conditions), helping it achieve steady-state
operation faster. In fact, both the drying and the devolatilization stages are assumed to be instantaneous
once the biomass enters the reactor bed. Circulating fluidized bed systems are also utilized in biomass
conversion as well as a bubbling fluidized system described above. Unlike a bubbling fluidized bed
unit, this system consists of two reactors connected in series to form a closed loop for the solids.
Fluidization velocities in this system tend to be higher than in bubbling fluidization. By using gravity,
char particles are entrained out of the first reactor and are allowed to react in the secondary-bed with
the residues collected and circulated back to the main reactor bed.

Plasma gasification is an allothermal process occurring when organic matter is exposed to an
extreme thermal practice using a plasma torch to produce syngas. Because feedstock varies in physical
form, moisture content, ash content, and chemical composition, a plasma reactor must be designed to
meet these differences. Therefore, a single plasma reactor design would not apply for all waste treatment
cases [82]. Rajasekhar et al. [83] described plasma gasification as involving gases such as air, oxygen,
nitrogen or noble gases, and this produces exceptionally high temperatures, which depolymerizes
feedstock to individual atoms such as carbon, hydrogen, and oxygen. These atoms react with each
other to form high-quality syngas. At these high temperatures, the inorganic part (metals, glass,
silicates) extrudes from the bottom of the reactor and forms an inert, non-leachable vitrified slag that
can be landfilled [84,85]. Campos et al. [85] reported that by utilizing plasma arc technology, it was
possible to generate 816 kWh per ton of municipal solid waste (MSW); this is a higher energy producer
than incineration, pyrolysis or conventional gasification. Plasma gasification has several advantages
including better environmental benefits through lower emissions, vitrified slag has numerous usages
compared to ash, metals, and slag from gasification, disposal of hazardous wastes (dioxins), higher
gross energy recovery resulting from complete decomposition to the elemental level, and smaller
installation size increasing process controllability [86,87]. There are some disadvantages related to
plasma gasification including lack of reliability, high energy consumption, high consumption of electrical
energy, which is economically costly, and high initial investment [88].

Biomass waste such as swine manure separated solids (SMSS), with the molecular formula
CH1.69O0.5, is shown on the C-H-O triangular (ternary) diagram (see Figure 2) [89]. The area around
dotted lines shows an equilibrium state between gaseous species and solid carbon (i.e., gasification
region). Below the gasification, the region is fully oxidized carbon gaseous species while within the
region above, only solid carbon exists.
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Figure 2. A ternary C-H-O plot is illustrating biomass waste gasification using either air or steam as
the gasification medium.

The impact of gasification variables, including, equivalence ratio (ER), bed temperature, freeboard
temperature, and the existence of a tar-reforming stimulus (calcined dolomites: MgO. CaO) on quality
of producer gas was evaluated [90]. The ER remained the essential factor in determining the quality
of the producer gas and the yield of tars generated. Increasing the ER from 0.18 to 0.41 and from
7.2 gm Nm−3 to 4.6 gm Nm−3 (Nm3 is a cubic meter normalized to standard temperature and pressure
conditions, 25 ◦C and 101.3 kPa) caused a drop in the tar-to-producer gas ratio [91]. Fixed bed gasifiers
produce higher tar yields, representing between 12 wt. % and 20 wt. % of the carbon in the biomass,
compared to tar in fluidized-bed systems which represent 4.3 wt. % of biomass carbon at 750 ◦C [92].
For optimal conversion, ER values between 0.25 and 0.30 were recommended. Temperature influence
on gasification of feedlot cattle manure in a fluidized bed system was evaluated with the temperatures
varied between 627 ◦C and 727 ◦C. Burner gas (generated from propane-air burning), was used as the
fluidizing-gasifying agent. The producer gas yield reached 0.54 Nm3·kg−1 with 19.53 MJ·Nm−3 higher
heating value. Burner gas as the gasifying agent has undoubtedly augmented the producer gas with
combustion hydrocarbons. There was a 38.7%, 26.1% and 14.7% yield of H2, CO, and CH4 energy-rich
gases within the dry produced gas composition.

The producer gas can be purified and catalytically upgraded through the Fischer-Tropsch (F-T)
process to produce liquid hydrocarbons or used in direct combustion on gas-burning systems [93].
A catalytic reforming step to adjust the ratio of hydrogen to carbon monoxide above unity, H2/CO > 1
and also to convert all CH4 and higher hydrocarbons to CO and H2 must be done to the producer
gas [94]. As shown below in Equation (11), the Fischer-Tropsch reaction proceeds at a temperature
between 200 ◦C and 250 ◦C, and pressures between 25 and 60 bars [95]. Liquid long hydrocarbon
chains, C5+ are among the output products released along with gaseous fuel that can be suitable for
power production in gas turbines. Adjusting the H2/CO to numbers around two can be done through
the water gas shift reaction as shown in Equation (12):

Fischer− Tropsch reaction CO + 2H2 = CH2 + H2O− 165 MJ kmol−1 (11)

Water− gas shift reaction CO + H2O = CO2 + H2 − 41 MJ kmol−1 (12)

Researchers assessed both dry and wet livestock manures gasification. Dry wastes alike poultry
litter and feedlot manures can be treated directly via pyrolysis and air/steam gasification techniques.
The solids produced from dairy and swine operations aqueous waste streams can be treated via wet
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gasification or direct liquefaction processes [96]. Current testing of the dry feedstocks, i.e., poultry litter
and feedlot manure has been restricted to dry gasification systems using air as the oxidizing agent.
Fixed-bed gasification yielded a low-heating value gas with an average HHV of 4.5 MJ·m−3 for poultry
litter (TS) 92.5 wt. % and 4.1 MJ·m−3 for feedlot manure with total solids of 92.4 wt. %. The product
gases contained a combustible portion consisting on average of 5.8% H2, 27.6% CO, and 1.0% CH4.
Unfortunately, the product gases were rigorously diluted with nitrogen, thus lessening the potential
HHV by approximately 60%. By blending the high-ash manure with a low-ash feedstock, as well as
using acid washing, ash reduction is achievable. Evaluation of the ash minerals out of the biomass
matrix can also be achieved efficiently by soaking biomass in diluted acid. In a swine and hen manures
study, acid washing led to a drop in inorganic minerals (Fe, Ca, K, Zn, P, and S) and a tentative drop in
the char reactivity [97]. The reduced char reactivity was strongly correlated with low Ca concentration
in acid-washed manures. Washing (soaking) and fractionation (removing <1 mm particle size fraction),
two approaches for ash reduction, were studied as pretreatment for peach stones gasification [98].

The critical challenge of manure gasification remains stratification of the reactive zones in
fixed-bed systems because it results in the formation of hot spots and agglomerations. Investigations
were done on the effects of mixing cow manure with sawdust, at different mixing ratios, on gasification
efficiency in a downdraft gasifier [99]. Increasing the ratio of cow manure in the blends from 0 to 90%
caused drops in the reduction zone temperatures, the producer gas heating value, and the conversion
efficiency. The low conversion efficiency in cow manure was attributed to fixed carbon content within
the manure being higher than sawdust translating to more endothermic char reduction reactions that
cause a drop in the temperatures and the conversion efficiency. Pelletized poultry litter gasification was
done in a commercial downdraft gasifier at temperatures between 825 ◦C and 925 ◦C [100]. Formation
of clinkers (fused ash particles) in the reactor bed caused interruptions in gasification.

The presence of tar in the producer gas is a significant issue facing biomass gasification. Tar refers
to mixtures of phenolic, and aromatic hydrocarbons formed during the devolatilization (pyrolysis)
stage of gasification without sufficient decomposition inside the reactor to generate the targeted gases.
Tar also refers to the subsidiary hydrocarbon compounds formed under high reaction rigor with higher
molecular weights and higher aromaticity (polyaromatic). The volatilized organics formed during the
pyrolysis stage are further digested by the increased gasification temperatures by either the gasifying
agent or original oxygen and moisture (steam) in the feedstock. Persistence of tar in the produced gas
can be attributed to the short residence time of vapor phase in high-temperature regions since most
tar decomposition reactions are endothermic, as is the case with updraft gasifiers. In the absence of
external oxidizing agents, volatiles undergoes subsidiary decomposition reactions at temperatures
higher than 650 ◦C that increases permanent gases (H2, CO, and CO2) generation and decreases
gravimetric tars [101]. By using mass spectrometry, tars were classified by their molecular masses
into primary, secondary and tertiary tars [102]. With temperature increases, tars underwent both
decomposition and repolymarization. This phenomenon explains the transformation of tars retrieved
in biomass conversion from primary tars under common thermal conditions to secondary and tertiary
tars under raised gasification temperatures, as shown in Table 4. Primary tars are comparatively more
reactive and susceptible to thermal cracking in comparison to polycyclic aromatic hydrocarbons (PAH)
and tertiary tars [103]. The existence of heteroatoms (O, N) and side-groups (OH, CH3) in primary
tars makes them more reactive than aromatic (ring) compounds. Free-radical reactions necessitated
the primary thermal cracking mechanisms. The reactions take place through breakage of chemical
bonds in a tar compound, the formation of free radicals that undergo propagation, isomerization
and termination stages in which H2 and CH4 are liberated, and polyaromatic (tertiary) compounds
are created.
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Table 4. Classes of tars formed during biomass gasification [102].

Class
Tar Class

Primary Secondary Tertiary (Alkyl) Tertiary (Condensed)

Compounds

Levoglucosan,
hydroxyacetaldehyde,
furfurals, and
methoxyphenols

Phenolics,
moreover, olefins

Methyl acenaphthylene,
methylnaphthalene,
toluene and indene

Benzene, naphthalene,
acenaphthylene, pyrene

Temperature range 500–800 ◦C 500–1000 ◦C 700–1000 ◦C 700 ◦C ≥ 1000 ◦C

A study of biochar from manure gasification in a circulating fluidized bed (at 730 ◦C),
and acid-treated ash produced from manure combustion was done comparatively to test the use
of both as phosphorous (P) fertilizers [104]. The two types of thermal residue (ashes and chars) yielded
no discernible differences on P availability in the soil. Gasification char can be used as a phosphate
fertilizer to augment soil P levels but not as a starter P fertilizer as indicated by the results.

5.3. Swine Manure Pyrolysis

Pyrolysis, as mentioned earlier, is the essential stage to both the combustion and gasification of
biomass. During the pyrolysis stage, the solid biomass matrix undergoes thermal depolymerization
producing gaseous species, volatile organic compounds, and causing a rearrangement of both the
volatilized and solid components. Biomass pyrolysis is optimized to generate condensable organic
compounds resembling naturally-occurring crude oil (often referred to as bio-oil or bio-crude) in
addition to char and gaseous products. Pyrolysis does not need any oxidizing agent to facilitate
the conversion, unlike combustion or gasification. It is necessary to rapidly remove the volatilized
species from the reactor to the cold condensation unit. Quick removal and cooling of pyrolysis vapors
(quenching) are crucial in avoiding further thermal decomposition of volatiles into permanent gases
which equally minimizes the solid-vapor reactions that facilitate char formation.

Pyrolysis is classified as either slow or fast (flash) pyrolysis based on the process duration.
Slow pyrolysis tends to provide high yields because of low heat transfer rates and longer residence
times for both the solids and vapors. On the other hand, fast or flash pyrolysis has a high heating rate
(103–104 ◦C·s−1), a residence time less than 2 s, and rapid cooling of the volatile species which increases
the condensable (bio-oil) yield [105]. Fluidized bed (bubbling and circulating), ablative (rotating
cone, and vortex), and vacuum reactors were investigated in the context of fast pyrolysis [106,107].
Lignocellulosic biomass (mainly wood) products of fast pyrolysis average yields 60–75 wt. % bio-oil,
15–25 wt. % biochar, and 10–20 wt. % non-condensable gases [108]. The main product in bio-oil is an
acidic mixture (pH between 2.5 and 3.5) of water (15–30 wt. %) with a significant number of oxygenated
hydrocarbons of different molecular weights. Acids, alcohols, aldehydes, ketones, aromatics, phenols
and sugars are among more than 200 chemical species contained in bio-oils in varying concentrations
depending on reaction conditions, and composition of original biomass [109,110]. Most woody and
lignocellulosic feedstock pyrolysis reactions were grouped into cellulose, hemicellulose, and lignin
pyrolysis reactions [111].

Phase separation of pyrolysis oil into water-rich and hydrocarbon-rich phases was achieved by
adding surplus water to the bio-oil. Compared to liquid petroleum fuels, the oxygen content of bio-oil
is quintessentially 45–50 wt. % which, in combination with the water content in the bio-oil, result in
low heating values of about 18–26 MJ·kg−1.

Biomass bio-oil is both thermally and temporally unstable because of its high water content,
acidity, and corrosiveness. Repolymarization and phase separation reactions between various products
including acids, alcohols, and aldehydes through various mechanisms were outlined [112]. Shortly
after production, bio-oil repolymarization and phase separation complicate storage and transportation.
Therefore, bio-oil must be upgraded first to overcome these qualities that deem the bio-oil unfit for
most applications. In the presence of catalysts, through hydrodeoxygenation (HDO), steam bio-oil
upgrading can be achieved. One or two high stage pressures of catalytic hydrotreatment are useful for
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bio-oil upgrading [113]. The process involves the injection of hydrogen at an elevated pressure (more
than 100 bar) within temperatures between 250 ◦C and 400 ◦C in the presence of catalysts (sulfide
CoMo or NiMo). Inhibition of repolymarization reactions is a crucial challenge in bio-oil upgrading
mainly caused by increased reaction severity (pressure and temperature). Additionally, plugging
and coking (deactivation) caused by the failure of oxygen molecules to dissociate on the catalyst is a
setback of larger bio-oil compounds. Under atmospheric conditions, zeolite catalysts facilitate bio-oil
upgrading without the need for further hydrogen injection [114].

Syngas products (CO, and H2) have been produced through catalytic steam reforming of bio-oil
products. As a means to expand the usefulness of the pyrolysis products, this technique has
been investigated on bio-oil and model compounds such as phenol, acetone, and acetic acid [115].
The amount of energy spent in facilitating hydrogen production from bio-oil was equated to the energy
necessary to reform natural gas into syngas products [116]. Steam reforming of bio-oil has challenges
due to catalyst deactivation and coking [117].

Pyrolysis oil and gases have been investigated as fuel in compression (diesel) engines, turbines,
and boilers. Hossain and Davies [118] reviewed the performance of pyrolysis products as fuel in
internal compression engine. They reported various problems associated with pyrolysis oil as fuel,
such as reduced ignition quality, corrosion, increased emissions and particulate matter in addition to
low thermal efficiency. These challenges were attributed to the characteristics of the original feedstock,
chemical and physical instability of the pyrolysis oil, and the high water and solids content. The change
in bio-oil viscosity and composition with storage is a crucial barrier facing its utilization. Upgrading
the pyrolysis oil, blending with diesel fuel, and modifying the engines showed improvement in the
performance of pyrolysis oil as fuel. Indirect injection of pyrolysis oil in engines was recommended
to ensure an even air-fuel mixture. Hossain et al. [119] evaluated pyrolysis oil blends (20% and 30%)
with butanol, waste cooking oil, and diesel as fuel in compression engines. The tests showed the
pyrolysis oil blends to reduce thermal brake efficiency by 3–7% and produce lower CO emissions
when compared to diesel fuel. Vihar et al. [120] utilized a tire pyrolysis oil as a fuel in a turbo-charged
compression engine without blending or engine modification. They reported stable performance that
is comparable to diesel fuel at full load. Heating the intake manifold was highlighted as a critical
requirement to achieve stable operation using pyrolysis oil. They reported increased NOx and SO2

emissions. These increases were attributed to the increased nitrogen and sulfur content in the bio-oil
when compared to the fossil fuels. Pyrolysis oil from switchgrass, miscanthus, and eucalyptus were
blended with ethanol and tested as fuel in a commercial boiler (40 kWth) [121]. A 20–80% blend of
pyrolysis oil and ethanol resulted in a clean burn. Adjusting the boiler settings were necessary since the
stoichiometric air: fuel ratios for ethanol and pyrolysis oil were lower than that for fuel oil. Utilizing
low N feedstock to produce the pyrolysis oil was found to result in a reduction to the boiler NOx

emissions when compared to the type #2 fuel oil.
Pyrolysis gas has also been investigated as fuel in both compressions and spark ignition

engines. Increased NOx emissions under pyrolysis gas combustion were attributed to the high flame
temperature which resulted from the increased H2 amount in the gas. Lean conditions were found
to enable the reduction of NOx emissions and increased the engine thermal efficiency but resulted in
a relative increase in CO emissions [122]. Shah et al. [123] found CO and NOx concentrations in the
exhaust from syngas-powered generators to be lower than under gasoline operation. Adjustment to
engine design, such as increased compression ratio, optimizing injection timing and stratified charging
can improve engine performance and reduce emissions under gasification and pyrolysis-derived
gases [124].

Animal manure as feedstock for pyrolysis conversion exists in a few studies compared to the
majority of available literature focusing on poultry litter pyrolysis. Pyrolysis of poultry litter yielded
bio-oil 15–30 wt. % of the original feed, an HHV of 26–29 MJ·kg−1 and dynamic viscosity of 0.01–27.9 Pa,
respectively [125]. The temperature remained the most instrumental parameter impacting conversion
in a multi-parameter study of pyrolysis of poultry litter-wood shaving mixture within a fluidized-bed
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reactor; the other factors were biomass feed rate and N2 flow rate respectively [126]. The highest bio-oil
yield was 51 wt. %, at pH, 4.85 within temperatures of 475 ◦C. Investigations were carried out for
swine compost, wood chips, and sewage sludge as a potential feedstock for bio-oil production in a
fluidized-bed pyrolysis unit [127]. The swine compost bio-oil yielded H/C ratio of 1.63, a higher heating
value (HHV) of 31.2 MJ·kg−1, in comparison to 1.68 and 27.0 MJ·kg−1 for sewage sludge, and 1.51
and 23.9 MJ·kg−1 for wood shavings. Implementation of pyrolysis conversion and thermochemical
conversion are impeded by the high moisture and ash contents of animal waste. Mineral and alkali
salts control the pyrolysis conversion pathways, and the resultant oxygenates which are available in
varying quantities in manure, further adding uncertainty to the bio-oil products generated. Production
of char could be an added advantage of animal wastes pyrolysis that recently came to attention. Char or
“charcoal”, is the solid residuals of the devolatilization of volatile organics and the partial reaction of
biomass fixed carbon.

Researchers pyrolyzed untreated separated solid swine manure as well as solids which had
undergone chemical or biological pretreatment before separation [25]. The chemically pre-treated
and anaerobically digested swine manure solids had comparable properties and showed similar
performance during thermogravimetric analysis. Nonetheless, the energy content of the gas resulted
from the pyrolysis process contain about 30% of the original energy of the swine manure solids in
the case of the anaerobically digested materials and about 60% of the chemically pre-treated swine
manure solids. Swine separated-solids; paved-feedlot manure; dairy manure; poultry litter; and turkey
litter were pyrolyzed. Manure-based biochar physicochemical and thermochemical characteristics
were evaluated [128]. It was found that dairy biochars contained the most significant volatile matter,
C, and energy content and the lowest ash, N, and S contents. Swine biochars had the most significant
P, N, and S contents alongside the lowest pH and EC values.

5.4. Swine Manure Hydrothermal Liquefaction

The liquefaction process is a promising technology for converting wastewater feedstock into
bio-oil [129]. It has been utilized to convert a variety of wastewater feedstocks including swine manure,
cattle manure, microalgae, macroalgae, and sludge [130,131]. During liquefaction, water serves as the
reaction medium, lessening the need to dry the feedstock. As mentioned earlier, drying is a significant
energy input for biofuel production. Liquefaction takes place under the temperature range of 200–350 ◦C
and pressure of 5–15 MPa. Under these conditions feedstock macromolecules breakdown and reform
biofuel [132]. Self-separation of the bio-oil from water is then enabled as the reaction solution returns to
standard conditions. The produced bio-oil can be combusted or upgraded to be similar to petroleum
oils [133]. Liquefaction bio-oil contains a wide range of chemical compounds such as straight and branched
aliphatic compounds, aromatics and phenolic derivatives, carboxylic acids, esters, and nitrogenous ring
structures [132,134]. Biller and Ross [130] reported that the class of compounds identified in the bio-oil
is affected by the existence of protein and carbohydrate. The high oxygen/nitrogen content is the core
factor differentiating bio-oils from petroleum oils [134] and results in detrimental biofuel qualities such
as bio-oil acidity, polymerization, high viscosity, and high-boiling distribution. Furthermore, the varied
chemical composition of bio-oil affects the combustion enactment, storage constancy, upgrading response,
and economic value.

Liquefaction treatment system was developed to liquefy swine and dairy manures. The excess water
content serves as the carrier fluid and reaction medium for direct liquefaction [96]. This process employs
exceptional water properties that only occur in the vicinity of the critical region. The supercritical water
denotes to the water at temperatures above its critical point, i.e., 374 ◦C and 22.1 MPa, with its density
varying from 0.2 to 0.7 g·cm−3. As the supercritical water density decreases substantially from that of
ordinary liquid water, hydrogen bonds between water molecules profoundly weaken resulting in shallow
values of dielectric constant, comparable to those polar organic solvents. Liquefaction hydrolyzes the
lignocellulosic components in the feedstock and converts it into lighter organic oils (bio-oils). The metal
salts naturally present in the waste assist in catalyzing the hydrolysis reactions. When compared to
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pyrolysis, liquefaction takes place at lower temperatures and higher pressure. Researchers developed
batch and continuous liquefaction experiments on swine manure with total solids of 20–27 wt. % [135].
They reported that in the batch system under reactor temperatures ranging between 285 and 350 ◦C and
CO atmosphere, the oil yield reached 76.2% of the volatile solid. The swine bio-oil had a higher heating
value of 36.4 MJ·kg−1. They also mentioned that additional processing of the oils is needed due to the
existence of nitrogen and sulfur. Continuous operation under the reactor temperature of 305 ◦C and
pressure of 10.3 MPa, resulted in slight decreases for both the maximum oil production to 70.4% and the
bio-oil’s heating value, to 31.1 MJ·kg−1 (a 23.4% decrease). As a waste treatment alternative, liquefaction
reduced the initial swine waste stream’s COD by 64.5%. The authors concluded that further treatment of
the wastewater is necessary before discharging because no reductions in the N, P, and K of the post-treated
stream were observed. Supercritical liquefaction processing was used to convert swine manure into a
liquid fuel [136]. Swine manure ethanol was used as a solvent in an autoclave in the temperature range of
240–360 ◦C. The oil yield was evaluated by Fourier Transform Infrared spectroscopy (FTIR), elemental
analyses, heating values, water content analyses, ash content and solids content. The results showed
that the yield of the liquefaction products was significantly influenced by the reaction temperature.
The maximum oil yield of 26.7% (of dry matter) with low oxygen content (11.48%) and heating value of
33.98 MJ·kg−1 were achieved at a reaction temperature of 300 ◦C.

5.5. Swine Manure Carbonization

Biochar is the main solid byproduct of the carbonization process. The characteristics of this
char are a function of the composition of the first biomass and the conversion severity. On the other
hand, ash (mineral oxides with no carbon) is produced from complete combustion. Contrastingly,
carbonization, pyrolysis, and gasification produce a carbon-rich solid constituent (char) that also
contains the ash minerals. In a process less severe than pyrolysis or gasification, char can be produced
in a dedicated procedure at temperatures between 250 ◦C and 400 ◦C in the absence of air or oxygen.
This process is referred to as slow-pyrolysis, carbonization or torrefaction. Torrefaction is a mild
thermal treatment taking place at lower temperatures (200–300 ◦C) in which the biomass matrix
remains unmodified mainly except for the easily devolatilized fraction (hemicellulose). The process
improves friability and energy density of the biomass, facilitating co-firing with coal, or stand-alone
conversion [137]. Char is utilized for soil quality improvement, including filtration and adsorption
media [138], incineration as a blend-in with fossil coal or as a stand-alone solid fuel. Biochar is used to
indicate the specific end-use of the produced char as a soil amendment [139]. Compared with other
sophisticated thermochemical conversion technologies, such as fluidized bed gasification and fast
pyrolysis, carbonization (or slow pyrolysis) necessitates relatively low technical resources, making
the process suitable for farm-scale [140]. The biochar produced from animal wastes can easily be
transported and stored without irritation odor and deterioration. It can be eagerly used as a cooking
fuel and feedstock for existing coal power plants. Bio-char is higher in quality to charcoal produced
from coal due to its low sulfur content and high reactivity.

Numerous advantages of incorporation of biochar in the soil have been learned through studying
these soils. Biochar contains aromatic carbon structures that provide a stable carbon form facilitating
nutrients retention. Furthermore, porous biochar structures ameliorate the soil qualities facilitating
the growth of microbial microorganisms. Soil cation exchange capacity (CEC) is also improved
due to the increased alkalinity of the soil. A study was carried out on impacts of biochar origins
(cotton trash, grass clippings, and prunings) verses biochar application rates (10, 50 and 100 t·ha−1)
on a radish crop in Alfisol soil [141]. Even with the highest rate of biochar application, nitrogen
fertilization was shown to be necessary despite the fact that C/N for biochar is quite high about
200. Radish dry matter production improved with increasing biochar application rates as well as the
interaction between N fertilization and biochar. Additionally, there were general improvements in soil
quality; soil pH, exchangeable alkali ions (Na, K and Ca) and a decrease in the soil tensile strength,
with the incorporation of biochar. Recent studies revealed that incorporation of biochar in the soil
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not only improves soil properties and immobilizes heavy metals, it also mitigate carbon emissions by
sequestering carbon in a stable form.

With temperature increase, from 100 to 700 ◦C, biomass underwent progressive structural
transformation classified into four stages: transition char, amorphous char, composite char, and lastly,
turbostratic char [142]. There was an inverse correlation between the biochar degradation in the soil
and pyrolysis temperatures [143]. Under low-severity conversion, residual cellulose and hemicellulose
in the biochar matrix are quickly degraded and lost in the soil compared to aromatic biochar
produced under increased temperatures (525–575 ◦C). However, higher pyrolysis/biochar production
temperatures reduce the recoverable biochar mass. During corn stover pyrolysis, the influence of air
injection on the quality of biochar as a soil amendment was investigated [144]. Higher organic carbon
content was exhibited for chars produced at 0% and 10% air injection until week 6 of the study where
differences became insignificant. There was more biologically available carbon in the 0% and 10%
chars utilized during the first few weeks by the soil microorganisms. On the other hand, extractable P
started to increase in week four due to increased microbial activity that facilitated char decomposition
and P demineralization.

The great macro- and micro-nutrients content of manure solids has created interest in using
them as biochar feedstock. Characteristics of biochar produced at 380 ◦C from different biomass
feedstocks were studied [145]. Highest electrical conductivity, 2.90 mS·cm−1, water retention capacity,
294%, organic N, 0.25 mg·kg−1, and phosphate, 0.76 mg·kg−1 was exhibited by cattle sludge biochar.
Soil incorporated swine manure and woodchip biochars were monitored for carbon emissions [146].
Soils treated with biochar maintained organic C with CO2 emissions equal to those from control
soil. When compared with biochar-free soils, biochar application facilitated a reduction in carbon
emissions with the application of manure digestate. Soils amended with both manure digestate and
manure biochar reported the largest drop in Olsen P levels, but they still maintained more than
50 mg·kg−1. Temperature effect on the quality of swine manure solids biochar was studied [147].
Increasing the charring temperature from 350 to 700 ◦C resulted in a drop in char yields from 62.3 to
36.4% of the original mass. A corresponding increase in aromatic and carbonyl carbon from the loss of
alcoholic, paraffinic, and carboxylate carbon in the char carbon was reported. Physical characteristics of
swine manure solids biochar generated at different temperatures, 400–800 ◦C, through slow pyrolysis
conditions (no air) were investigated [148]. The biochar yields varied from 39 wt. % at 400 ◦C to
34 wt. % at 800 ◦C. Increasing the pyrolysis temperature from 400 to 800 ◦C, increased the pH of
biochar solution (5 g biochar in 10 mL deionized water) from 7.5 to 11.4. Furthermore, it increased
biochar P content, porosity, and surface area to 7.7 wt. %, 0.13, and 63 m2·g−1, respectively. A series of
biochars were produced from dried swine manure waste via slow pyrolysis at different temperatures,
i.e., 400–800 ◦C [149]. The produced biochar was examined for its prospective use as a soil amendment.
It was observed that increasing the reactor temperature improved the pore characteristics, ash contents
and pH values of all swine-manure-derived biochars, whereas it decreased the yield and N/O contents.

Most biochar literature reported adoption of torrefaction, slow pyrolysis (carbonization), or flash
pyrolysis as the conversion technologies [149]. Although pyrolysis-derived biochar contains more char
carbon in principle, only a fraction of this carbon is raw unconverted cellulosic carbon readily degraded
by microorganisms upon soil application as revealed by studies. Consequently, a rapid carbon loss
from the biochar reduces its sequestration potential. Bio-oil studies point out some challenges facing
pyrolysis including; storage, transportation, pretreatment and upgrading, the energetics and economics
of biochar production via pyrolysis would, therefore, be further constrained.

5.6. Challenges Associated with Swine Manure Thermochemical Conversion

In addition to the manure thermochemical conversion challenges mentioned earlier, some other
issues might hinder the advancements of these conversion technologies. This section will cover issues
associated with generic biomass types due to the nonexistence of full-scale research on thermochemical
conversion of swine manure. The following items are a collection of previously cited issues which are
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listed here to highlight the reasons for failures. Accordingly, they might initiate research strategies
to overcome these issues. It should be revealed that this list is not so conclusive. The failures of
biomass thermochemical conversion systems have resulted from design problems, i.e., poorly designed
conveyor systems, wrong selection of vessels walls thickness, mistakes in selecting the steam and
expansion joints. Additionally, operational and maintenance problems, i.e., lack of maintenance of
material handling systems, insufficient control and monitoring, poor bio-oil conversion to gasoline,
and cracks in concrete chambers due to heat and corrosion. Moreover, downstream issues, i.e., excess
of the limits of dioxins emission, ignition of produced hot char, pipe burst, and low energy recovery.

6. Conclusions

• Increases in scale and aggregation of swine production farms have resulted in manure
accumulation problems in high production regions.

• Various manure management technologies, i.e., biological, and thermochemical, could be utilized
to convert swine manure to value-added products while mitigating its negative impacts on
surrounding ecosystems.

• Thermochemical conversion technologies are mature, stable and modular but, so far, underutilized
in swine manure management.

• Gasification of swine manure solids, although under-investigated, can overcome the challenges
associated with high-ash feedstock, and also generate a biochar stream.

• There is a need for integrating the swine manure biological and thermochemical conversion
technologies to maximize the benefit of such a feedstock.

• There is a lack of research studies that investigate the kinetics of swine manure solids decomposition.
These solids could be produced from biological conversion or solid separation technologies.

• It is crucial to develop comprehensive assessments of environmental impacts of thermochemical
conversion as a manure management strategy.
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