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Abstract
Purpose With its substantial  CO2eq emissions, the agricultural sector is a significant greenhouse gas (GHG) emitter. Animal 
manure alone contributes 16% of the total agricultural emissions. With a rapidly increasing demand for animal-based pro-
tein, animal wastes are expected to rise if sustainable manure management practices are not implemented. Manures have the 
potential to be treated to generate valuable products (biofertiliser and biocrude) or feedstock for energy production. Thermo-
chemical conversion technologies such as pyrolysis, combustion, supercritical gasification (SCWG), etc., have demonstrated 
their potential in manure management and valorisation. This study provides a broader overview of these technologies and 
envisages future manure valorisation trends.
Methods The paper presents a state-of-the-art review of manure valorisation. Characterisation of manure, modelling and 
optimisation of thermochemical conversion technologies along with life cycle anaalysis (LCA) are also reviewed.
Results The literature review highlighted that the thermochemical conversion technologies can generate bio-oils, syngas, 
 H2, biofuels, heat, and biochar as carbon-free fertiliser. The reported calorific value of the produced bio-oil was in the range 
of 26 MJ/kg to 32 MJ/kg. However, thermochemical conversion technologies are yet to be commercialised. The major chal-
lenges associated with the scale-up of manure derived feedstocks are relatively high moisture and ash content, lower calorific 
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value and higher concentration of impurities (N, Cl, and S). LCA studies conclude that gasification presents a sustainable 
option for manure valorisation as it is economical with modest environmental threats.
Significance of Study This review briefly states the current challenges faced in manure management and presents the case 
for a sustainable valorisation of animal manures using thermochemical technologies. The economic, environmental and 
societal advantages of these technologies are presented in order to promote the scientific and industrial development of the 
subject in the academic and research community.
Conclusions Thermochemical conversion technologies are promising for manure valorisation for energy and nutrient recov-
ery. However, their commercialisation viability needs wide-ranging evaluations such as techno-economics, life-cycle analysis, 
technology take-up and identification of stakeholders. There should be clear-cut policies to support such technologies. It 
should be advocated amongst communities and industries, which necessitates marketing by the governments to secure a 
clean energy future for the planet.
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Statement of Novelty

The global livestock industry has been growing at unprec-
edented levels resulting in a rapid increase in manure pro-
duction. Moreover, animal manure has the potential to 
be utilised as a renewable energy feedstock to produce 
bioenergy. Thermochemical conversion processes are 
fast-emerging sustainable technologies and are considered 

one of the best options for animal manure management 
promoting a circular bioeconomy and decarbonising 
the agriculture sector. However, a wide-ranging review 
on various thermochemical processes for multitudes of 
manure is lacking in the literature. This review is a novel 
attempt to thoroughly discuss various thermochemical 
conversion processes for manure valorisation. To the best 
of the author’s knowledge, this kind of holistic review is 
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not attempted before. The authors believe this work could 
accelerate research and discussion about exploiting ther-
mochemical conversion processes as a sustainable manure 
valorisation technology. Discussion on LCA, reactor tech-
nologies for scale-up, and comparative study of pyrolysis, 
gasification, supercritical water gasification (SCWG) fur-
ther adds to the novelty to the work.

Introduction

The global livestock industry has been growing at unprec-
edented levels and is regarded as one of the largest anthro-
pogenic land users, currently employing 1.3 billion people 
and accounting for 40 to 50% of agricultural gross domestic 
product [1]. Meat consumption, for instance, had a two-fold 
increase worldwide in 50 years, rising from 23.1 kg per per-
son per year in 1961 to 42.20 kg per person per year in 2011 
[2]. In addition, it was reported that due to the increase in 
human population, household incomes and urbanisation led 
to a five-fold increment of pig and poultry production [3]. 
Figure 1 illustrates the pig and cattle production in different 
countries during 2020. The share of EU meat production 
quantity is shown in Fig. 2. Consequently, the increase of 
animal protein demand led to intense livestock breeding, 
resulting in a rapid increase in manure production worldwide 
[4]. Nevertheless, the current demand for animal-based pro-
tein intake is the major factor behind the development of the 
global food trade market. China is the largest animal manure 
producer in the world: it produced approximately 3.8 billion 
tonnes of manure in 2017 as opposed to 243 million tonnes 
in 2007 [5, 6], while the European Union (EU-27) and the 
UK produced more than 1.4 billion tonnes of manure per 
year [7]. The six countries (Denmark, France, Spain, Poland, 
Italy, UK) produced approx. 68% of the total manure, fol-
lowed by Ireland and the Netherland (Fig. 3).

Animal manure poses a severe threat to the environment 
as its decomposition releases chemical substances causing 
a significant risk of contamination and pollution to the soil, 
surface and underground water and atmospheric air, if not 
handled properly [8, 9] (Fig. 4). A common example is a for-
mation of nitrate and ammonium ions and gaseous ammonia 
through nitrification and ammonification of nitrogen, respec-
tively [10, 11, 12]. These naturally occurring processes form 
highly soluble compounds  (NO3

−,  NH4
+) and gases  (NH3) 

that, if released at high concentrations, contaminate the 
groundwater, soil solutions and pollute the air [13, 14, 15, 
16]. The emissions from global livestock continue to grow 
considerably, currently representing 14.5% of total anthropo-
genic greenhouse gas (GHG) emissions and amounts to 7.1 
 GtCO2eq/year [17, 18]. The formation of harmful substances, 
gases and volatile organic compounds from animal manures 
set manure management a central issue in international pro-
tocols that assess effective ways to reduce global warming 
and promote sustainable development [19, 20, 21].

Furthermore, animal manure’s improper storage, handling 
and disposal constitute a health hazard to human and ani-
mal life [22]. Manure is a source of zoonotic pathogens and 
heavy metals [23], which can be transmitted to food and 
water sources by direct deposition, water runoff events or 
other routes, thus increasing the risks of contamination to 
direct and indirect consumers [24, 25, 26]. Excessive manure 
land spreading leads to abnormally high concentrations of 
nutrients (K, P) that may move from the soil to water bod-
ies by runoff [27]. Nutrient over-enrichment of soils poses 
a particular threat to aquatic ecosystems, resulting in the 
eutrophication of lakes and death of fish and aquatic life 
forms [24, 27]. If the projections continue at the same rate, 
the mismanagement of manure could cause significant dam-
age to the environment, leading to increased GHG emis-
sions, climate change, deforestation and the loss of biodi-
versity [28]. Therefore, addressing the challenges associated 
with the nexus of food production, energy, water, climate 
change and health requires urgent attention to curb the nega-
tive impacts of mishandling animal manure.

Composting and incineration are traditional methods used 
in agronomy to treat manure [29, 30]. Although farmers 
extensively use these methods, their practical implementa-
tion is not viable due to several environmental concerns. 
These could be GHG emissions [31], discharge of mass of 
solid particles, odour development [32], and eutrophication 
[33], among others. Anaerobic digestion (AD) is one of the 
most common biochemical processes applied to solid waste 
and wastewater treatment [34, 35, 36]. Although it is con-
sidered a suitable technology to treat large quantities of ani-
mal manure, AD has its own drawbacks. It offers a limited 
flexibility for utilising different feedstock, restricted to only 
high moisture contentious feedstock such as sewage sludge 
and cow manure [37, 38, 39]. An alternative to biochemical 
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conversion is the thermochemical conversion process, which 
refers to the depolymerisation and reforming reactions of 
lignocellulosic compounds present in biomass, in heat and 
oxygen-controlled enclosure under low to relatively high 
pressure [40]. The main products of this process are bio-oil, 
syngas or product gas and bio-fertiliser [41, 42].

Thermochemical conversion comprehends both dry (non-
aqueous) and hydrothermal (aqueous) techniques. Figure 5 

depicts various thermochemical processes. One of the most 
frequently applied techniques is combustion, a process per-
formed in an oxygen-rich ambience under high temperatures 
(700–1400 °C) and atmospheric pressure. It is commonly 
employed to generate heat and power and can only be used 
if the feedstock has a low moisture content [43]. Contra-
rily to combustion, pyrolysis is an oxygen-free process in 
which biomass is decomposed to directly produce bio-oil 

Fig. 2  Share of quantity of EU meat production (2019) (Eurostat)
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and syngas [44]. This process occurs at temperatures rang-
ing from 300 to 850 °C under atmospheric pressure [45, 
46]. Hydrothermal carbonisation (HTC) is another thermo-
chemical conversion technique used to treat animal manure 
[47]. It involves the reaction between biomass and hot com-
pressed water or steam, subject to temperatures and pres-
sures within the ranges of 180–300 °C and 0.1 to 8 MPa 
in an oxygen-starved atmosphere [48, 49, 50]. Gasification 
involves converting organic matter into a gaseous mixture 
known as syngas (CO,  H2,  CO2,  CH4) in an oxygen-deficient 
environment in the presence of a gasifying agent. It requires 
high temperatures (600–1300 °C) and atmospheric pressure 
[51]. The SCWG process is another thermochemical tech-
nology that requires operation at the water's supercritical 
condition. Lately, SCWG has been pushed as a frontier tech-
nology to decompose manure and produce valuable energy 
products [52].

It is expected that the world will face the problem of oil 
reserves depletion before 2050 [29], at which point there 

would be an urgent necessity for an alternative source of 
energy. In this context, thermochemical conversion technol-
ogies present an essential solution to global energy demands: 
the bio-oil produced during these processes is considered 
a potential replacement for fossil fuels when upgraded to 
biofuel, with a reduced oxygen content and high heating 
value [53]. Moreover, biofuel is appreciated as an alternative 
to fossil fuel due to its potential to reduce global warming 
because of its greenhouse gas neutrality and renewability 
[16, 29].

Presently, numerous reviews on manure valorisation 
have been published. Font-Palma [133] produced a com-
prehensive study on cattle manure disposal. Yang et al. 
[54] discussed the distribution of antibiotics in livestock 
manure. The fate and distribution of heavy metals during 
the thermochemical conversion of manure are summarised 
by Li et al. [55]. Manogaran et al. [56] presented a detailed 
review of chicken manure treatment processes. Other exten-
sive studies on thermochemical processes are reported [57, 
58, 59, 60, 61]. However, a wide-ranging review on vari-
ous thermochemical processes for multitudes of manures is 
lacking in the literature. This comprehensive review thor-
oughly analyses the state-of-the-art technologies employed 
in manure valorisation using thermochemical processes such 
as pyrolysis, gasification and the SCWG process as well as 
other thermochemical technologies like HTC and hydrother-
mal liquefaction (HTL). Manure is characterised in detail 
and its implementation is evaluated concerning the different 
thermochemical technologies available. The subsequent bio-
oil, syngas,  H2, biochar generation through thermochemi-
cal technologies are also reviewed. In addition, modelling 
and optimisation methods for thermochemical technologies, 
reactor technologies for scale-up, and comparative study of 
pyrolysis, gasification, SCWG are elaborately discussed. 
Furthermore, LCA studies involving thermochemical pro-
cesses are also reviewed. The review concludes with chal-
lenges and future perspectives of thermochemical conver-
sion technologies pertaining to animal manure-derived 
feedstocks.

Characterisation of Manure

Manure is an important resource of nutrients for crops and 
can aid in enhancing soil productivity. It is an inevitable 
by-product of poultry and livestock production. The phys-
icochemical properties of manures are one of the most cru-
cial parameters for its valorisation and have an immense 
influence on thermochemical conversion processes and the 
final product formation. Manure is classified as a mixture of 
urine, faeces, bedding materials and wasted feed. Manure 
with bedding material is a good source of organic matter, 
increasing the quantity of soil. Manure components have 
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been divided into two types, viz inorganic and organic. 
Animal manure majorly consists of fibre, including cellu-
lose, hemicellulose and lignin. Manure is also considered 
as an organic fertiliser that consists of macro (potassium 
(K), nitrogen (N), and phosphorus (P)) and micro nutrients 
such as zinc (Zn), iron (Fe), cobalt (Co), manganese (Mn), 
sodium (Na), magnesium (Mg), copper (Cu), sulphur (S) 
etc. [55, 62]. As an essential element in plant nutrition, K is 
required to function in all living cells. Dairy manure is a rich 
source of K for the growth of plants. Altogether, macro and 
micro elements make livestock manure an ultimate fertiliser 
for nutrient deficient soils to enhance the crop yield and 
quality. Nutrients, organic matter and manure water constitu-
ents are greatly varied, making them more complicated to 
manage than synthetic fertilisers. Characteristic properties 
of manure depend on various factors such as diet, proteins, 
species of animal, fibre content, digestibility, animal age, 
stage of production, housing and environment. Manure can 
be characterised in various ways. Vital characteristic proper-
ties for manure collection, handling, storage and utilisation 
include the solids content, makeup and particle size of the 
manure solids (fixed, dissolved and suspended solids). Fac-
tors affecting manure composition are feeding and nutrient 
excretion, water consumption, in-barn water use, livestock 
bedding, in-barn drying systems, weather, manure storage 
design, microbial decomposition, nutrients, settling of solids 

and transformation of moisture [63]. A complex sample of 
the liquid manure is produced by (i) accumulating four or 
more distinct samples at a given phase of the pumping-out, 
(ii) mixing the individual samples in a single container, (iii) 
combining the contents, and (iv) filling a single sample con-
tainer for transportation to the laboratory [64, 65, 66].

The definition of manure varies from region to region. 
Manure characteristics can be measured based on qualitative 
and quantitative methods. The qualitative analysis mainly 
deals with the odour whereas quantitative analyses include 
the physical, chemical and biological properties. Manure’s 
physical properties are very important, owing to their operat-
ing and designing processing and handling systems. These 
properties include rheological properties, pH, particle size, 
ionic strength, electrochemical, surface charge, colloids, 
dissolved suspended solid, Newtonian fluid, plastic flow, 
suspended solids and slurry density. These characteris-
tic features are well known for designing and developing 
pumps, storage tanks and separation equipment. Rheological 
properties and slurry density are significant for evaluating 
the energy requirement for handing and pumping manure. 
The particle size of the manure influences the sedimenta-
tion capacity during storage. Physical characteristics set the 
potential requirements for the advanced technologies for 
managing and handling the manure. Manure comprising 
more than 120 g/kg of dry matter is considered solid manure 

Fig. 5  Various thermochemi-
cal conversion technologies for 
manure management
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[6, 65, 66]. The manure with lower than 120 g dry matter/kg 
is called liquid or slurry manure. In contrast to solid manure, 
liquid manure can be transported by pumping or drainage. 
Farmyard manure is produced by the animal houses where 
the excreted litter and solids strewed on the floor are brushed 
and transferred out of the shed.

The manure's composition, consistency, and quantity 
significantly influence the livestock manure storage facil-
ity design and its handling characteristics. Handling char-
acteristics of the manure varies based on the types of solids 
present in the compound. Boundaries between the handling 
categories are not fixed but fluctuate with the composition 
of the specific component.

Nutrient values are also associated with the concentration 
of solids. Generally higher the concentration of solids, the 
higher will be the concentration of nutrients. Physicochemi-
cal estimations are accessible for most manure types. To 
assess what manure comprises, the laboratories must evalu-
ate respective samples. Assessments and tabular standards 
and readings must be noted with caution. These can be 
used for planning purposes. Handling characteristics of the 
manure is of four types, i.e., (i) liquid, (ii) slurry, (iii) semi-
solid, and (iv) solid [6, 65, 66].

Many regions need procedures to estimate manure nutri-
ent administration plans for their facile operation. For the 
sampling and testing of manure following steps should be 
followed they are (i) choosing a testing and analysis labo-
ratory, (ii) obtaining a sample, (iii) correct time to collect 
the sample, (iv) procedure for the collection of samples, 
(v) shipping of the samples, (vi) laboratory evaluation, 
(vii) testing frequency and (viii) reading and interpreta-
tion of laboratory analyses. Manure analysis will provide 

the dry matter, moisture content, ammonium nitrogen, total 
nitrogen, phosphorous and potassium in the laboratory test 
evaluation. Further defining the concentration of nutrients, 
manure analysis can also be used to assess the proper func-
tioning of the lagoon. To analyse manure, the lagoon should 
include electrical conductivity to assess the levels of chlo-
ride salts and pH. Manure is stored and handled based on 
the type of livestock, animal housing, manure collection, 
treatment of manure and manure application [65, 66, 67]. 
Detailed proximate and ultimate analyses of various manures 
are presented in Table 1.

Pyrolysis of Manures

Pyrolysis (devolatilisation) is a thermochemical conversion 
process in which carbonaceous feedstocks are subjected to 
moderate temperature (> 300 °C) in an oxygen-free environ-
ment and produce non-condensable gases  (CO2,  CH4, CO, 
 H2 and other light hydrocarbons), bio-oil and solids (bio-
char). The operating condition of the pyrolysis process can 
be decided based on the desired product. For instance, slow 
pyrolysis occurs at lower temperatures with long residence 
time whilst fast pyrolysis is conducted at higher heating rate 
and very short residence time and producing higher char and 
bio-oil yield, respectively [68, 69]. The produced bio-oil 
from pyrolysis process can offset fossil fuel or diesel use 
in furnaces, boilers, turbines and engines used for power 
generation purposes. During the pyrolysis process, conden-
sable vapour originates from cellulose, whereas hemicel-
lulose contributes to non-condensable vapour and lignin, 

Table 1  Proximate and ultimate analyses of various manures

A, B indicates manures are collected from different locations
MC moisture, VM volatile matter, FC fixed carbon
*Dried feedstock

Manure Proximate analysis (wt%) Ultimate analysis (dry basis, wt%) Refs.

MC VM FC Ash C H N O S

GoatA 6.00 58.90 12.09 29.01 38.29 5.40 2.18 19.08 0.04 Zeng et al. [62]
GoatB 8.92 70.13 4.18 16.77 42.08 5.62 1.45 39.85  < 1.00 Erdogdu et al. [88]
DairyA * 69.53 16.25 14.22 40.52 5.24 1.56 38.03 0.42 Zhou et al.  [6]
DairyB * 62.00 15.00 23.00 35.20 3.10 2.20 33.30 0.70 Atienza-Martinez et al. [210]
SwineA 1.5 42.00 24.30 32.20 37.60 4.90 3.00 22.30 – Azuara et al. [67]
SwineB * 77.70 15.17 7.13 33.52 6.17 2.80 56.69 0.82 Janković [211]
Horse 8.20 70.40 11.00 10.50 43.30 5.90 0.90 30.40 0.80 Chong et al. [150]
CattleA 6.75 52.96 5.41 34.88 30.96 2.34 2.67 63.62 0.41 He et al. [212]
CattleB 6.94 70.31 – 13.70 49.94 6.39 3.53 38.78 0.60 Sánchez et al. [213]
ChickenA * 69.23 19.13 11.64 31.54 4.52 3.34 60.18 0.56 Yildiz et al. [214]
ChickenB 10.20 51.10 8.20 30.60 34.40 4.10 3.27 23.40 0.81 Ro et al. [215]
Layer Manure – – – – 29.15 4.13 6.42 36.56 0.36 Mante and Agblevor [216]
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which degrades at much slower rate, contributes to the char 
yield [70, 71, 72]. Although the pyrolysis process has been 
extensively studied on lignocellulosic biomass nevertheless, 
literature on pyrolysing animal derive feedstocks are scantly 
reported.

Pandey et al. [73] experimentally studied the technical 
feasibility of the fast pyrolysis process of poultry litter in a 
laboratory-scale bubbling fluidised bed reactor and assessed 
the potential use of pyrolytic gases and biochar as an organic 
nutrient or soil amendment. The authors reported that the 
bio-oil yield was over 27 wt% with a higher heating value 
(HHV) of 32.17 MJ/kg (dry basis), almost 2/3 of that of 
petroleum fuels. Interestingly, the bio-oil produced from 
poultry litter had 1.5 times HHV of the bio-oil that was made 
from woody biomass. Nevertheless, the reported nitrogen 
content in poultry derived bio-oil was > 7 wt% as compared 
to the bio-oil produced from wood (0.1 wt%) [74]. The pro-
duced bio-oil analysis also revealed that it could not be used 
in diesel engines due to the higher total acid number but can 
be used as a lubricant additive. Although the retention of P 
and K in the biochar was over 75%, indicating its potential 
to be used as a soil amendment, the higher concentration 
of alkali and alkaline metals may restrict its use in the soil. 
Chicken manure with four different bedding materials (hay, 
rice husk, straw and wood shavings) was pyrolysed at low 
temperatures between 350 and 450 °C. The study revealed 
that chicken litter mixed with rice husk resulted in the high-
est biochar yield (67 wt%), whereas wood shaving mixed 
feedstock had the highest liquid yield (44 wt%) at 400 °C 
[75].

Jung et al. [76] investigated the possible utilisation of bio-
char as a green catalyst produced from chicken manure for 
biodiesel (fatty acid methyl ester-FAME) production. The 
authors reported that the pseudo-catalytic transesterification 
reaction performance of chicken manure biochar produced at 
350 °C was comparable to those of commercially available 
porous materials  (SiO2) because of the calcium presence in 
chicken manure and resulted in 95.6% FAME yield. Moreo-
ver, the presence of the Ca in Chicken manure can enhance 
the thermal cracking of FAMEs. It was recommended that 
the biochar from chicken manure should be produced at tem-
peratures lower than 350 °C to avoid the thermal cracking 
of FAME.

The slow pyrolysis process of poultry litter was experi-
mentally studied at 400–800 °C temperatures in a labora-
tory-scale fixed-bed reactor under nitrogen flow. The evolved 
non-condensable gases (CO,  CO2,  CH4) were used to raise 
the temperature of the reactor, and it was estimated that the 
pyrolysis process could be thermally self-sustainable (auto-
thermal) at 550 °C. The energy balance analysis showed 
that 1/3 of the total heating value of the poultry litter was 
transferred to the condensate. The maximum reported liquid 
condensate yield was obtained at 550 °C [77]

Mante and Agblevor [78] investigated the stability of 
biocrude oils produced from fast pyrolysis of manure (poul-
try litter), wood (pine and oak) and mixtures of manure and 
wood in mass ratios (75:25, 50:50 and 25:75 wt%). The 
authors have found that feedstocks with high nitrogenous 
and hydrocarbon compounds yielded biocrude oil with the 
highest stability. However, the presence of wood (used as 
a bedding material in the shed) increased the amount of 
oxygenated compounds, decreasing the oil stability. It was 
evident that the reactions of proteins with aldehydes and 
pyrolytic lignin were making biocrude oils less stable. Sol-
vent addition was found to provide a platform of molecular 
dilution to slow down these reactions. The study concluded 
that to improve biocrude oils stability, eliminating specific 
oxygenated groups from the feedstock (mixture of manure 
and wood) is a must.

Cantrell et al. [79] experimentally investigated the effect 
of pyrolysis temperature (300 and 700 °C) on five manure-
derived feedstocks (i.e., swine-separated solids; paved feed-
lot manure; dairy manure; poultry litter; and turkey litter). 
It was reported that the biochar produced from poultry lit-
ter showed the highest electro-conductivity (measurement 
of nutrients in the substrate). In contrast, biochar produced 
from swine manure reported to have the highest P, N, and S 
contents and the lowest pH and electro-conductivity. Biochar 
derived from dairy has the highest volatile matter, carbon 
and energy density, and the lowest ash, N and S contents. 
The study concluded that biochar mass recovery was directly 
linked with the feedstock’s proximate analysis and C/N ele-
mental ratio.

Agblevor et al. [80] used a fast pyrolysis fluidised bed 
reactor to convert poultry litter from broiler and turkey 
houses and hardwood bedding material into biocrude oil. 
The reported bio-oil yield from chicken broilers, turkey 
litter and bedding alone were 36–46 wt%, 50 wt% and 63 
wt%, respectively. Furthermore, the pH of the poultry lit-
ter derived bio-oil was approximately 6, whilst the reported 
pH value for turkey litter and hardwood were 4.2 and 2.7, 
respectively. It was clearly evident that the poultry litter 
derived biocrude oil has much higher pH than typical bio-
oils [69]. The HHV of the poultry litter derived biocrude 
oils was in the range of 26 MJ/kg to 29 MJ/kg compared to 
the bedding material 24 MJ/kg. The comparatively HHV 
of biocrude oil from poultry could be linked to the higher 
protein content. The major findings of this investigation were 
that the biochar and biocrude yield were affected by the 
ash content in the feedstock and the biochar contains high 
amounts of macro nutrients (P, K, Ca, Na, Mg), the chemical 
composition and viscosity of produced biocrude oils varies 
considerably and is dependent on the source material and 
pyrolysis temperature.

In a fluidised bed reactor, Kim et al. [81] performed fast 
pyrolysis studies under nitrogen as a fluidising media on 
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chicken litter, chicken litter mixed with woodchips and tur-
key litter using silica sand as bed material. The experiments 
were conducted between 450 and 550 °C and the vapour 
residence time was varied from 0.5 s and 5 s. Each experi-
ment lasted for an hour and the feeding rate was 0.2 kg/h. 
The high ash content in the feedstock yielded high char con-
tent (22–45 wt%) and a comparatively lower liquid yield 
(15–30 wt%) compared to woody biomass, which produced 
up to 42 wt% bio-oil. The gas yield increased from 32 to 61 
wt% with the increase in temperature. The biochar retained 
most of N–P–K and Ca present in the original litter samples, 
suggesting that it could be used as a fertiliser [82].

Koutcheiko et  al. [83] investigated physico-chemical 
properties of a bio-organic char derived from poultry lit-
ter and suggested that it can be used a source material to 
produce activated carbon. The study concluded that biochar 
with around 35% carbon and 43–45% inorganic mineral can 
be utilised to produce activated carbon.

Whitely et al. [84] studied the thermal decomposition 
behaviour of poultry litter under a nitrogen atmosphere using 
a thermogravimetric analyser (TGA) combined with mass 
spectrometry and Fourier transform infrared spectroscopy 
to produce activated carbon and carbon black. The decom-
position process was divided into four stages to obtain acti-
vation energy (E). The ammonia evolution was linked to 
the evolution of ammonium salts in the first stage (160 °C, 
E = 100.6 kJ/mol), devolatilisation of lignin and hemicellu-
lose, with the evolution of sulphur compounds  H2S occurred 
in the second stage (160 and 290 °C, E = 52.11 kJ/mol), 
devolatilisation of cellulose linked to the release of  N2O 
in the third stage (290 and 390 °C, E = 193.9 kJ/mol) while 
the actual decomposition of cellulose occurred in the fourth 
stage (390 and 500 °C, with highest E = 242.3 kJ/mol). A 
summarised performance analysis of pyrolysis products 
from animal manure is described in Table 2.

Azuara et  al. [67] investigated fast pyrolysis of pig 
manure at temperatures of 400, 500 and 600 °C and found 

that 92–97% of phosphorus present in the pig manure 
could be recovered from the biochar formed and follow-
ing combustion of the biochar 100% of the phosphorus can 
be leached as ortho-phosphate. The optimum temperature 
for the maximum bio-oil yield of 18.48 wt% and HHV of 
13.59 MJ/kg was reported at 600 °C for swine manure [85]. 
The researchers recommended that the swine manure be 
mixed with other manure feedstocks due to its low energy 
yield and high-mositure content. Similarly, Selim and 
Amano [86] also advocated mixing manure feedstocks to 
increase biochar output and process efficiency. The study 
compared pyrolysis of cow and chicken manure at varying 
concentrations and heat rates with nitrogen used as a gas 
agent, it was found for slow heat rates, cow and chicken 
manure differ when thermally degraded and that a 40% cow 
manure concentration keeps an exothermic reaction over the 
pyrolysis period. Azargohar et al. [87] researched the fast 
pyrolysis of waste biomasses such as wheat straw, sawdust, 
flax straw and poultry litter at temperatures 400, 475 and 
550 °C. Overall, as temperature increased, the share of meth-
ane and hydrogen in the gaseous phase increased, in addition 
to an increase in bio-oil collected for wheat and poultry lit-
ter. Similarly, pyrolysis of goat manure resulted in the high-
est bio-oil yield of 26.1 wt% in a fixed bed reactor at 500 °C. 
The temperature ranges examined were 300–600 °C. The 
bio-oil obtained had a carbon content of 51.75% increase 
from the 42.08% found in the raw feedstock [88].

Catalytic Pyrolysis

Catalytic pyrolysis is deemed to be a cost-effective method 
for improving the pyrolysis process and producing substan-
tial biofuels. The catalyst addition reduces the activation 
energy and energy costs while enhancing the bio-oil yield 
and shaping product distributions [89]. It has been reported 
that the catalytic pyrolysis of cow manure using HZSM-5 
zeolites significantly increased the production of aromatic 

Table 2  Performance analysis of pyrolysis product from animal manure

Feedstock Reactor type Temperature °C Bio-oil 
yield (wt%)

Biochar 
yield (wt%)

Gas yield (wt%) Bio-oil heating 
value (MJ/kg)

References

Poultry litter Fluidised bed 530 27.6 31.5 21.9 33.0 [73]
Chicken litter—broiler 1 Fluidised bed 500 45.7 40.6 13.6 28.25 [80]
Chicken litter—broiler 2 Fluidised bed 500 36.8 40.8 22.3 28.0 [80]
Chicken litter—broiler 3 Fluidised bed 500 43.5 32.9 23.6 29.57 [80]
Turkey litter Fluidised bed 500 50.2 27.6 21.7 26.25 [80]
Poultry litter Fluidised bed 500 23.39 33.85 42.76 27.98 [81]
Turkey litter Fluidised bed 500 26.32 24.49 49.19 26.24 [81]
Pig manure Fluidised bed 500 26.3 39.2 15.5 28.5 [67]
Goat manure Fixed bed 550 26.1 42.5 31.4 NA [88]
Swine manure Fluidised bed 600 18.48 6.0  ~ 36.0 13.59 [85]
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compounds in biofuels such as benzene, toluene, etc. This 
was a consequence of effective deoxygenation and aromati-
sation. The authors also observed that increasing the catalyst 
to feedstock ratio from 1:1 to 5:1 also boosted the production 
of biofuels [90].

Similarly, Shim et al. [91] noted that the catalytic pyroly-
sis of chicken manure yielded increased production of aro-
matic compounds. HZSM-5 zeolites were again observed 
to be the best functioning catalysts for pyrolysis studies. 
In a novel study, Lee et al. [37] stated that  CO2-assisted 
pyrolysis using biochar catalyst resulted in enhanced forma-
tions of pyrolytic gases compared to non-catalytic pyrolysis. 
The authors concluded that such catalytic pyrolysis could 
be environmentally friendly and reasonably sustainable for 
pyrolytic gas production and manure valorisation.

Fish Waste Pyrolysis

Fish waste is another animal manure with a vast scope for 
utilisation as a feedstock for thermochemical processes, pre-
dominately pyrolysis. Currently, island nations and coun-
tries with a higher-than-average fishing culture pioneered 
research in this field. However, the scope for usage on the 
mainland can also be seen with the high amounts of oily 
fish such as mackerel, providing the majority of UK fish-
ing [92]. Pyrolysis of trans-esterified fish waste results in 
bio-oil yields of 72–73 wt% in the temperature ranges of 
300–500 °C [93]. It can be seen that high calorific values 
obtained from the residual bio-oil of around 9391 kcal/kg 
[94] were higher than European bio-diesel specifications and 
more similar to petroleum [95]. Identical to other pyrolysis 
feedstocks, fish waste also manifested a heavy reliance on 
the type of catalyst utilised. Catalysts including  Na2CO3, 
 Al2O3,  MgSO4,  K2CO3,  SiO2,  MgSO4, Zeolite and hybrid 
mixtures of catalysts have been investigated [93], with com-
binations of these catalysts yielding greater performance 
than the individual catalysts.

In contrast to the desirable high calorific value, higher 
acidity and viscosity are also obtained vis-vis similar biofu-
els limiting the use of biofuel as an alternative to diesel [94], 
and this currently stands as the main limitation on the uti-
lisation of fish waste as biofuel. The lower acidity can be 
obtained with the utilisation of absorbents. With absorbent 

addition, pyrolysis of fish waste effluent oil fractions can be 
seen as a viable bio-fuel alternative to diesel, sharing similar 
characteristics and properties to petroleum [93].

Bio‑oil and Biochar

Comparable to the effect of changing from slow pyrolysis 
to fast pyrolysis, changing the type of manure used as feed-
stock has a high impact on the compositions of the biochar, 
bio-oil and their respective yields. It can be observed from 
Zhou et al. [6] that cattle manures lead to biochar with a 
higher fixed carbon (34.7–38.18 wt%) and lower ash content 
(45.69–47.44 wt%) than chicken and swine manure feed-
stocks when undergoing slow pyrolysis at 500 °C. Zhou et al. 
[6] further stated that dairy manure had both the lowest ash 
(20.69 wt%) and highest carbon content (40.91 wt%), which 
could suggest a lower biochar recovery than other manures 
such as swine or chicken manure where the ash content is 
higher and the carbon content lower. Interestingly, despite 
the decrease in the yield of biochar dairy cattle manure had 
the highest HHV (15.3 MJ/kg), which could still lead to it 
as a favourable feedstock. Further to this, Cantrell et al. [79] 
suggested that the more volatile matter, carbon and nitrogen 
present in the raw manure feedstock, the lower the recovery 
of biochar following pyrolysis. It is worth to mention that 
in order to assess the quality of biochar and before it can be 
classified as an organic nutrient and used as a soil amend-
ment, further characterisation, analyses and validation are 
needed. The chemical compositions of biochar for various 
manure feedstocks are presented in Table 3. Table 4 provides 
the detailed inorganic composition of biochar produced from 
the poultry litter.

A detailed analysis of manure derived bio-oil is presented 
in Table 5. It is imperative to mention that since the pro-
duced bio-oil contains high moisture content, therefore; 
chemical fractionation needs to be carried out before the 
bio-oil can further be analysed. Apart from high moisture 
content, manure derived bio-oils are viscous in nature, unsta-
ble and reported to have a high total acid number. Since the 
produced bio-oil is acidic and contains high water content 
which limits its usability in internal combustion engines. 
The feedstock impurities (ash, alkali and alkaline metals) 
are also present in bio-oil. The amount of inorganic trace 

Table 3  Chemical compositions 
of biochar for various manure 
feedstocks [6]

Proximate analysis (wt%) Ultimate analysis (%wt) HHV

Fixed carbon Ash Volatile Matter S H N O C (MJ/kg)

Layer chicken manure 22.48 58.03 19.49 0.74 1.05 2.21 4.59 33.38 11.76
Broiler manure 31.33 54.07 14.60 1.11 1.23 3.69 3.11 36.78 13.05
Beef cattle manure 34.70 47.44 17.85 0.41 1.32 1.87 9.09 39.88 13.75
Dairy cattle manure 38.18 45.69 16.13 0.55 1.54 2.27 6.91 43.04 15.3
Swine manure 30.86 55.18 13.96 0.46 1.14 2.27 6.04 34.92 12.15
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elements (ash) in the poultry litter derived bio-oil was over 
0.32 wt% [73] exceeding the allowable limit of ash content 
in the biofuels (< 0.02 wt%) [96].

Gasification of Manures

Gasification of poultry litter has become increasingly 
popular in the recent past. Although most of the studies 
were conducted on the bench-scale reactor or simulation 
based nevertheless, poultry litter has been regarded as the 
potential feedstock for gasification [97, 98]. Gasification 
has been projected as an alternative route for processing 
waste and poultry litter sustainably and is considered a 
cleaner technology compared to incineration concerning 
the level of gaseous emissions produced [99, 100]. Gasi-
fication is a thermochemical conversion process where 
a carbonaceous fuel is partially oxidised into a gaseous 
product (syngas). A schematic diagram of a bubbling flu-
idised bed gasifier is illustrated in Fig. 6. Gasification is 
usually carried out at a temperature (typically over 650 °C) 

and under sub-stoichiometric ratio. The quality and yield 
of the product or syngas largely rely on the gasifying 
medium (air, steam and/or oxygen), feedstock properties 
(moisture, ash and elemental composition), gasifier reac-
tor type (fixed bed, fluidised bed, entrained flow) and the 
process operating conditions (temperature and equivalence 
ratio). Gasification also provides fuel flexibility to produce 
heat and power based on clean biomass, and the derived 
syngas can be used as a chemical building block [101]. It 
can be an effective technology and support cleaner energy 
strategy by generating hydrogen-rich syngas and helping 
decarbonise the whole energy system. The lower heating 
value can range from 4 to 7 MJ/Nm3 when oxidised with 
air to 10–15 MJ/Nm3 when oxidised with pure oxygen. 
Gasification with steam yields hydrogen rich syngas with 
higher heating value in the range of 15–20 MJ/Nm3 [102, 
103].

Although the gasification of animal manure has 
received increased attention but is yet to be deployed on 
an industrial scale. The major obstacles are the selection 
of the suitable gasifier for the specific fuel, high amount of 

Table 4  Inorganic composition 
of biochar produced from the 
poultry litter (in mg/kg, dry) 
[73]

Biochar produced at 460 °C Biochar produced at 530 °C

Major elements Minor elements Major elements Minor elements

Al 3300 As  < 0.5 Al 5400 As  < 0.5
Ca 36,400 Ba 70 Ca 37,800 Ba 69
Fe 3800 Cd 0.05 Fe 3800 Cd 0.2
Mg 20,500 Co 4.3 Mg 20,300 Co 4.9
Mn 1500 Cr 35 Mn 1500 Cr 40
P 23,700 Cu 190 P 25,500 Cu 220
K 67,900 Hg  < 0.02 K 75,500 Hg  < 0.02
Si 17,000 Mo 11 Si 16,300 Mo 14
S 8500 Ni 35 S 8900 Ni 42
Zn 1300 Pb 3.2 Zn 1200 Pb 4.1

Sb  < 0.5 Sb  < 0.5
Tl  < 0.5 Tl  < 0.5
Ti 240 Ti 230
V 9.2 V 9.8

Table 5  Bio-oil composition for 
various manure feedstocks

Poultry 
litter [73]

Poultry 
litter [73]

Broiler-1 [80] Broiler-2 [80] Broiler-3 [80] Turkey [80]

Carbon, dry wt% 68.7 69.7 63.24 64.06 62.84 60.62
Hydrogen, dry wt% 8.2 8.2 7.22 8.14 8.31 7.16
Nitrogen, dry wt% 7.2 7.7 5.05 4.94 7.23 4.21
Oxygen, dry wt% * 16 14 23.89 22.27 20.72 28.68
O/C ratio 0.2 0.2 0.38 0.35 0.33 0.47
H/C ratio 1.4 1.4 0.11 0.13 0.13 0.12
TAN, mg KOH/g 46.3 38.5 – – – –
HHV, MJ/kg 32.8 33 28.25 28.00 29.57 26.25
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tar in the product gas limiting its use, low carbon conver-
sion efficiency, and disposal of by-product [104]. Despite 
these challenges, gasification offers greater flexibility with 
higher thermal efficiency (34%) compared to incineration 
(20%) and by-products (unconverted fixed carbon and ash) 
can be used as a soil amendment [100, 105].

Pandey et al. [100] investigated the effect of air, steam, 
gasifier temperature and addition of limestone on prod-
uct gas yield, cold gas, carbon and hydrogen conversion 
efficiencies of poultry litter gasification process in a bub-
bling fluidised bed reactor. Limestone was added primar-
ily to minimise the defluidisation or agglomeration of the 
bed due to high mineral content (P and K) in poultry litter 
ash. At an optimum operating condition (equivalence ratio 
of 0.25 and temperature of 800 °C), poultry litter blended 
with limestone yielded a product gas with an average heat-
ing value of 4.5 MJ/Nm3 and a cold gas efficiency of 89%. 
Billen et al. [106] identified that the higher concentration of 
P in poultry litter ash causes the bed defluidisation problem 
and recommended that calcite addition could reduce the risk 
of agglomerate formation. Walawender et al. [107] reported 
that blending the bed material (silica sand) with limestone 
(75:25 wt%) helped to prevent the bed agglomeration during 
the gasification of animal feedlot.

Di Gregorio et al. [108] experimentally gasified poultry 
litter in a pre-pilot scale fluidised bed gasifier operating at 

atmospheric pressure and critically analysed the behaviour 
of ash composition. The elemental composition of the poul-
try litter ash indicated that the higher fraction of alkali met-
als could have contributed to ash sintering and facilitated the 
bridging between bed particles. The study concluded that 
whilst gasification of poultry litter is technically feasible, 
prior fuel characterisation is absolutely necessary pertaining 
to the heterogeneous nature of the feedstock and to counter-
act the possibility of sintering and agglomerate formation.

Katsaros et al. [109, 110] successfully carried out poultry 
litter gasification at low temperature (700 °C) in a lab-scale 
fluidised reactor and obtained a gaseous product with lower 
heating value of 3.3 MJ/Nm3. The authors have chosen to 
perform the tests at a lower temperature to prevent ash sin-
tering and agglomeration problems. To sidestep agglomera-
tion issues, co-gasification of poultry litter experiments was 
conducted by several contemporary researchers in a fixed- 
and fluidised bed reactors. The study reported that the pro-
duced gas composition and the heating values from co-gasi-
fication of poultry litter were quite comparable. Priyadarsan 
et al. [111] co-gasified cattle manure and chicken litter with 
coal in a 10  kWth in an updraft gasifier under batch mode 
operation. Interestingly, the concentration of  CO2 and  H2 
in the product gas derived from poultry litter gasification 
was slightly higher compared to coal. However, the average 
heating values the gases evolved from poultry litter and coal 

Fig. 6  Schematic diagram of a 
bubbling fluidised bed gasifier 
(from Pandey et al. [100]
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were in the range 4.5 to 5.1 MJ/Nm3, indicating that poultry 
litter can be a suitable feedstock for co-gasification. Fixe bed 
gasifiers have extensively been used to gasifiy poultry litter 
gasification for energy recovery [112, 113, 114] and most 
importantly, to reduce odour emissions and nutrient run-off 
while curbing land spreading. Taupe et al. [115] successfully 
gasified poultry litter in a small-scale updraft (batch) gasifier 
at low temperature (680 °C). The gaseous product reported 
having an average HHV of 3.3 MJ/Nm3, which is slightly 
lower than the heating value reported by other researchers 
[100, 111]. Dried swine manure was subjected to air gasifi-
cation in a fluidised bed gasifier. The authors reported that 
an increase in gasifier temperature yielded higher product 
gas and energy recovery [116].

A detailed environmental and economic sustainability 
study on poultry litter gasification revealed that the elec-
tricity and heat generation routes reduce global warming 
potential and water body eutrophication [117]. A life cycle 
assessment (LCA) of the pyrolysis and gasification processes 
and their contribution in value chains to the circular econ-
omy have been investigated. Bora et al. [118] analysed the 
thermochemical processes of poultry litter and found that it 
outperformed the conventional land spreading application, 
which has an observable climate change impact with an 
improvement of 15–53%. A detailed LCA study on manure 
management is presented in “Life Cycle Assessment (LCA) 
Studies of Thermochemical Technologies” section. In con-
clusion, the valorisation of animal manure provides a sus-
tainable alternative to conventional land spreading and is 
expected to be technically and economically feasible. There-
fore, gasification and pyrolysis processes are expected to 
positively impact the environment while strengthening the 
circular bioeconomy concept in the livestock farming sector. 
Table 6 summarises gasification conditions and gasification 
products from animal manure. Although the produced syn-
gas has the potential to be utilised in boiler or gas engines 
nevertheless, a prior syngas cleaning is required.

Supercritical Water Gasification Process 
(SCWG) of Manures

The SCWG is an emerging technology that can efficiently 
convert high-moisture and low-quality wastes such as sew-
age, food wastes, livestock manure, etc., to electricity, heat, 
hydrogen and other green/future fuels. It involves a complex 
series of chemical reactions and works under more extreme 
conditions (374 °C, 22.1 MPa) to produce syngas (mixture 
of  H2,  CO2,  CH4, CO,  C2+ etc.). High moisture content leads 
to increased drying duty, which could overshadow the heat 
of combustion, making the wastes unfit for the combustion 
process or even gasification. Organic waste to future fuels 
using SCWG have sparked tremendous interest amongst 

scientists, academicians and researchers [119, 120]. The 
increased solubility of hydrocarbons and organic in super-
critical water is the most attractive characteristic of the 
SCWG process [121]. Under supercritical conditions, water 
shifts from polar solvent to non-polar solvent, leading to 
enhanced solubility of organics. The density of water also 
decreased from 1000 at room temperature to 89 kg/m3 at 
500 °C and 24 MPa. Additionally, viscosity and dielectric 
constant are significantly reduced for supercritical water, 
facilitating the behaviour of water more like a non-ideal gas 
[122, 123, 124]. However, technology is not commercialised, 
and its integration with carbon capture and other established 
technologies needs to be thoroughly explored to make it a 
viable technology.

Figure  7 shows a proposed schematic of the SCWG 
process, using manure as a feedstock and a potassium salt 
catalyst. The main steps could be (i) mixing of feedstock 
materials, (ii) gasification reaction, (iii) Steam-methane 
reforming, (iv) membrane separation of  C2+ from natural 
gas, (v) water–gas-shift reaction, (vi) second membrane sep-
aration of  H2 from effluent, (vii) burner with zeolite catalyst 
to remove  CH4 and CO from effluent, (viii) amine separation 
to remove  CO2 from effluent, (ix) flue-gas desulphurisation 
to remove sulphur impurities from effluent.

Several researchers have studied the SCWG of manure. 
Cao et al. [125] investigated the gasification characteristics 
of chicken manure in SCWG using a fluidised-bed reactor. 
The authors studied the effects of reaction temperatures, 
manure concentrations and activated carbon's catalytic effect 
on the SCWG process's hydrogen production. It was found 
that temperature is a central parameter in SCWG perfor-
mance since it controls the reaction mechanisms and the 
subsequent syngas formation. The manure was fully gasi-
fied at 620 °C without a catalyst. The process resulted in a 
carbon gasification efficiency as high as 99.2%. The authors 
also characterised the aqueous phase. Phenols, substituted 
phenols, carbocylics, benzene, substituted benzenes and 
N-heterocyclics were the leading components in the liquid 
phase. It was also revealed that using a catalyst (activated 
carbon) significantly improved the hydrogen yield, promot-
ing carbon conversion efficiency at a lesser temperature. 
The gasification process yielded 25.2 mol  H2/kg biomass at 
600 °C with activated carbon loading of 6 wt%.

In another study, Babaei et al. [52] examined the SCWG 
of chicken manure to produce hydrogen rich syngas. The 
authors reported the optimum conditions to be 450 °C, 
15 min and 2.5 wt% feedstock under non-catalytic condi-
tions. Two nickel-based catalysts were used: Ni/Activated 
carbon (AC) and Ni/AC-CeO2 nanorods. The catalysts 
significantly improved the carbon recovery of gaseous 
products. It was also revealed that the Ce-modified cata-
lyst increased  H2 efficiency. The gasification yield was 
as high as 53.7%, whereas  H2 production was 10.12 mol/
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kg of the waste. This could result from improved disper-
sion of metallic activated sites, as it promotes better C–C 
bond cleavage and methanation reaction. The AC-CeO2 
nanorods prevent any accumulation of metallic sites, offer-
ing the sites a prospect of opening more free radicals. 
The catalysts also influenced the composition of derived 
bio-oils. A significantly increase of phenol and phenol-
containing molecules were reported. Similarly, Yong and 
Matsumura [126] experimented with the effect of wood 
addition on SCWG of chicken manure. The manure (0.5 
wt%) was blended with Eucalyptus wood (0 − 0.3 wt%) 
and subjected to the SCWG in a continuous reactor. The 
reactor was operated in an isobaric condition (25 MPa), 
and the temperature varied from 550 to 650 °C. It was 
found that various organic matters in the manure produced 
fuel gases such as  H2,  CO2 and  CH4. The combination 
of manure and wood also resulted in reactions between 
their decomposition products. Interestingly, the authors 
found that the cellulose and hemicellulose from the wood 
are effortlessly transformed compared to manure's organic 

matters. However, the higher loading of wood decelerated 
the gas production. At 0.3 wt% loading, efficiency was 
only 25% compared to 55% at 0.1 wt% wood content. The 
authors also observed that the carbon conversion efficiency 
increased with an increase in temperature as well as when 
the activated carbon was used as a catalyst.

Many researchers also explore the SCWG of various other 
manures. The SCWG of horse manure revealed the SCWG 
to be a competent remediation technology for manures to 
produce high quality syngas [127]. Horse manure was sub-
jected to SCWG process to optimise the influence of tem-
perature, biomass-to-water ratio and reaction time. The oper-
ating pressure was selected in the range of 23–25 MPa. The 
catalytic effect was also noted. The authors observed that 
gasification with 2 wt%  Na2CO3 at 600 °C and 1:10 feed/
water ratio for 45 min produced the highest hydrogen yield 
(5.31 mmol/g), simultaneously generating total gas yields 
of 20.8 mol/kg and carbon conversion efficiency of 43.1%. 
Overall, the catalyst application increased the yield by 52%, 
compared to non-catalytic reactions. The other catalysts, 

Fig. 7  Proposed schematic of a Supercritical water gasification process using manure as a feedstock. Modified from [208]
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 K2CO3 and NaOH, also enabled higher  H2 generation. The 
biochar from the process, especially at higher temperatures, 
likewise exhibited greater thermal stability and high carbon 
content (> 70 wt%). This could easily facilitate their usage as 
soil fertiliser and for carbon sequestration. The subsequent 
characterisation of manure and the ensuing biochar revealed 
dehydration, bond breakages and transformational products 
formation. The biochar manifested enhanced stability com-
pared to the horse manure as revealed by the thermogravi-
metric analysis (TGA) curves. It was also found that thermal 
stability increased with the increase in gasification tempera-
ture. The authors concluded that horse manure is a likely 
contender to produce  H2-rich syngas using the SCWG pro-
cess. Similarly, Youssef et al. [128] examined the catalytic 
SCWG and partial oxidation of hog manure for hydrogen 
production at 500 °C and 28 MPa. The authors used several 
catalysts such as Pd/AC, Ru/Al2O3, NaOH, etc. They found 
that Pd/AC produced the maximum  H2 (480 mol/g COD) 
during the gasification process, compared to other catalysts. 
On the other hand, the highest chemical oxygen demand 
(COD) reduction efficiency was achieved using NaOH cata-
lyst. However, the sequential gasification and oxidation pro-
cess resulted in reduced  H2 yields but higher COD reduction, 
ammonia reduction, as well as reduced  H2S in the effluent 
gas. Comparably Xie et al. [129] observed that LiOH sup-
plement as a catalyst increased  H2 composition and the gas 
yield during the SCWG of horse manure. The gasification 
of swine manure and cattle manure were also studied by 
Nakamura et al. [130]. The experiments were performed in 
a pilot plant with a feed rate of 1 tonne/day. The results 
indicated that complete gasification was not accomplished 
for both the manures. It was speculated that this could be 
due to the presence of sawdust in the manures. The lignin in 
the sawdust reduces gasification efficiency in the supercriti-
cal water. Besides, large size sawdust cannot be fed to the 
reactor. Pulverisation could be the deciding factor in increas-
ing the efficiency. However, swine manure product gas had 
higher methane content leading to greater heating value.

Other Thermochemical Conversion 
Technologies

Several other thermochemical conversion technologies exist 
for the treatment of manure feedstocks. Tavasoli et al. [131] 
reported the production of hydrogen-rich gas and bio-oil via 
hydrothermal gasification with a nickel catalyst and HTC 
of cattle manure and feed. They operated at 380–440 °C, 
2.5–3.5 wt% feed concentration and 5–30 min reaction 
times to find ideal levels to produce a hydrogen-rich gas 
and phenol, nitrogen and aromatic rich bio-oil. They con-
cluded that adding canola stalks and  ZnCl2 to the HTC 
process supported the gasification process. Zhou et al. [6] 

investigated differing manure feedstocks in slow pyrolysis 
process at 400–600 °C and HTC at 180–240 °C for char 
production. It was noted that hydrochars from swine, broiler 
and layer chicken manures had the highest energy yields 
at 210 °C (65.5, 56.9, 64.4% respectively), concluding that 
hydrothermal carbonisation is a more advantageous method 
for solid biofuel production when compared to pyrolysis. 
HTC of poultry litter was conducted at different tempera-
tures (150 to 300 °C) and residence times (30 to 480 min). 
It was observed that the treatment temperature significantly 
impacted the yield of hydrochar yield and the HHV [132].

Font-Palma [133] investigated the current manure man-
agement technologies, specifically into the use of cattle 
manure due to its higher calorific value to other manure 
feedstocks. The same group also researched different farm 
practices and the effect on manure's physical and chemical 
properties. It was suggested that anaerobic digestion with co-
processing with lignocellulosic biomass and thermochemical 
conversion could offer the production of valuable products 
such as syngas and biogas. Katsaros et al. [134] studied 
the combustion behaviour of poultry litter in a batch-scale 
fixed bed reactor. The authors proposed that the utilisation 
of poultry litter as farm fuel can offset fossil fuel consump-
tion. However, poultry litter combustion resulted in higher 
aerosols emissions (2806 mg/Nm3

dry flue gas). Theegala and 
Midgett [135] studied lab-scale HTL with carbon monoxide 
process gas and  Na2CO3 catalyst of dairy manure as a means 
to produce transportable bio-oil. Energy conversion effi-
ciency was up to 67.8%, lowering process oxygen demand 
to around 62%. HTL was indicated as a viable alternative to 
current methods of processing and encouraged research into 
continuous-flow systems. Similarly, Islam and Park [136] 
also experimented HTL processes. The authors examined the 
effect of operating parameters on bio-oil yield and concluded 
that HTL of biomass, particularly swine manure could be 
an advantageous method of converting livestock manure. 
Further, the authors also implied a need for more study into 
the continuous hydrothermal liquefaction process.

Modelling and Optimisation 
of Thermochemical Conversion Technologies

The commercialised viability of biomass thermochemi-
cal conversion processes depend on design optimisation. 
The ability to model thermochemical processes enables an 
understanding of the reaction phenomena to be achieved and 
aids the ability to predict the conversion system's behaviour 
by more economical and efficient means than laboratory 
scale trials, making modelling a crucial stage in the course 
towards optimisation. However, the prosperity of modelling 
is highly dependent on how closely the system mirrors the 
mathematical model, with the complexity and sensitivity to 
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various physiochemical properties making modelling, and 
thus optimisation of thermochemical processes, challenging 
[137]. Therefore, over the recent years, increasing effort has 
been made to develop more efficient and accurate modelling 
and optimisation approaches for thermochemical conversion 
processes, such as those displayed in Fig. 8.

 Modelling approaches can be generally classified as 
either statistical models that utilise empirical formulas 
curated from experimental data or computational models, 
which use a series of complex numerical formulas to simu-
late the real-life system. Statistical models developed for 
the thermochemical conversion of various biomass include 
techniques such as regression analysis and artificial neutral 
network, while computational models can be observed in 
literature to utilise techniques such as computational fluid 
dynamics [137]. These models employ various assumptions, 
including particle size and reactor models. Thermodynamic 
modelling can be conducted utilising either a stoichiometric 
or non-stoichiometric approach. With the former, a set of 
chemical equations defining the thermochemical conversion 
system are used to calculate the chemical equilibrium, pre-
dicting the composition of the equilibrium product. In com-
parison, the latter approach obtains the equilibrium com-
position of the system through the minimisation of Gibbs 
free energy, which can be employed to verify equilibrium 
attainment from experimental results.

Yakaboylu et al. [138, 139, 140, 141, 142, 143] studied 
various approaches to model SCWG, developing a mixture 
of unconstrained and constrained thermodynamic equilib-
rium models to investigate gas product behaviour in tandem 
and variation of elements with operating conditions for a 
range of feedstocks, including cattle manure. From the stud-
ies, it is established that constrained equilibrium modelling 
improved the model accuracy. This is further supported by 
Moghaddam et al. [144], who developed multiphase-ther-
modynamic equilibrium models based on Gibbs free energy 
minimisation for SCWG of feedstocks, including cattle 

manure, that accounted for carbon gas efficiency, producing 
constrained and thermal-quasi equilibrium models. In con-
trast, Balu and Chung [145] employed a non-stoichiometric 
thermodynamic equilibrium approach for horse manure 
gasification in a trailer-scale downdraft gasifier utilising the 
software MAPLE. The model enabled the prediction of the 
system’s thermodynamic efficiency, which were in good 
agreement with experimental data and other gasification 
studies. Further successful use of global thermodynamic 
equilibrium models can also be seen in the studies, includ-
ing that by Yanagida et al. [146] to study the seven inorganic 
elements (N, K, S, P, Cl, Ca and Si) in layer poultry manure 
during SCWG with the results of the calculations agreeing 
with experimental data.

As thermochemical processes involve complicated mech-
anisms with the formation of a wide range of intermediates 
and products, the development of models accounting for all 
mechanisms is difficult. As a result, many thermochemical 
conversion kinetic models can be categorised as lumped 
models, where the biomass feedstock and products are gen-
eralised as either char, gas or tar. Outside of the lumped cat-
egory, other, more complex distributed kinetic models exist 
such as the Discrete Activation Energy Model (DAEM), Net-
work (or Structural) Models and Mechanist Models. Yuan 
et al. [147] utilised the popular isoconversional approaches: 
Friedman, Flynn–Wall–Ozawa (FWO) model, Starink and 
Kissinger–Akahira–Sunose (KAS) model to investigate the 
pyrolysis mechanism of cattle manure, determining that 
the process occurs through a multi-stage reaction which 
can be separated into three stages based on conversion 
degree. Using the Discrete Activation Energy Model, Cao 
et al. [148] demonstrated that 27 dominating reactions can 
characterise the pyrolysis of cattle manure. The study by 
Yuan et al. [147] showed that the activation energy curves 
presented results comparable to the literature. However, the 
results of the Friedman model were consistently higher. It 
was concluded that the Friedman model was more accurate 

Fig. 8  Modelling and optimisa-
tion approaches for thermo-
chemical conversion processes
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at predicting cattle manure activation energy due to the 
reduced assumptions and approximations the model employs 
in comparison to FWO model utilising Doyle's approxima-
tion for the temperature integral. The study produced a mean 
activation energy of approximately 194 kJ/mol, agreeing 
closely with Akyurek [149], which predicted 194.62 kJ/mol 
utilising the FWO method and that of Chong et al. [150]. 
Chong et al. [150] estimated the activation energy of horse 
manure pyrolysis to be 199.3 kJ/mol and 194.6 kJ/mol using 
the FWO and Friedman method, respectively.

Computational fluid dynamics (CFD) applies a combina-
tion of fluid mechanic principles, algorithms and numerical 
equations, including energy and momentum conservation 
over specified domains to solve fluid transport problems. 
This approach to modelling provides a means of estimating 
parameters such as heat duty and process economics while 
aiding optimisation through features such as enabling pinch 
point analysis conduction. ASPEN plus was utilised by Pod-
dar and Babu [151] to simulate goat-swine manure mixture 
pyrolysis. The study details that pyro-char formation reduced 
with pyrolytic temperature across the range 470–1170 K. 
The inverse is true for pyro-oil and pyro-gas formation, 
observations mirrored by experimental results of Zeng et al. 
[62]. Poddar and Babu [151] established that a flowrate of 2 
tonne/day at 800 K is required to optimise pyro-oil and pyro-
gas production while minimising that of pyro-char.

Simbolon [152] employed ASPEN Plus to simulate 
chicken litter pyrolysis simulation at temperatures of 500 °C 
to achieve a high bio-oil yield to identify the maximum elec-
trical energy that the system could generate. The simulation 
revealed that the combustion heat of 100% of the gas yield 
and 35% of the char yield would suffice to heat the process. 
The system was shown to have the ability to produce an 
electrical output of 150 kW with an overall conversion effi-
ciency of 6.5%. Model development and simulation using 
Aspen Plus for a poultry litter gasifier is shown in Fig. 9 
[153]. Caro and Dahl [154] studied the processing of horse 

manure through pyrolysis, analysing the physical and chemi-
cal properties of the produced biochar, concluding that the 
major impacts on factors including biochar yield and com-
position was the highest heating temperature. It was further 
supposed that residence time and the heating rate displayed 
no noticeable trend for the parameters studied. Mong et al. 
[155] conducted a multivariant optimisation study of micro-
wave pyrolysis as a method of valorisation of horse manure, 
with optimised yields of biogas and biochar given as 39.2 
wt% and 32.5 wt%, respectively. The study established 
that a 38.7% increase in biochar energy density could be 
achieved by employing microwave pyrolysis. Zhu et al. [156] 
used factorial design and response surface methodology to 
investigate the optimisation process of poultry manure com-
bustion. The study established that the parameters of mois-
ture content, excess air, and secondary air injection height 
were significant at a critical level for carbon combustion 
efficiency.

Guo et al. [157] determined that 38.05% of total energy 
loss in SCWG of pig manure occurs within the recuperation 
process. The study also found that reconfiguration of the 
layout of the system's heat exchangers and critical streams 
could increase energy efficiency by 23%. Further more, ris-
ing feedstock concentration, preheating temperatures and 
turbine parameters while simultaneously lowering the water-
slurry ratio also enabled an increase in system efficiency. 
Moghaddam et  al. [144] determined that a comparison 
between experimental and theoretical data for the SCWG 
of cattle manure showed that a clear improvement in the 
accuracy of the global thermodynamic equilibrium model 
was observed using the perception of approach temperature. 
Furthermore, the study showed that increasing the number 
of constraints also improved model predictability, however, 
at the expense of the reliance on additional data points. Wu 
[158] investigated the gasification of feedlot manure to ana-
lyse syngas composition and optimise energy efficiency. Wu 
[158] established that increasing temperature increased the 

Fig. 9  Pseudo-Equilibrium based model development and simulation using Aspen Plus [153]
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CO and  H2 concentration within the product gas, while the 
inverse was observed for  CH4 from 750 to 850 °C. Increas-
ing the steam to biomass ratio (SBR) increased  H2 genera-
tion until the formation maximum SBR of 0.8 was reached. 
It was also found increasing the equivalence ratio promoted 
the conversion of CO to  CO2, reducing the final CO concen-
tration. A ridge max analysis found that the optimum energy 
efficiency was 40%, achieved at a temperature of 729 °C 
with an equivalence ratio of 0.2 and SBR of 0.5.

Utilisation of Fly Ash from Gasifier

The disposal methods of by-product from poultry litter gasi-
fication could be used as a soil amender/fertiliser on the 
arable croplands. The use of treated ash from the thermal 
process of poultry litter must comply with the EU Waste 
Framework Directive (2008/98/EC) and acceptable upper 
limit set by poultry litter ash protocol relating to fertiliser. 
Moreover, studies indicated that phosphorous present in 
ashes from the gasification process is poorly soluble at 
soil conditions and contains heavy metal and soluble com-
pounds, potentially hazardous to the food chain [159, 160, 
161, 162]. Nevertheless, it was suggested that fly ashes 
should be subjected to further treatments (physical, chemi-
cal or thermal) before being used [163].

Although, fly ash showed that it has the potential to be 
used as a soil improver for agriculture and forestry. Never-
theless, it was categorically stressed that the suitability of 
specific fly ash should be carefully assessed before it can 
be classified as a soil amendment because it depends on 
feedstock and process conditions [164, 165, 166]. The plant 
(ryegrass L. multiflorum Lam.) uptake efficiency of trace ele-
ments from ashes produced during gasification process (flu-
idised bed, fixed bed and entrained flow) have been inves-
tigated with and without lime and fertiliser amendments. 
The study revealed that ashes from the gasification process 
retained a significant amount of phytotoxic heavy metals. 
After the fly ash was used as a soil amendment, a higher con-
centration of phytotoxic materials was reported in the plant 
material harvested from un-fertilised and un-limed soil. This 
also triggered to a greater risk to the food chain because it is 
toxic to animals under continuous long-term grazing condi-
tions [167]. The growth of alfalfa and Swiss chard was tested 
in fly and bottom ash-amended soils originating from the 
municipal solid waste incinerator. The result showed that it 
could provide essential nutrients for plant growth, but high 
heavy metal and soluble salt content can cause problems for 
sensitive plants and the environment [168]. The disposal and 
recycling methods of fly ashes have been critically reviewed, 
and it was recommended that it could be utilised in the con-
struction and ceramic industry, zeolite synthesis, adsorbent 

for removal of pollutants, catalysis or metal extraction [169, 
170, 171].

The reaction pathways of heavy metals in sewage sludge 
gasification have been investigated and due to the reducing 
environment in the gasifier, the temperature promotes the 
volatilisation of heavy metals [172]. The retention rate of 
heavy metals in the biochar produced during air gasifica-
tion was higher compared to steam or air–steam gasification, 
probably due to thermally stable heavy metal oxides forma-
tion in an air atmosphere [173]. The gasification temperature 
showed that the percentage of heavy metal bound in bio-
char increased with temperature, resulting in higher envi-
ronmental risks [174]. Elemental partitioning of the solid 
residue resulting from sewage sludge pyrolysis, gasification, 
and combustion processes has been studied in fluidised and 
packed bed reactor as a function temperature, residence time 
and Cl addition. The authors have concluded that the tem-
perature and oxidising condition had a significant influence 
on the final concentration in the solid residue, whereas the 
effect of residence time was almost negligible [175]. Solubil-
ity of fly and bottom ash from the waste incinerator under 
various leaching conditions showed that alkali metals found 
in bottom ash were less soluble than fly ash [176]. A com-
bined thermodynamic and kinetic approach was exploited 
to understand the interaction mechanism of heavy metals 
from municipal solid waste fly ash during chloride volatili-
sation. The authors have concluded that the findings could 
help design an efficient process to recover heavy metals from 
fly ash and its utilisation raw material for cement produc-
tion [177].

In the recent past, poultry litter has been subjected to 
different thermochemical conversion processes in a quest 
for bioenergy production. Lately, the attention also shifted 
towards the nutrient recovery from fly and bottom ash gener-
ated during the gasification of animal waste leading to sus-
tainable agriculture. Characterisation of fly ashes recovered 
from poultry litter gasification had exceeded the permitted 
limit of trace elements (Cd, Hg, Co, Cr, Cu, Hg, Mo, Ni, Pb 
and Se), restricting its use as an agriculture fertiliser and 
was suggested to be used as a supplementary fuel [178]. 
Chastain et al. [179] proposed that broiler litter ash should 
not be used as a liming agent. Moreover, small applications 
of broiler litter ash (2 tonnes/hectare or less) can provide 
sufficient micronutrients to the plants. A recent study iden-
tified poultry litter co-products (ash and biochar) as a fea-
sible fertiliser. However, it was recommended that poultry 
litter co-products analysis be conducted for nutrient content 
(manure-to-energy nutrient mass balance) before it can be 
applied to the cropland [180]. Even though poultry litter 
contains higher phosphorus and can be categorised as a 
fertiliser [181, 182], research has mainly been focused on 
the characterisation of ashes derived wood, municipal solid 
waste and sewage sludge [183]. Moreover, studies focused 
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on characterising manure-based fly ash and bottom ash are 
scantly reported.

The latest research by Pandey et al. [184] investigated 
the effect of operating conditions on the gasification process 
(poultry litter alone and when blended with limestone) along 
with the transformation of inorganic matter and the final 
composition of the fly ash. The authors have also provided 
a detailed analysis of the by-product (ash) from fluidised 
bed gasification (Table 7) if that can potentially be classi-
fied into component material categories for effective recy-
cling as fertilising products in line with the EU-STRUBIAS 
report [185]. The study concluded that although the solid 
by-products originated from poultry litter gasification do 
not meet the quality criteria to be categorised as component 
materials for EU fertiliser products. Moreover, it suggested 
that the blend of bed and fly ash could pave the way for 
their utilisation as a fertiliser but cautioned that this requires 
further investigation.

Rector Technologies Involved 
in Thermochemical Conversion Processes

Two main types of gasifiers are primarily used in the gasi-
fication of biomass: the fluidised bed gasifier and the fixed 
bed gasifier. Fluidised bed reactors are suitable for large 

scale plants, possessing advantages such as uniform mixing 
and heat transfer and enabling higher biomass conversion. 
Fluidised bed reactors are further divided into two catego-
ries: bubbling fluidised bed and circulating fluidised bed. 
Bubbling fluidised bed reactors can operate on a scale of 
up to a 25  MWth at approximately 800 °C, with a product 
gas containing moderate tar levels and high in particulates 
[186]. Circulating fluidised bed reactors can operate up to 
100  MWth at temperatures of 850 °C, with a product gas also 
high in particulates but lower in tar. Fixed bed reactors oper-
ate on a smaller scale, with a downdraft fixed bed approxi-
mately 5  kWth to 2  MWth producing low tar and moderate 
particulates at 800 °C, while an updraft fixed bed can oper-
ate at >  10MWth producing very high tar but low particu-
lates at a reaction temperature of 1000 °C [186]. Bubbling 
and circulating fluidised bed reactors are also commercial 
reactor technologies used for pyrolysis, providing a wide 
and shallow contact area between the solid and fluid, and 
presenting high reaction rates and heat transfer [187]. In 
addition, vacuum pyrolisers and ablative pyrolisers reactor 
technologies are also used in commercial pyrolysis [188]. 
However, vacuum pyrolisers offer longer residence times 
and lower heat transfer rates. They typically require high 
investment costs, while ablative pyrolisers have higher heat 
transfer and heating rates across a small contact area. In con-
trast, the absence of need for heating/cooling of the fluidised 

Table 7  Chemical composition of ash forming elements (cyclone ash samples) [184]

Elements Fly ash 
ER = 0.22, 
700 °C

Fly ash 
ER = 0.30, 
700 °C

Fly ash 
ER = 0.29, 
700 °C

Fly ash 
ER = 0.23, 
750 °C

Fly ash 
ER = 0.28, 
750 °C

Fly ash 
ER = 0.33, 
750 °C

Fly ash 
ER = 0.30, 
800 °C

Poultry litter Poultry litter with limestone

mg/kg dry basis

Si 72,528 71,003 63,452 67,146 64,948 62,891 62,049
Ca 110,362 108,036 104,943 111,053 107,357 104,033 102,608
K 101,898 102,032 91,527 84,948 99,342 98,674 95,620
Mg 56,845 57,204 60,274 59,117 61,921 61,918 65,425
Na 42,256 47,243 45,993 39,443 42,913 44,246 39,704
P 88,275 77,477 76,033 81,044 93,502 86,959 94,465
Fe 6888 7016 7173 7168 7079 7575 8444
Ti 531 478 505 535 517 501 494
Al 9816 9609 9334 9877 9554 13,115 9127
Cu 1673 1767 1580 1813 1416 1459 1430
Mn 2352 2362 2215 2490 2563 2368 2652
Zn 112 116 76 61 67 69 60
Cd 31 32 29 31 31 25 30
Cr 411 311 296 372 205 222 245
Mo 113 124 214 10 267 242 225
Ni 225 153 175 224 141 181 500
Pb 529 670 732 884 526 458 667
Se 1738 1700 2752 1766 1960 2248 2564
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gases subsequently leads to higher energy and cost efficiency 
[187]. Verma et al. [189] identify fluidised bed reactors to be 
the simplest configuration to scale up, while the vacuum and 
ablative fluid pyrolisers are the most difficult ones. None-
theless, biomass variability is higher for ablative pyrolisers 
in comparison to fluidised bed reactors [189]. Most litera-
ture detailing SCWG reactor technologies focuses largely 
on small lab scale experiments, typically with the aim of 
investigating the chemical and physical fundamentals of the 
process. Based on large-scale potential, tubular reactors, flu-
idised bed reactors and multiple reactors in series are often 
proposed [190]. Susanti et al. [191] presented a concept for 
a large-scale tubular reactor divided into zones to provide 
the optimal conditions for mixing and cooling etc. Kruse and 
Faquir [192] proposed using a CSTR followed by a tubular 
reactor to suppress coke and tar formation and increase gas 
yield through exalting back mixing. An alternative to tubu-
lar reactors is a fixed bed reactor, proposed in studies such 
as Lu et al. [193], which can process biomass efficiently 
while avoiding plugging or clogging issues associated with 
tubular reactors. However, the development of SCWG reac-
tor technologies is in a considerably more infant stage than 
gasification or pyrolysis.

Comparative Study of Pyrolysis/Gasification/
SCWG 

Due to the endothermic nature of pyrolysis and SCWG, 
high energy consumption is inevitable compared to the 
gasification process, in addition to the energy consumption 
associated with maintaining water at critical conditions 
within SCWG. Although catalysts have been developed to 
increase hydrogen production while reducing operating tem-
peratures for SCWG, chief obstacles in their use include 
severe catalyst deactivation, corrosive nature, and plugging 
issues. Furthermore, another prominent drawback to SCWG 
is limitations to the dry biomass content within the liquid 
suspension, as required to maintain a pumpable feedstock 
[194]. The VERENA pilot plant, the largest SCWG facility, 
is limited to a maximum solid content of 20 wt%, processing 
100 kg/h at 700 °C and 35 MPa [195].

Gasification also allows a higher conversion and energy 
recovery ratio than pyrolysis. In a study investigating the 
gasification and pyrolysis of chicken manure by Burra 
et al. [196], the authors showed that gasification produced 
more energy than pyrolysis and that considerably high 
temperature would have to be employed during pyroly-
sis for the process to match gasification energy yields. 
Furthermore, the control of the pyrolysis process is more 
complex than gasification, with the yield and dispersion 
of the multiple products severely affected by operating 
conditions and the presence of secondary reactions. In 

addition to its higher efficiency and lower cost, gasifica-
tion can accommodate a wider range of feedstocks than 
the other thermochemical routes, although generating a 
smaller range of products [197]. Although the liquid fuel 
produced through pyrolysis is more energy dense than the 
syngas produced through gasification, and subsequently, 
conventional transportation costs would be expected to be 
reduced, bio-oils corrosive nature results in heightened 
transportation and storage costs [186].

Life Cycle Assessment (LCA) Studies 
of Thermochemical Technologies

This section is focused on assessing the environmental 
impact of pyrolysis, gasification and SCWG processes. 
The difference in input material/energy, objective and 
system boundaries in different thermochemical treatment 
technologies made the results of LCA significantly dif-
ferent. To quantify the uncertainties, it is highly recom-
mended to conduct a sensitivity analysis. Previous LCA 
studies on thermochemical technologies are mostly con-
centrated on lignocellulosic waste and rarely focused on 
animal manure. Fernandez-Lopez et al. [198] reported 
pyrolysis of three different manure samples. A positive 
environmental impact was noticed for all studied sam-
ples. In the study of Mong et al. [155], LCA of microwave 
pyrolysis of horse manure was conducted. The environ-
mental impact of microwave pyrolysis is more beneficial 
in comparison to conventional pyrolysis, composting and 
incineration. From the environmental protection point of 
view, there has been positive evidence in favour of gasi-
fication in comparison to pyrolysis or SCWG for a wide 
range of feedstocks (Fig. 10). The number of LCA stud-
ies was highest for gasification (15) followed by pyrolysis 
(7) and SCWG (5). Among the three focused techniques, 
the highest negative environmental impact of − 0.62 was 
noticed for gasification (a negative number indicates an 
environmentally friendly process). On the other hand, the 
SCWG process has the highest positive environmental 
impact. A comparative LCA study on the gasification of 
animal manure and land application was conducted by Wu 
et al. [199]. The authors confirmed that the gasification 
technology has a negative (− 643 kg  CO2-eq per tonne 
dry manure) environmental impact and land application 
has a positive(119 kg  CO2-eq per tonne dry manure) envi-
ronmental impact. Similarly, Fernandez-Lopez et al. [200] 
found that the gasification of manures before anaerobic 
digestion is more environmental friendly compared to the 
gasification after the anaerobic digestion. In another work, 
Sharara et al. [201] evaluated the environmental impact of 
different stages (manure drying, syngas production, and 
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biochar field application) during the gasification. Among 
the studied stages, the highest environmental impact was 
noticed for manure drying, followed by biochar field 
application and syngas production. Therefore, to reduce 
manure's environmental impact, focus should be given to 
manure drying management techniques.

Challenges and Future Perspectives 
of Thermochemical Conversion Technologies

The world is facing a huge impact on the climate change due 
to fossil fuel burning and consequent emissions of  CO2. It 
is, therefore, presently focusing on achieving the net zero 
ambitions, which could result in keeping global temperatures 
under control, an aspiring target of COP26. Net zero indi-
cates greenhouse gases (GHG) released into the atmosphere 

can be offset by sequestration of these gases, thus halting 
global warming. Due to intensive livestock farming, primar-
ily driven by the demand for animal protein, the process-
ing of accumulated livestock manure is also posing a sig-
nificant environmental threat and causing GHG emissions. 
For example, the poultry industry alone generates 140 k to 
456 k tonnes of manure in the UK every year with a total 
energy potential of 12 to 65 PJ [110]. Manure manage-
ment, production of future fuels/green fuels like hydrogen, 
ammonia, methanol, green hydrocarbons, etc., is integral 
to the circular economy and net zero ambitions [202]. The 
emphasis is on the optimal and prudent uses of resources and 
averting waste. Mechanical separation and biological treat-
ment, especially anaerobic digestion (AD), are two common 
manure management practices. The biogas generated from 
AD is an attractive energy product [203, 204]. However, 
AD of manures is full of restrictions due to the high protein 

Fig. 10  The comparative global warming potential (GWP) impact of the LCA studies on a Supercritical gasification process, b gasification and 
pyrolysis, (c). Modified from previous study [209]
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present in the waste. The constraints such as high digester 
pH, low C/N ratio, increased ammonia concentration makes 
the AD inefficient. It usually suffers from ammonia inhibi-
tion, terminating/reducing methane generation [205, 206]. 
Lignocellulosic biomass is generally added to the manure 
to increase the carbon content causing the high cost of the 
process. Other supplementations, such as bentonite addi-
tion,  Fe2+ addition, water extraction, etc., have their limita-
tions. Additionally, AD processes are more efficient at ther-
mophilic conditions (> 45 °C), as it increases biochemical 
reaction rates, organic compounds solubility and pathogen 
deactivation. Creating thermophilic conditions could be 
quite energy intensive, particularly in cold climates.

The heavy energy consumption and the resultant emission 
in the present society demand a belligerent attitude to renew-
able energy. The scarcity of non-renewable fuel sources 
has stressed the energy supply for industrial and domestic 
needs [202]. Various thermochemical conversion technolo-
gies discussed above can generate bio-oils, syngas,  H2, heat, 
power, etc., and can potentially reduce our dependence on 
non-renewable fuel sources. It can also produce biochar/
hydrochar as carbon-free fertiliser. It can eliminate odours, 
deactivates pathogens and reduces waste stream volume. 
However, despite all the research reports, the process is not 
economically appealing, specifically for large investments. 
The Technology Readiness Level (TRL) remains a crucial 
factor. Although well-studied and established, pyrolysis is 
suited for mostly small-scale plants with feed rates close to 
10,000 tonnes per annum (TPA) [207].

On the contrary, many pilot plants are listed for gasifica-
tion technologies [207]. It is being touted as a feasible future 
technology for generating low-carbon hydrogen and other 
green fuels in the UK and many developed countries. The 
gasification technology/process, however, requires pre-treat-
ment of the feedstock to satisfy the technical provisions of 
the gasification process. Enerkem, Canada, has developed a 
matured technology (TRL 8) to manage 100,000 TPA of dry 
waste, simultaneously producing 38 million litres of etha-
nol per annum. GoBiGas, Sweden, has also demonstrated a 
mature technology to produce methane using biomass gasi-
fication. Other technologies (Kew Technology, Sumitomo 
Foster Wheeler, etc.) are detailed in BEIS Advanced Gasi-
fication Technology report [207]. In comparison to pyroly-
sis and gasification, the SCWG process is at a much more 
infant stage due to the requirement of high temperature and 
pressure. To date, there is no commercial installation. Other 
thermochemical conversion technologies like HTC and HTL 
etc. are also not marketed for large-scale installations.

Based on an extensive review, the following recommen-
dations are proposed for sustainably managing waste gener-
ated from ever-growing livestock sector by utilising innova-
tive thermochemical conversion technologies:

a. The commercialised feasibility of thermochemical con-
version technologies crucially depends on design opti-
misation. Increasing efforts should be made to grow 
modelling and optimisation attempts for thermochemi-
cal conversion technologies. The academic, industrial 
and research community should work collectively and 
validate the statistical and computational models, and 
paving the path for commercialisation.

b. Co-digestion of manure with other waste biomass should 
be significantly explored, as it can provide high-quality 
biofuels and syngas.

c. Reactors are crucial in establishing manure valorisation 
using thermochemical technologies as a feasible tech-
nology. The product quality is strongly affected by reac-
tor design and operation parameters. The reactors should 
have technological strength and market competitiveness.

d. A comprehensive cost comparison of a large integrated 
plant with regard to small-scale cooperative and private 
plants, mainly facilitated by public funding, should be 
encouraged.

e. The application of bio-oil or syngas in the local frame-
work, such as cooking gas grid connection, or produc-
tion of other bioproducts, should be deeply explored.

f. A study on biochar as a fertiliser for the regional soil 
types should be encouraged.

g. Inappropriate disposal of gasification ashes could poten-
tially degrade the soil quality and the leachate can pol-
lute the groundwater. Therefore, characterisation and 
detailed understanding of the by-product of the gasifi-
cation process is imperative

h. Exhaustive life cycle analysis of the process, contemplat-
ing the drivers of ecosystem services should be studied.

Conclusions

Manure management is expected to pose a massive chal-
lenge that modern society will realise in the near foreseeable 
future. Furthermore, the energy sector will be governed in 
the future by the net zero requirements such as carbon–neu-
tral and renewable green fuels/biofuels, which are consider-
ably more viable than the existing reliance on fossil fuels. 
Green fuels can be produced using novel technologies from 
various wastes generated in society. This paper attempted 
an intensive literature review on manure management and 
mainly focused on thermochemical conversion technolo-
gies intending to produce bio-oil, syngas and biochar. The 
review primarily focused on pyrolysis, gasification and the 
SCWG processes. The critical view of the literature reveals 
that pyrolysis is one of the most studied thermochemical 
technologies and has many advantages over conventional 
manure management methods. However, it is not found to 
be suited for high throughputs, though various commercial 
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installations exist for small-scale plants. Gasification pro-
duces syngas and is considered to be a contender for large-
scale manure management. While there are no industrial-
scale plants yet, the considerably high efficiency of the 
gasification process can make this technology techno-eco-
nomically feasible for high throughput manure, provided the 
tar content in the syngas is within the allowable limit. The 
review of LCA studies also confirmed that gasification is the 
most appropriate technology for the scale-up. The SCWG 
process is an emerging thermochemical technology and has 
huge potential to grow into a major technology for manure 
valorisation, especially for  H2 production. However, further 
research and development are required to make the process 
techno-economically viable.

The review also briefly explored other thermochemical 
conversion technologies such as HTC and HTL. The study 
also found growing attempts to develop modelling and 
optimisation approaches for thermochemical conversion 
processes. Reactor technologies involved in thermochemi-
cal conversion processes are also briefly reviewed. Lastly, 
a few recommendations are provided in the preceding sec-
tion based on the literature survey in the circular economy 
context, with an overarching aim of achieving net zero. 
The authors believe that the outcomes of this review would 
stimulate the scientific, engineering and industrial commu-
nity, and proper manure management using thermochemical 
conversion technologies could benefit the industrial clus-
ters by making them self-sufficient in terms of energy usage 
and waste management. Applying these technologies could 
boost the avoidance of waste being landfilled and help many 
countries adopt the principles of the circular economy. The 
review will have long-term benefits for a broader range of 
researchers, particularly those considering low-carbon and 
low emissions energy sources. These technologies could 
usher society into a new era of the less carbon-intensive 
industry while utilising waste for decentralised energy 
systems.
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