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1  Introduction

In 2012 the global production of municipal solid waste was of 1.3 billion tonnes per 
year, and it is estimated that, with the increase in population and urbanization, this 
amount will increase to 2.2 billion tonnes per year by 2025. Of this, approximately 
40–50% is organic biodegradable matter, such as food, wood, garden and lawn clip-
pings, and human and animal waste (Hoornweg and Bhada-Tata 2012; David 2013). 
These materials present a valuable source of nutrients such as phosphorus (P), 
potassium (K), and nitrogen (N), as well as a variety of minerals, on top of organic 
carbon (C). For example, food waste, similarly to most organic waste sources, is 
rich in carbon, usually between 40 and 55% (Adhikari et al. 2008). It can contain 
around 8% hydrogen (H) and 2–6% nitrogen (Vakalis et al. 2016), and other nutri-
ents are often found below 1% (Zhang et al. 2007). However, this composition var-
ies widely based on location and waste type (Mor et al. 2006; Siddiqui et al. 2011). 
With the impending nutrient depletion, it is of utmost importance to be able to 
recover these valuable resources from our waste (Elser and Bennett 2011). A variety 
of technologies currently exist to transform organic waste into value-added prod-
ucts, such as composting and biomethanation. This chapter will go over a variety of 
nutrient and carbon recovery and treatment alternatives, looking at both thermo-
chemical and biochemical conversion processes.
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In this chapter, nutrients will refer mainly to the substances used by plants to 
ensure their growth and maintenance. The nutrients which are necessary for proper 
plant life are boron (B), calcium (Ca), carbon, chlorine (Cl), copper (Cu), hydrogen, 
iron (Fe), magnesium (Mg), manganese (Mn), molybdenum (Mo), nickel (Ni), 
nitrogen, oxygen (O), potassium, sodium (Na), silicon (Si), sulfur (S), and zinc 
(Zn). There are a variety of ways to classify these nutrients. One form of classifica-
tion is by the amount required, sorting them into either macronutrients (Ca, C, H, K, 
O, Mg, N, P, S) or micronutrients (B, Cl, Cu, Fe, Mn, Mo, Ni, Na, Si, Zn). They can 
also be classified by their roles in metabolic processes or by the location and method 
of their uptake (Engels et al. 2012).

2  Thermochemical Conversion

Thermochemical conversion processes are commonly used to recover energy from 
waste using high temperatures. The following is a short overview of thermal conver-
sion technologies which include incineration, gasification, pyrolysis, and 
torrefaction.

A brief reminder of combustion can be useful to better understand the following 
processes. Combustion is the chemical reaction of a fuel in the presence of an oxi-
dizer, most commonly oxygen, and heat. The fuel and the oxidizer react together to 
form new chemical substances, most often combinations of both, such as the com-
bustion of hydrogen (H2) and oxygen (O2) to form water (H2O). It can also include 
combinations of the oxidizer alone, for example, when air is used as an oxidizer, the 
nitrogen (N2) and oxygen within it can react to form nitrous oxides (NOX). 
Combustion can either be complete or incomplete. When there is sufficient oxidizer 
to allow for all the fuel to be fully oxidized, the combustion is said to be complete. 
Therefore, the complete combustion of hydrocarbons (CnHn + 2) with oxygen will 
produce water and carbon dioxide (CO2). Incomplete combustion occurs when there 
is not enough oxidizer to burn all the fuel. In this case, part of the fuel is only par-
tially oxidized, which will lead to the production of hydrogen, carbon, and carbon 
monoxide (CO). These products can still be oxidized so, depending on the context, 
an incomplete combustion can either be desirable (to produce fuel) or undesirable 
(loss of energy).

2.1  Incineration

Incineration consists of oxidizing the waste source, leading to a highly exothermic 
process which produces flue gas, ash, and heat. The heat is used to produce steam 
which in turn is sent to a turbine to produce electricity or used directly as process 
steam. Incineration has seen widespread use throughout Europe and became popu-
lar due to restrictions on landfill use, allowing the reduction of more than 90% of the 
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waste’s volume (Chandler et al. 1997). The ash produced from the combustion pro-
cess can be recovered to recycle nutrients such as phosphorus, metals, and other 
noncombustible materials (Zacco et al. 2014). Incineration also provides the ability 
to treat medical and potentially pathogenic waste. However, a wide variety of gases 
are released during the process, including sulfur dioxide (SO2), NOX, nitrous oxide 
(N2O), hydrogen chloride (HCl), hydrogen fluoride (HF), CO, CO2, dioxins, furans, 
polycyclic aromatic hydrocarbons (PAHs), volatile organic compounds (VOCs), 
and heavy metals (Jay and Stieglitz 1995; Di Maria and Micale 2015). Many of 
these gases have important greenhouse effects and potential health impacts; how-
ever proper flue gas and fly ash treatment should alleviate these issues. For these 
reasons, there still exists widespread debate over the environmental and social 
acceptability of these processes.

Following the incineration process, it is possible to recover some nutrients from 
the ash, most notably phosphorus. Phosphorus contained in organic waste may 
either be in organic form, which is poorly absorbed by plants, or in inorganic form, 
which is more easily assimilated by plants (Cieślik and Konieczka 2017). It is nec-
essary to remove heavy metals from the ashes before, during, or after P recovery, 
which can be achieved by separation methods such as washing and leaching, solidi-
fication treatments, and thermal treatments (Zacco et al. 2014).

The phosphorus from the ashes can be extracted through a variety of techniques. 
The two main methods for phosphorus recovery include thermal conversion, which 
aims at enriching the phosphorus in the ash, and leaching, which aims at extracting 
the phosphorus from the ash (Tan and Lagerkvist 2011). Thermal conversion in the 
context of P recovery is notably performed in a circulating fluidized bed boiler. It 
can be achieved through three different methods, including biomass combustion 
with phosphorus in the ash as direct source, biomass combustion followed by a dry 
process ash for P recovery, and biomass combustion followed by a wet process ash 
for P recovery. Thermal conversion leads to a high recovery rate from biomass, with 
up to 98% of the phosphorus retained in the ashes, while other interesting macronu-
trients such as Ca, K, and Mg may be retained as well. Phosphorus is mainly distrib-
uted in submicron ash particles, which may also contain sulfur, silicon, and sodium, 
with their concentration increasing as the particle size decreases. Temperature and 
oxygen content also influence the phosphorus content in ashes, with higher combus-
tion temperatures and oxygen content leading to higher P content. Increasing oxy-
gen content also leads to higher P content in particles within the micronic scale. The 
main obstacle of thermal conversion is the bioavailability of the resulting phospho-
rus, most of which is recovered in a form that is poorly available to plants. However, 
bioavailability can be improved with a second thermochemical step (dry process 
ash), where the phosphorus is transferred into mineral phases available for plants 
(Adam et al. 2009). Otherwise, the phosphorus obtained from the thermal conver-
sion can be extracted by leaching (wet process ash) (Tan and Lagerkvist 2011).

Phosphorus recovery by leaching can be done by different means, such as biole-
aching, which involves microorganisms; supercritical extraction, which involves 
supercritical water; and chemical extraction, which involves acids such as hydro-
chloric acid and sulfuric acid leaching (Tan and Lagerkvist 2011).
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Chemical leaching is the most common leaching method used for phosphorus 
recovery, where P extraction can be achieved with a fairly low consumption of 
chemicals, using only certain acids (Tan and Lagerkvist 2011). In general, higher 
temperature and acid concentration lead to higher rates of P recovery. In fact, a pH 
of 1 may be required to extract over 75% of the phosphorus. Solid-phase extraction 
of phosphorus by chemical leaching can be combined with precipitation, which is 
normally done by dissolution of the acidic extract containing the phosphorus, fol-
lowed by a filtration (Kalmykova and Fedje 2013; Petzet et al. 2012). A series of 
multiple dilution-filtration cycles may be necessary to allow the extraction of every 
precipitation preceding the precipitation of phosphorus. An alternative to acid leach-
ing is alkaline leaching, which uses bases such as sodium hydroxide. A two-step 
leaching process where acid leaching is followed by alkaline leaching may be done, 
which may lead to superior extraction performance under optimal conditions.

Supercritical extraction aims at enhancing the extraction of phosphorus through 
supercritical water oxidation (Tan and Lagerkvist 2011). In fact, supercritical water 
oxidation leads to higher release of phosphorus than conventional chemical leach-
ing with normal acid concentrations. However, supercritical extraction may require 
pretreatments of the ashes as they may contain heteroatoms such as chlorine, sulfur, 
and phosphorus which may create a highly corrosive medium during supercritical 
water oxidation. Cost is also a concern due to the use of supercritical water and the 
potential need of pretreatments.

Bioleaching is unconventional as it is done prior to combustion and is only indi-
rectly focused on the recovery of phosphorus. It involves bioacidifying microorgan-
isms, notably sulfur-oxidizing microorganisms, for the extraction of heavy metals 
from soil and sludge mixtures (Shanableh and Omar 2003). Bioleaching is known 
to be subject to considerable losses of phosphorus and nitrogen during heavy metal 
removal, as it extracts a significant portion of those nutrients along with the heavy 
metals during the leaching. For example, 76% of phosphorus and 38% of nitrogen 
may be lost during bioleaching of heavy metals when using sulfur as a substrate 
(Shanableh and Ginige 1999). However, this problem can be attenuated by selecting 
the right substrate for bioleaching. For example, using FeSO4 ·7H2O as a substrate 
reduces the loss of phosphorus to 45%, while using FeS2 as a substrate reduces the 
loss of phosphorus and nitrogen to less than 6 and 15% (Wong et al. 2004). It is 
interesting to note that increasing solid content of biomass leads to better solubiliza-
tion of heavy metals but also phosphorus (Tan and Lagerkvist 2011). Furthermore, 
lower sludge pH leads to faster solubilization, while higher pH tends to reduce P 
losses. In the context of bioleaching, using phosphate-solubilizing bacteria can also 
be of interest to supply plants with phosphorus from sources that are poorly 
available.

Another method proposed for phosphorus recovery is the fractionation method, 
where the ashes are agitated in an acidic solution followed by a series of centrifuga-
tions which leads to the extraction of phosphorus from the solids into the superna-
tant (Kleemann et al. 2017). Phosphorus can also be extracted from ashes by an 
electrodialytic separation process, which aims at extracting phosphates through ion 
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exchange induced by an electric potential difference, as well as removing heavy 
metals (Guedes et al. 2014).

2.2  Gasification

Gasification is the process of transforming waste into syngas, a gas which can be 
used to produce fuels, chemicals, or synthetic natural gas. Whereas a complete 
combustion is desired during incineration, gasification comprises of an incomplete 
combustion using an amount of oxidant lower than the amount required for stoi-
chiometric combustion. As a result, the waste becomes gasified into syngas, which 
contains unoxidized products which can be used as energy sources for later use. 
The resulting syngas is rich in H2 and CO, with some methane (CH4), but is gener-
ally contaminated and necessitates cleaning before being usable (Yan et al. 2010). 
The largest challenge faced by gasification processes, other than cleaning the syn-
gas, is the need for a heterogeneous waste source (Asadullah 2014).

Furthermore, the solid by-product of gasification is biochar (Hansen et al. 2015). 
Biochar is rich in nutrients and has been found to increase their retention, thus 
decreasing leaching and increasing the nutrient availability for plants when applied 
to soil (Oram et al. 2014; Yuan et al. 2016). Other than its agricultural applications, 
biochar can also be burned to release energy or as an adsorbent for environmental 
applications, similarly to activated carbon (Xie et al. 2015).

As is the case for incineration, P recovery from ashes is also possible for gasifica-
tion (Atienza–Martínez et al. 2014). Chemical leaching for a few hours can recover 
over 90% of the phosphorus with sulfuric acid, but extending the leaching duration 
does not significantly affect the recovery rate. A similar load of oxalic acid leads to 
comparable results as sulfuric acid, but may recover close to 100% of the phospho-
rus when leaching is done for an extended period of time.

An alternative to combustion for gasification of sewage sludge is supercritical 
water gasification (Acelas et al. 2014). A key advantage of supercritical water gas-
ification of sewage sludge is that it does not require drying of the sludge, which can 
avoid the costs of such pretreatments. In addition to the production of biogas, a 
solid and a liquid residue is also produced, both containing nutrients. Almost all of 
the N, K, and Cl are contained in the liquid phase, while the solid phase contains 
almost all of the Ca, P, and Si, leading to an effective separation of nutrients. 
However, the process is ineffective for separation of S as it is evenly distributed 
between the two phases. The liquid and solid phases may be separated by filtration, 
and the solid phase can then undergo a chemical leaching treatment for P extrac-
tion. Increasing leaching duration of the solid residue has little impact, generally 
leading to a minor increase of the percentage of phosphorus recovery. Leaching 
temperature has a significant impact on leaching performance. A temperature of 
400 °C is sufficient to ensure a recovery of at least 80% of the phosphorus, while 
increasing the temperature to 600 °C leads to a recovery rate close to 90%, if not 

Nutrient and Carbon Recovery from Organic Wastes



356

higher. Once again, oxalic acid leads to a higher recovery rate than sulfuric acid. 
When compared to leaching of combustion ash, leaching of supercritical water gas-
ification residue leads to higher P yields from recovery. This improvement in recov-
ery performance may be attributed to the formation of different chemical compounds 
during the thermal treatment. While combustion leads to the formation of organic 
compounds with P-C bonds, which are inert to acid treatments, supercritical water 
gasification produces a higher amount of inorganic phosphorus in the form of cal-
cium, aluminum, and iron phosphates, which are more easily dissolved during the 
leaching treatment.

2.3  Pyrolysis

Pyrolysis is the decomposition of material at high temperatures in the absence of 
oxygen. This process allows the conversion of waste into syngas (gas), biofuels 
(liquid), and biochar (solid) (Laird et al. 2009). Unlike the previous two processes, 
this technology is not a combustion-based process and is endothermic. By increas-
ing the temperature with the absence of an oxidant, the chemical bonds in the 
organic matter are broken down. Therefore, the longer organic chains are decom-
posed into simpler compounds, resulting in the production of CO, H2, and hydrocar-
bons (Jahirul et al. 2012). The proportion of gas, liquid, or solid product is determined 
by the operating conditions and the type of feedstock. Similarly to gasification, 
cleaning of the syngas and feedstock quality are some of the most limiting factors 
to the widespread use of this technology (Carpenter et al. 2014). Pyrolyzed char also 
benefits from a superior porosity, increasing the interest for adsorption applications 
(Kleemann et al. 2017).

Recovery of P from pyrolyzed biochar is a possibility, which differs significantly 
from P recovery from incinerated ashes in terms of performance (Kleemann et al. 
2017). First of all, pyrolysis has lower P enrichment capacity relative to sludge than 
incineration, with P concentrations being enriched by less than three times in pyro-
lyzed char compared to an enrichment of about seven times in the case of ashes 
from incineration. Furthermore, P extraction by leaching seems to be less effective 
on pyrolyzed char, as a lower proportion of P extracted from the former is obtained 
at optimal acid concentration for incinerated ashes. However, an increase of acid 
concentration for the leaching process leads to an improvement in P extraction from 
pyrolyzed char. As a result, optimal extraction from pyrolyzed ashes by leaching 
requires a higher concentration of acid than for incinerated ashes. Pyrolyzed char 
contains a significant residual concentration of N, but contains much less heavy 
metals than incinerated ashes, as a large amount of them are volatilized in the pyrol-
ysis process. The type of acid used for leaching may have an impact on P recovery 
performance. For example, using oxalic acid leads to higher phosphorus yields than 
when sulfuric acid is used (Atienza–Martínez et al. 2014).
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2.4  Torrefaction

Torrefaction is a form of pyrolysis at lower temperatures. The aim of this technol-
ogy is to improve the properties of biomass for energy generation, converting the 
biomass into a coal-like material. Torrefied biomass has a variety of interesting 
qualities, notably exhibiting a hydrophobic behavior, an inhibited biological decom-
position (i.e., it doesn’t rot), an improved grindability, and a higher heating value 
(Acharya et  al. 2012). As is the case for pyrolysis, syngas and biofuels are also 
produced during torrefaction, but are viewed mostly as by-products, the gas usually 
being directed back into the process to provide heat. The biochar produced from 
torrefaction can then be used for combustion or gasification or reused as a soil 
amendment.

The following Table 1 presents a brief overview of some important technical, 
economic, and environmental data pertaining to these technologies.

3  Biochemical Conversion

Whereas the previously discussed technologies utilized heat to convert biomass into 
energy and value-added products, the following technologies use microbial pro-
cesses to achieve the same goal. It is important to note, however, that these pro-
cesses are limited to biodegradable waste, reducing their range of application 
compared to technologies such as incineration.

Table 1 Comparison of advantages and disadvantages of the thermochemical processes, adapted 
from Samolada and Zabaniotou (2014)

Process
Operating 
temperature (°C) Advantages Disadvantages

Incineration 850–1200a – Up to 90% reduction of 
volume
– Established technology and 
infrastructure
– Feedstock quality is not 
essential

– Air pollution and GHG 
emissions
– Low energy efficiency
– Flue gas cleaning

Gasification 550–1600a – High efficiency of energy 
recovery
– Reduced emissions
– Syngas and biochar 
production

– Complex technology
– High investment and 
operation costs
– Extensive gas cleaning 
of the syngas

Pyrolysis 500–800a – Zero waste process
– Reduced emissions
– Syngas, biofuels and biochar 
production
–Up to 90% reduction of volume

– High investment costs
– Extensive gas cleaning 
of the syngas
– Feedstock sensitivity

Torrefaction 200–300b

aArena (2012)
bAcharya et al. (2012)
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3.1  Anaerobic Digestion

Anaerobic digestion is the natural process by which microorganisms break down 
organic material in the absence of oxygen. Examples of organic waste that can be 
processed by anaerobic digestion include animal manures, food scraps, fats, oils and 
greases, industrial organic residuals, and wastewater and sewage sludge, among 
others. Anaerobic digestion produces biogas, which is mainly composed of methane 
and carbon dioxide and can be used as an energy source or as a precursor for other 
chemical compounds, and a by-product known as the digestate, which can be valo-
rized as bedding for livestock, fertilizers, and soil amendments, among others. 
Biogas is generally composed of around 60% methane and 40% carbon dioxide, 
with possible traces of hydrogen sulfide (H2S), nitrogen, and hydrogen (H2) and 
traces of oxygen, carbon monoxide, ammonia (NH3), and certain volatile organic 
compounds (Noyola et al. 2006). Biogas should not be confused with syngas, the 
latter being composed mainly of H2, CO, and CO2. Anaerobic digestion is done in 
four key steps (Bajpai 2017). The first step is hydrolysis by microorganisms which 
break down carbohydrates into forms digestible by other microorganisms. The sec-
ond step is known as acidogenesis, where acidogenic bacteria convert the hydro-
lyzed sugars into higher organic acids such as propionic acid and butyric acid. The 
next step is acetogenesis, where organic acids are converted into acetic acid by 
acetogenic bacteria, with hydrogen as a main by-product. The final step of anaero-
bic digestion is methanogenesis, consisting of the conversion of acetic acid into 
methane and carbon dioxide by methanogenic bacteria. As stated previously, the 
solid or liquid mixture remaining after the anaerobic digestion process is known as 
the digestate.

The anaerobic digestion process can be operated in three main temperature 
ranges, including thermophilic (50–60 °C), mesophilic (25–40 °C), and psychro-
philic (15–25  °C) digestion (DeBruyn and Hilborn 2007). The higher operating 
temperature of the thermophilic range causes the microorganisms to break down 
organic matter more rapidly, with an average retention time of 3–5 days, and leads 
to higher production of biogas. However, more energy consumption and greater 
insulation are required. The mesophilic range operates at a lower temperature, 
meaning that more time is required for the microorganisms to break down organic 
material, with a retention time of 15–20 days or more. However, they are known to 
be more robust to temperature upsets. The psychrophilic system operates at room 
temperature, meaning that it has the lowest energy requirement of the three tem-
perature ranges, but breaking down of organic matter takes longer, with retention 
times usually spanning over a month or two (Lettinga et al. 2001).

Prior to anaerobic digestion, substrates and feedstocks are subject to pretreat-
ments in order to enhance performance (Ariunbaatar et  al. 2014). Pretreatments 
include mechanical treatments to increase contact surface between substrate and 
bacteria; thermal treatments to remove pathogens, enhancing dewatering perfor-
mance and reducing viscosity of the digestate; as well as chemical treatments for 
early breakdown of organic compounds and biological treatments for general 
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performance enhancement in certain steps. Anaerobic digestion can be operated in 
“dry” or “wet” conditions.

3.1.1  Dry Anaerobic Digestion

Dry anaerobic digestion operates at a high total solid content, generally over 20% 
(Angelonidi and Smith 2015). It is mainly used for feedstocks such as leaves, grass, 
straw, garden waste, wood waste, as well as chicken slurry and food waste with high 
solid content (Steffen et al. 1998). Dry anaerobic digestion has a good number of 
advantages over wet digestion, including lower power and heat requirements, high 
tolerance to solid contaminants (sand, fibers, large particles, etc.), less critical 
equipment required (pumps, agitation systems, feeding equipment, etc.), less main-
tenance, low water consumption, arguably greater flexibility over the type of feed-
stock accepted, shorter retention times, more flexible management of the end 
product, and being less complex overall than wet anaerobic digestion (Angelonidi 
and Smith 2015; ADEME Bourgogne 2013). The main disadvantages of dry anaero-
bic digestion include the need for special technologies for loading and unloading of 
the digester, the need to manage the variations of biogas and heat production, uneven 
mixing of the substrate, lower methane production in comparison to wet anaerobic 
digestion, and high requirements in structure material.

Industrial dry anaerobic digesters are similar to plug flow digestors as they are 
generally horizontal and cylindrical, but they may be agitated and are often operated 
in batch (Cho et al. 2013; Guendouz et al. 2010). Dry anaerobic digesters can also 
be constructed in the form of a silo or a garage (ADEME Bourgogne 2013). The silo 
form is known to be simple, robust, and cheaper, but the garage form is easier to 
operate as opening and closing its doors for loading and unloading are simpler than 
removing and reinstalling the silo’s cover to do so from above. Dry anaerobic 
digesters in the form of smaller and easily transportable containers have also been 
proposed, which would allow transportation as the digestion takes place, but instal-
lation costs are currently higher than conventional dry anaerobic digesters.

3.1.2  Wet Anaerobic Digestion

Wet anaerobic digestion operates at a low total solid content, generally less than 
20% (Angelonidi and Smith 2015). The main advantages over dry anaerobic diges-
tion include higher rate of biogas produced per tonne of waste treated, lower invest-
ment and operating costs, better energy balance, lower parasitic energy consumption, 
arguably greater flexibility over the type of feedstock accepted, integration of gas 
buffer, and biological desulfuration (Angelonidi and Smith 2015; ADEME 
Bourgogne 2013). Improvements in energy efficiency and biogas production rates 
may be attributed to optimal mixing, which is usually lacking in dry anaerobic 
digestion processes (Lindmark et  al. 2014). The main disadvantages of wet 
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anaerobic digestion include the need to add liquid when dry mixtures are used, the 
important need for mixing equipment, the significant energy requirement for pumps 
and agitators, and the risk of solid deposition and scum layer formation. Digestate 
produced from wet anaerobic digestion has lower dry matter content compared to 
digestate formed from dry anaerobic digestion. Digestate with low solid content 
can complicate storage and transportation for land application of digestate and 
hence require additional investments for further processing of the product, such as 
solid- liquid separation, drying, and/or nutrient extraction equipment. It is interest-
ing to note, however, that wet anaerobic digestion plants may benefit from a more 
advantageous energy balance and economic performance overall compared to dry 
anaerobic digestion, despite these disadvantages (Angelonidi and Smith 2015). 
Since undigested sewage sludge usually has low solid content (generally ≤1–7%) 
(Ontario Ministry of the Environment 2008a), wet anaerobic digestion is ideal in 
this context. However, since higher solid content leads to lower digester sizing and 
energy requirements, and higher biogas production rates, dewatering the sludge 
prior to digestion may be desirable (Yi et  al. 2014; Ontario Ministry of the 
Environment 2008b).

The two main types of digester used for wet anaerobic digestion include com-
pletely mixed and plug flow systems (DeBruyn and Hilborn 2007). Complete-mixed 
digesters consist of a large tank where fresh organic material is continuously mixed 
with partially digested material. This type of configuration is recommended for 
mixes with lower dry solid content (3–10%) such as pig and cow slurry, animal 
blood, whey, and fermentation slops (Chen and Neibling 2014; Steffen et al. 1998). 
Complete-mixed digesters can either operate in the mesophilic or thermophilic 
range, with a retention time generally ranging from 10 to 25 days. Plug flow digest-
ers are continuously fed and consist of long channels in which feedstock moves 
through as it gets digested. This system is recommended for the treatment of mate-
rial with higher dry solid content (11–14%) such as chicken slurry and food wastes, 
as well as pig and cow slurry with higher solid content (Steffen et al. 1998). They 
usually operate in the mesophilic range, with the retention time ranging from 15 to 
30 days. Other key examples of wet digesters include covered lagoons and fixed- 
film digesters (Chen and Neibling 2014). As its name suggests, the covered lagoon 
is a large in-ground lagoon with a gastight cover. Covered lagoons are used for 
mixes with very low solid content (0.5–2%), making them ideal for raw sludge, as 
well as whey and fermentation slops with the lowest solid content (Steffen et al. 
1998). They generally operate in the psychrophilic temperature range as they are not 
heated, meaning that they mostly operate in warmer regions where the temperature 
range can be reliably maintained. Fixed-film digesters are basically columns packed 
with such media as wood chips and plastic rings. The packing supports a biofilm of 
bacteria, with methane-forming microorganisms growing on the media. This type of 
digester is also used for very low solid contents (1–2%) and benefits from a very 
short retention time (2–6 days). However, the media is vulnerable to plugging by 
solids. The wet anaerobic digestion process is usually operated in continuous flow 
as it produces more biogas, and the operating costs are lower in comparison to a 

E. Walling et al.



361

batch operation due the avoidance of the complications from restarting the system 
from cold (World Energy Council 2016).

3.1.3  Nutrient Recovery

Following the digestion process, it is possible to extract end products with higher 
nutrient concentration through implementation of nutrient recovery technologies 
(NRTs). For some liquid waste streams, it is possible to apply these technologies 
without passing through the anaerobic digestion process first, but process efficiency 
will be improved following digestion (Vaneeckhaute et al. 2017). The following is a 
quick overview of the most established NRTs to date. For detailed technical and 
economic information, reference is made to the literature review on NRTs for diges-
tate treatment presented in Vaneeckhaute et al. (2017).

• Chemical crystallization: Crystallization/precipitation can be induced through a 
number of methods such as modification of temperature, solubility, and charges. 
Chemical crystallization can be used to produce struvite (MgNH4PO4∙6H2O) and 
calcium phosphates (CaHPO4∙2H2O or Ca5(PO4)3OH) from liquid digestate. 
Both products are valuable synthetic fertilizer substitutes (Vaneeckhaute et al. 
2017). By increasing the pH of the liquid fraction through the addition of mag-
nesium (MgO/MgCl2) or calcium hydroxide (Ca(OH)2) and sodium hydroxide 
(NaOH), crystallization is achieved (Rahman et al. 2014). Struvite and calcium 
phosphates (brushite and hydroxyapatite) are of growing interest due to the 
depletion of rock phosphate and will likely become the chief phosphate fertiliz-
ers (Massey et al. 2007). They also contain other valuable minerals such as Mg, 
N, and Ca. Struvite precipitation allows for low nitrogen loss, around 5% (Kataki 
et al. 2016). Furthermore, struvite tends to offer some advantages over chemical 
phosphorus fertilizers, such as allowing for a slow release of nutrients and having 
a high hardness, allowing for easy transportation and storage (Latifian et  al. 
2012). It can also be applied to soils at greater quantities and lower frequency 
than conventional fertilizers (Li and Zhao 2003).

• Gas stripping and absorption: Ammonia (NH3) stripping and absorption is one of 
the more established technologies for N recovery. The process involves passing 
the liquid fraction through a packed bed tower. Some of the ammonia is trans-
ferred from the liquid phase to the gas phase, and this gas is sent to an air scrub-
ber. The air scrubber puts the NH3 in contact with a liquid phase, commonly 
H2SO4, to recover a concentrated solution of ammonium sulfate ((NH4)2SO4). 
Ammonium sulfate can be used as a fertilizer, being a good source of N and S 
(Arthington et al. 2002).

• Membrane separation: Membrane filtration involves passing the digestate 
through microfiltration, nanofiltration, ultrafiltration, and/or using reverse osmo-
sis. The filtration process allows for the production of process water and a 
 nutrient (N and K)-rich concentrate when using reverse osmosis (Vaneeckhaute 
et al. 2017; Drosg et al. 2015).
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3.2  Fermentation

Fermentation is the use of microorganisms to convert organic matter in absence of 
oxygen into acids or alcohols, notably ethanol and lactic acid, as well as hydrogen. 
Microorganisms can also be selected to favor methane production, in which case the 
process is equivalent to biomethanation. Ethanol and hydrogen are clean fuels of high 
interest, notably for the transportation sector, while lactic acid is a versatile chemical 
with a long history of applications in the food, cosmetic, and pharmaceutical indus-
tries. The most important application of fermentation is for the production of bioetha-
nol, which is usually done by yeast fermentation either in continuous or batch 
configuration. Although, batch fermentation is usually the preferred method due to 
the lower risk of contamination. The two main types of reactor used for fermentation 
are the continuous stirred tank reactor (CSTR) and the plug flow reactor (PFR) 
(Brethauer and Wyman 2010). In the CSTR, the composition in the reactor tank is 
homogenous if the reactor is ideally stirred, meaning that the composition is identical 
not only within the reactor but also to the outgoing flow. For the PFR, the reactants 
are pumped through a tube with the fermentation proceeding as the biomass travels 
through the reactor. In the case of an ideal PFR, a uniform velocity profile across the 
radius diffusion and negligible diffusion in the axial direction are expected. The fer-
mentation reactor can either be single-stage or multistage, with the latter having the 
option of either being set up in series or in parallel. It is interesting to note that a large 
number of CSTRs in series may have similar performance to a single PFR.

Bioethanol production is mainly done from starchy substrates such as corn, wheat, 
rice, barley, and potatoes, as well as from sucrose-containing feedstocks such as 
sugar beet, sweet sorghum, and sugarcane (Patni et al. 2013). In fact, the world’s 
leading sources of ethanol production are corn from the United States and sugarcane 
from Brazil (Crago et al. 2010). However, there is an increasing interest for the use 
of organic waste such as lignocellulosic biomass (dry plant matter) for bioethanol 
production, which would avoid the use of edible crops for bioethanol production. 
Lignocellulosic biomass is mainly composed of cellulose, hemicellulose, and lignin. 
Major sources of lignocellulosic biomass include wood, agricultural residues, herba-
ceous plants, municipal solid wastes, as well as algae. Bioethanol production from 
cellulosic feedstocks consists of four key steps (Limayem and Ricke 2012). The first 
step is a pretreatment consisting of enzymatic, thermal, and acid treatments. The 
treated biomass is then hydrolyzed into free monomer molecules readily available 
for fermentation conversion to bioethanol. The hydrolysis is either done through 
acidic or enzymatic reactions. The hydrolyzed sugars then undergo the fermentation 
in presence of microorganism, where they can be converted into alcohol, as well as 
into lactic acid or other end products, depending on the microorganisms and fermen-
tation condition used. The final step is focused of the separation and purification of 
the ethanol produced from water or other by- products through a distillation process.

Nutrients such as nitrogen can be recovered from fermentation waste by electro-
dialysis (Lee et al. 2003). Otherwise, there is room for valorization of fermentation 
waste, which can be used as a metal biosorbent (Vijayaraghavan et al. 2008; Gulati 
et al. 2002) or as a concrete biomodifier, for example (Bolobova and Kondrashchenko 
2000).
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3.3  Composting

Composting is the aerobic biological decomposition of organic waste such as food 
or plant material by bacteria, fungi, worms, and other organisms into compost. 
Compost is rich in carbon and nutrients and therefore presents benefits when applied 
to soils by increasing the nutrient supply, sequestering carbon, acting as a pesticide, 
increasing crop yield, decreasing soil erosion, increasing soil workability, and 
increasing the nutritional quality of crops (Lazcano et  al. 2014; Lairon 2011). 
Composting can also be undertaken in anaerobic conditions (Minale and Worku 
2014), in which case it is equivalent to the anaerobic digestion treated earlier. This 
section will only focus on aerobic composting. Following the anaerobic digestion 
process described previously, the digestate can be composted to increase its suit-
ability for use on agricultural land (Bustamante et al. 2012; Bustamante et al. 2013).

Generally, the composting process is divided into four stages: mesophilic, ther-
mophilic, cooling, and maturation (Chen et al. 2011; Tortosa et al. 2017). Composting 
is started by mesophilic organisms operating between 25 and 45 °C. The decompo-
sition of the biomass leads to a rapid increase in the temperature of the compost, 
reaching 50–60 °C within the first 72 h. At these higher temperatures, thermophilic 
organisms take the lead in decomposing the materials. This second stage lasts sig-
nificantly longer than the first one (several days or weeks). The high temperatures 
during this stage lead to the added benefit of destroying pathogens, weed seeds, and 
phytotoxic compounds. However, proper temperature control is crucial. If the com-
post pile goes above 70 °C, there is a high risk of killing the thermophilic organ-
isms, as well as increasing the risk of fires. Partway through this second stage, the 
decomposition of the compost will render less nutrients and energy available to 
sustain the microorganisms. The temperature will start to decrease progressively, 
leading into the third stage of composting: the cooling stage. During this stage, the 
temperature continually decreases, leading mesophilic microbial organisms to take 
back the reins. Once the temperature stabilizes, the final stage, known as matura-
tion, begins. By the end of this process, which can last several months and even 
more than a year, the original biomass will have been decomposed into compost 
which can be spread over agricultural land or for home use. The first two phases are 
often referred to as the active phase, whereas the final two are known as the curing 
phase. Overall, the composting process can last between 3  months and 2  years 
(United States Environmental Protection Agency 2018).

Throughout the whole of this process, it is paramount that the compost receives 
oxygen. If proper aeration of the compost pile is not provided, the microorganisms 
will quickly use up all the oxygen, causing the pile to transition into an anaerobic 
environment. Therefore, the composting process would be drawn out and take much 
longer due to non-optimal operating conditions. To ensure proper aeration, there are 
a variety of techniques that can be used: aerated windrow composting, aerated static 
pile composting, and in-vessel composting (Neher et al. 2013).

Aerated windrow composting consists in making long rows, known as windrows, 
of organic waste and aerating the piles by turning them frequently (Kuchenrither 
et al. 1985). On the other hand, aerated static pile composting uses one large pile of 
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organic waste, supplemented with bulking material such as wood chips, paper, and 
cardboard, to create spacing within the pile and allow air to circulate through it. 
Pipes can be used to draw air in or out of the pile (Ekinci et al. 2017).

For in-vessel composting, the organic waste is placed into an enclosed vessel that 
allows control of the air flow and temperature. The organic waste is mixed by 
mechanical means. This method allows for a reduction of space compared to the 
previous two methods, a strong control of process parameters and a control of odors, 
and offers the added benefit of potential integration with anaerobic digestion. Indeed, 
some processes have been developed wherein, following anaerobic digestion, the 
same reactor is used to allow aeration of the organic waste (Walker et al. 2009).

In all these cases, composting remains the process of decomposing organic 
waste, meaning that a significant amount of greenhouse gases (GHGs) are pro-
duced. It is therefore necessary to treat the air adequately to control these gases, 
most notably nitrous oxides and methane (Nigussie et  al. 2016). Furthermore, a 
large amount of the initial nitrogen is lost during the process, being converted into 
NH3, NOx, N2O, and N2, which become more volatile at higher temperatures (ther-
mophilic stage). Composting tends to have high levels of N loss, ranging from 16 to 
88% depending on the waste source, therefore reducing the quality of the compost 
and producing undesired gases (Vu et al. 2015). It is estimated that 35–70% of this 
loss occurs during the thermophilic active phase (Chowdhury et al. 2014).

There exists another form of composting which allows circumventing some of 
these issues. Vermicomposting focuses on the use of worms for decomposition at 
temperatures between 12 and 25 °C with the help of microorganisms (Ndegwa and 
Thompson 2001). This type of decomposition takes place in a psychrophilic tem-
perature range, avoiding many of the problems previously identified. The worms are 
inserted into the organic matter, which has been supplemented with bulking agents 
to make it more attractive to the earthworms (Lim et al. 2016), and are left to eat and 
digest it. The product of vermicomposting is also somewhat different from normal 
compost. It is known as vermicompost (or casting) and tends to be richer in nutri-
ents, which are also more readily accessible by the plants, than compost (Lazcano 
et al. 2009). Vermicompost also has added benefit for soil and plant life due to some 
by-products excreted by the worms, such as mucus and urine which are rich in car-
bon and ammonium and urea, respectively (Quaik and Ibrahim 2013). By operating 
at lower temperatures than the thermophilic stages of composting,  vermicomposting 
also allows for a reduction of nitrogen loss and methane emissions (Nigussie et al. 
2016). However, these low temperatures also hinder the ability to destroy pathogens 
observed during composting (Ndegwa and Thompson 2001).

Composting can lead to the production of leachate, which arises when water 
passes through and leaches out some of the contents from the waste (Chatterjee 
et al. 2013). This liquid tends to be high in nitrogen and organic matter. Depending 
on regulatory constraints, this leachate can potentially be used as a fertilizer 
(Romero et al. 2013). It could therefore be possible to treat the leachate to produce 
struvite through precipitation and/or to use ammonia stripping and absorption to 
produce ammonium sulfate. The production of these solid fertilizers could cut down 
on the issues related with transportation and storage of a liquid.
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Overall, composting is a relatively easy to implement method that allows for 
both carbon and nutrient recovery but also produces an important amount of GHGs 
which must be considered. The long curing time can be viewed as a drawback to 
this process; however, its general acceptability and ease of use when compared to 
anaerobic digestion make it an alluring treatment and valorization method.

3.4  Landfills with Gas Capture

A landfill is a site for the disposal of waste materials by burial. Landfills are a sig-
nificant source of greenhouse gas emissions, with the organic materials decompos-
ing in them producing a gas comprised of around 50% methane and 50% carbon 
dioxide with trace amounts of non-methane organic compounds (Themelis and 
Ulloa 2007). This gas mixture is known as landfill gas (LFG). Gas capture technolo-
gies can be integrated within the landfills to capture the greenhouse gases from 
LFG. Landfills with gas capture are largely focused on capturing the methane, but 
the carbon dioxide could technically be captured as well.

To capture the LFGs, wells are installed throughout the waste in either vertical or 
horizontal configurations. These wells extract the gases by producing a pressure 
gradient by using blowers or air compressors. The difference in pressure decreases 
as the distance from the well increases, meaning that proper well spacing is neces-
sary to achieve efficient gas capture. The landfill can be covered or left open to the 
air, but open landfills are less efficient at capturing the gas (approximately 17% less 
efficient). However, methane content is reduced by around 6% in closed landfills 
(Powell et al. 2016).

Nutrient recovery from landfills is also a possibility (Li and Zhao 2003; 
Kulikowska and Klimiuk 2008). Landfill leachate, similarly to composting leachate, 
can be a good source of nutrients, such as nitrogen (ammonia) and phosphorus. 
Therefore, struvite precipitation and ammonia stripping can be excellent techniques 
to valorize this by-product.

4  Chemical Conversion

Biomass can be converted into biofuels using purely chemical reactions. Key reac-
tions involved in the conversion of biomass includes hydrolysis, dehydration, isom-
erization, aldol condensation, reforming, hydrogenation or hydrogenolysis, and 
oxidation (Jiang et al. 2016). The most common reaction used in bioenergy contexts 
is transesterification, which converts triglycerides (oils, fats, and greases) into bio-
diesel. With the help of an acid or base catalyst, fatty acids from oils, fats, and 
greases are bonded to alcohol, which reduces the viscosity of the fatty acids and 
makes them combustible, thus producing biodiesel. The transesterification reaction 
produces glycerol as a by-product, which leaves room for valorization such as 
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biofuel production by glycerol fermentation as well as hydrogen production by 
glycerol steam reforming.

Based on the above discussion, Fig. 1 provides a summary overview of the prin-
cipal thermochemical and biochemical conversion technologies for nutrient and 
carbon recovery from organic waste, as well as the main recovered end products.

5  Understanding the Carbon Balance and Adding Value 
through Carbon Capture Technologies

Many of the technologies that have been presented in this section aim at converting 
biomass into energy by either burning it directly (incineration) or by using it to 
produce various gases which are then destined for combustion (gasification, pyroly-
sis, biomethanation, LFG capture). Many of these alternatives are considered to be 
eco-friendly or “green” when compared to simply burying waste in a landfill. 
However, some may wonder why this is the case; at the end of the day, the gases are 
still being combusted and released into the atmosphere. The answer to this can be 
found when examining the carbon balance of the alternatives.

The carbon cycle refers to the biogeochemical cycle of carbon on Earth. It is 
separated into three subcategories, which includes two types of biological carbon 
cycle (terrestrial and oceanic) and geological carbon cycle. The carbon balance 
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refers to the exchange between these categories. While the carbon cycle as a whole 
is a self-sustainable cycle that converts or captures as much CO2 as it produces or 
emits, greenhouse gas emissions from human activities create a surplus of carbon 
dioxide to the atmosphere (Falkowski et al. 2000). This disturbs the natural carbon 
balance, thereby causing a continuous increase of atmospheric CO2 concentrations, 
contributing to global warming and climate change. Major sources of anthropogenic 
greenhouse gas emissions include energy supply, transport, industries, forestry and 
agriculture, as well as commercial and residential sectors (Victor et  al. 2014). 
Although biomass actively absorbs CO2 from the atmosphere through photosynthe-
sis as it grows, the CO2 is released back to the atmosphere as biodegradation of 
biomass takes place, combined with methane and other gases. While decomposition 
is largely carbon-neutral when considering biomass growth, a reduction of these 
emissions into the atmosphere could be valuable in the current fight against global 
warming. By burning syngas, biogas, or LFG, the methane which would be released 
to the atmosphere is converted into CO2, which has a global warming potential 
much lower than methane.

It is possible to move the carbon balance to a point of “negative emissions” by 
integrating bioenergy with carbon capture and storage (BECCS) technologies 
(Biorecro 2010). Carbon capture and storage, or CCS, is mainly used for natural gas 
or coal power plants, consisting of capturing CO2 emissions and storing them under-
ground (such as in oil wells, coal seams and saline aquifers) to prevent them from 
reaching the atmosphere, thus causing a net reduction of greenhouse gas emissions 
from those energy sources (Ketzer et al. 2012). Other key applications for carbon 
capture and storage include cement, metal, and chemical industries. Carbon capture 
is mainly done by gas-liquid absorption, but other key methods proposed include 
adsorption, membrane separation, chemical looping combustion, cryogenic distilla-
tion, hydrate-based separation, and enzymatic capture (Leung et al. 2014). BECCS 
consist in implementing such technologies for the capture and storage of CO2 emis-
sions from combustion, fermentation, putrefaction, biodegradation, and other biologi-
cal processes (Biorecro 2010). BECCS could also be implemented for the combustion 
of biogas produced from biomethanation. The captured CO2 can then be valorized, 
which consists of using or transforming the CO2 for other purposes, or stored under 
bedrock, leading to permanent storage of carbon dioxide that natural carbon sinks and 
valorization may not provide. Geological storage of CO2 emissions can be combined 
with mineralization, which converts CO2 into solid minerals, thus preventing any 
potential risk of CO2 leakage from the storage sites (Matter et al. 2016).

CO2 can be valorized in a number of ways. It can be used directly to supplement 
plant growth in greenhouses (Jaffrin et al. 2003), to aid in enhanced oil recovery by 
using it to displace oil (Whittaker and Perkins 2013), to act as a coolant or refriger-
ant (Lorentzen 1994), to act as a flame retardant for fire extinguishers (United States 
Department of Labor 2002), and for carbonation in food and beverage (Energy 
Research Centre of the Netherlands 2002), just to name a few. Otherwise, CO2 can 
be converted into cements (Biello 2008), plastics, fuels, and a variety of useful 
chemicals, such as carboxylates, lactones, carbamates, urea, isocyanates, carba-
mate, alcohols, ethers, and hydrocarbons, or serve as a catalyst or a co-reactant for 
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the conversion of organic compounds (Olajire 2013). Carbon dioxide can even be 
used to generate energy or electricity, thus turning unwanted greenhouse gas emis-
sions into a renewable energy source. Energy can either be generated through elec-
trochemical conversion of CO2 that generates electricity (Al Sadat and Archer 2016) 
or in the form of supercritical CO2 as a substitute to water for steam turbines, such 
as those used for natural gas, coal, nuclear, geothermal, and solar power plants (Ahn 
et al. 2015).
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