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Abstract: The spread of livestock diseases, such as African swine fever (ASF) or the highly pathogenic 

avian influenza (HPAI), caused by viruses and/or bacteria such as Salmonella spp. and Escherichia 

coli, are currently reducing biosecurity; as such, EU regulations avoid the use of derived manure for 

biofertilisation. This is happening in a global context, where the price of food, fertilisers, and energy 

have a strong correlation. In fact, surges in the cost of these commodities contribute to strong tensions 

in food-insecure countries, very often resulting in food riots. This review paper addresses the current 

technologies available in the EU for the treatment of manure, including that derived from livestock 

affected by the above diseases. Additionally, within the agricultural sector, livestock farming is the 

major source of greenhouse gas (GHG) emissions, such as methane, nitrogen monoxide, and carbon 

dioxide, which contribute to global warming and, therefore, climate change. Thus, this paper also 

discusses manure management technologies aimed at reducing GHG emissions, considered as 

livestock farming footprints according to EU regulations. The literature review followed a widely 

implemented method divided into three phases: planning (theoretical background), execution (search 

strategy), and result analysis. The current technologies available in the EU for manure management 

are aerobic treatment, composting, anaerobic digestion (AD), decanter centrifuge, VP-HoBe, BENAS 

AD, Geamix housing system, belt press sieve–reverse osmosis, vibrating reverse osmosis, granulation, 

gasification, and pyrolysis. RENURE (REcovered Nitrogen from manure), i.e., an organic fertiliser 

that is partially or totally derived from manure, can replace synthetic chemical/mineral fertilisers, 
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thereby building up a resilient food production chain capable of using locally available resources. This 

review indicates that pyrolysis and AD are the best suited technologies for processing manure that may 

be affected by the above diseases, as they have been proven to effectively avoid the spread of those 

specific pathogens. Moreover, these two technologies can reduce livestock footprints. However, 

further research will need to assess the selected manure management technologies through the 

computation of energy balance, in order to maximise energy efficiency. 

Keywords: fertilisers; nitrates; pathogens; diseases; anaerobic digestion; pyrolysis; circular bioeconomy 

 

1. Introduction 

The emission of greenhouse gases (GHGs), such as methane, nitrogen monoxide, and carbon 

dioxide, produced by livestock farming, can contribute to global warming and, therefore, climate 

change. According to IPCC (Intergovernmental Panel on Climate Change) classifications, 323 Mt CO2 

eq. (49%) of total GHG emissions are created in the agricultural sector, 136 Mt CO2 eq. (21%) in the 

energy sector, and 11 Mt CO2 eq. (2%) in the industrial sector [1]. Within the agricultural sector, 

livestock farming is the major source of GHG emissions (i.e., methane, nitrogen monoxide, and carbon 

dioxide): through LCA (Life Cycle Assessment) methodology, the IPCC x estimated that 57% of total 

GHG emissions of EU-27 agricultural sector is caused by livestock production up to the farm gate, 

including land use and land-use change emissions [1]. 

On December 11, 2019, the European Union adopted the European Green Deal (EGD), aimed at 

reducing GHG emissions by 55% with reference to 1990, so that Europe would become the first 

climate-neutral continent by 2050 [2]. A key EGD objective is to promote healthier food production 

systems that are more environmentally friendly, since agricultural GHG emissions in the EU were 

almost constant between 2005 and 2019 [3]. This transition is additionally emphasised due to the 

existing environmental, climatic, and geopolitical instability, which has a direct negative effect on the 

European food supply chain, with damaging consequences for the EU member states and, at a higher 

level, for food-insecure countries. Such a shift needs a dedicated strategy aimed at minimising the 

potential negative effects of EU agricultural policy on extra-EU countries (e.g., African ones) [4,5]. 

In order to decrease the negative environmental impact caused by intensive agriculture and reduce 

carbon leakage, the EU has embarked on a GHG net-zero food production chain, in anticipation of 

providing healthy food to the European 2050 predicted population. Several options were identified that 

can potentially facilitate the achievement of these objectives. One of the most tangible options is the 

adoption of circular bioeconomy (CBE) principles and agro-ecological practices, while maintaining 

high crop yields with a significantly lower nitrogen pollution impact. In this transition, the smart use 

of fertilisers as crop inputs is not only key for food production but has also environmental impact 

throughout the agri-food production chain. 

After the 2nd World War, the evolution of major agri-food-producing countries, including the EU 

member states, witnessed the increase of agricultural product amounts. This surge in production was 

achieved through the increased use of several agrochemicals, including synthetic chemical/mineral 

fertilisers, together with territorial specialisation and integration within the global markets. The 

concept of a “food regime” was first formulated by Harriet Friedmann in 1987 [6]; it stemmed from 

previous research on the international food order after the 2nd World War, when Friedmann, in 1982, 
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charted the rise and demise of the US food aid programme, as a geopolitical weapon in the Cold War [7]. 

Then, a more systematic formulation of “food regime” by Friedmann and McMichael appeared in the 

European journal Sociologia Ruralis in 1989 [8]. It is estimated that the amount of fertilisers used on 

a global level has quadrupled since the 1960s and currently stand at an estimated yearly use of 200 

million tonnes, most of which are used for the production of cash crops such as cereals and pulses. The 

amount of chemical/mineral fertilisers used in European agriculture became constant over the past 

decades, reaching 11.2 million tonnes in 2020, i.e., 8.3% higher than in 2010. Yet, the amount of 

nitrogen (N) fertilisers remained almost the same in 2017 when compared to 2000, i.e., 10.64 million 

tonnes [9]. 

Although N fertilisers represent 89% of the total synthetic fertilisers used in the EU, phosphorus (P) 

is important as a nutrient required by crops. In fact, the EU agri-food sector is highly dependent on 

imported P fertilisers. Raw phosphorus is a non-renewable resource and is found as phosphate rock in 

just a few geographic locations outside the EU, thus making P a strategical material, included in the 

EU list of Critical Raw Materials (CRM) [9,10]. 

In an attempt to contain domestic food-related inflation, Russia, a global supply leader of 

fertilisers, imposed export restriction measures of N fertilisers in 2021, in order to try to prevent 

shortages on its local market. The onset of the Russia–Ukraine war in February 2022, followed by a 

further extension of the export quotas, caused havoc in the European fertiliser markets, with higher 

prices and lower supply. This geopolitical and economic turmoil not only caused a significant supply 

reduction of Russian fertilisers on the international markets but also highly affected the price of gas, 

the energy source selected by most non-Russian industries for manufacturing fertilisers. This symbiotic 

relationship makes the prices of both fertilisers and gas highly correlated, catapulting the fertiliser 

costs at par with the 2008 crises that triggered food-related riots in several countries of Sub-Saharan 

Africa. The process of transition from an economy based on fossil fuels to a bio-based one requires 

the retrieval of potential plant nutrients that exist in the various organic waste streams for the eventual 

replacement of chemical/mineral fertilisers with bio-based ones [11]. 

In the past, several geopolitical circumstances in Middle East (Gulf war in 1990–1991 in Kuwait 

and Iraq) and Northern Africa (riots of Arab Spring in early 2010s, including Libyan war in 2011), as 

well as the Russia–Ukraine war from 2022 and the USA–Iran war from 2026, not only increased the 

price of fertilisers but also that of natural gas. Therefore, biogas gained remarkable attention as a local 

resource for both biomethane as bioenergy source and digestate as biofertiliser for agriculture [12]. 

Moreover, climate change–related damage incentivises all sectors to decarbonise and integrate 

environmentally friendly technologies, such as anaerobic digestion (AD), which allows both 

decarbonisation and optimal biowaste management [12]. If AD plants are built up in each country, 

global warming could be limited to 2 °C [12]. Moreover, if suitable policies are implemented, AD 

plants could reduce global GHG emissions by 10–13% (3.29–4.36 Gt CO2-eq) [12]. In fact, the AD 

process is able to capture methane and mitigate CO2 emissions associated with the produced biogas [12]. 

As biogas impurities (i.e., H2S, CO2) can cause severe practical difficulties in biogas storage and 

biomethane delivery to the natural gas grid, upgrading technologies must be implemented for removing 

H2S and eliminating or consuming CO2 inside biogas, thus achieving a minimum biomethane content 

of 95% [12]. Hydrogen-assisted biogas is able to sequestrate carbon by converting CO2 into 

biomethane by using the hydrogen generated mainly through other renewable energy sources (RES), 

namely water electrolysis and photovoltaic solar facilities or wind turbines (CO2 and H2 are converted 

into CH4 and H2O) [12]. This biogas upgrading allows to store and use the excess extracted biomethane 
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in the natural gas grid [12]. If CO2 produced during AD is converted into additional biomethane, biogas 

could satisfy 53% of the demand for fossil natural gas [12]. Moreover, the digestate co-produced 

during the AD process can be used for generating biochar, which can be used directly as a biofertiliser 

or indirectly as a biomethanation improver, as well as an upgrading and cleaning material [12]. 

In fact, bio-based or organic fertilisers or biofertilisers such as manure and digestate, compared 

to chemical/mineral ones, produce the following benefits: 

1) Biofertilisers release the nutrients over a longer time, so that they better meet the crop needs; 

2) Biofertilisers include not only macronutrients (e.g., N, P and K) but also micronutrients and, above 

all, organic matter, which binds with mineral compounds of soil, thereby improving not only its 

chemical fertility but also its physical one, i.e., its structure; therefore, organic fertilisers are also used 

for soil amendment; 

3) Biofertilisers can be of animal origin and are not produced through a process using energy. 

The potential production of RES from livestock waste that is commonly found in the 

Mediterranean islands was evaluated by Attard et al. [13], using the island of Malta as a case study [14], 

together with other scientists [15]. They demonstrated that the production of RES, i.e. biomethane, 

electrical, and thermal energy, from organic waste can also have a high added value, because the 

potential additional income would include that derived from the sale of biomethane or electrical and 

thermal energy. Moreover, the income obtained by replacing chemical/mineral fertilisers with organic 

digestate should be quantified. 

Specific examples of AD plants in the Mediterranean region and the conditions under which these 

plants operate (i.e., dominant feedstocks, pathways of biogas valorisation, national policies, and 

regulatory frameworks for biomethane) are reported in a review of biomethane production in this 

region [16]. 

Regulation (EU) 2019/1009 of the European Parliament and Council of June 5, 2019, lays down 

rules on the market of EU fertilising products and amends Regulations (EC) No 1069/2009 and (EC) 

No 1107/2009 while repealing Regulation (EC) No 2003/2003, establishing the rules for marketing 

livestock manure [17]. However, the marketing and movement of livestock manure and other animal 

by-products are also subject to specific requirements under animal health legislation. In particular, 

Regulation (EU) 2016/429 (Animal Health Law) establishes a framework for the prevention and 

control of listed animal diseases, including African swine fever (ASF) and highly pathogenic avian 

influenza (HPAI); additionally, it provides biosecurity measures aimed at preventing their introduction 

and spread [18]. These measures are particularly relevant in the context of animal-derived materials, 

including manure, whose movement and use may require specific conditions, depending on the 

epidemiological situation and the concerned disease. Despite the implementation of these control 

measures, several EU member states have recently reported outbreaks of ASF and HPAI, thus posing 

a significant threat to livestock production on local and regional levels and potentially facilitating 

further geographical spreading. The epidemiological relevance of these diseases is further increased 

by their ability to affect both susceptible domestic livestock and wildlife populations, which may 

contribute to the persistence and spread of infections in affected areas. 

According to data reported through the Animal Disease Information System (ADIS), as of 

September 9, 2026, ASF outbreaks have been reported in 18 European countries, including Italy, 

predominantly affecting wild boar and, on a lesser extent, domestic pigs. According to the official 

notifications submitted to the World Organisation for Animal Health (WOAH), ASF has been reported 

across Northern, Central, and Southern Italy, including Piedmont, Liguria, Lombardy, Emilia-
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Romagna, Tuscany, and Lazio, while previous outbreaks had been reported in Calabria and Campania. 

In 2026, Tuscany experienced a particularly marked increase in ASF cases, especially among wild 

boars. This highlights the ongoing epidemiological concern posed by ASF in Italy, thus prompting the 

implementation of movement restrictions and strengthening on-farm biosecurity measures aimed at 

limiting the spread of this disease. In addition, a plan to reduce the wild boar population by half 

(equivalent to an estimated 750,000 wild boars) by 2025 was activated [19]. 

Similarly, during 2026, 33 outbreaks of HPAI H5N1 have been reported in poultry, wild, and 

captive birds in the EU. Since 2021, H5N1 viruses belonging to clade 2.3.4.4b have spread across 

Europe, Northern and Southern America, Antarctica and, more recently, Australia, thus causing 

successive waves of outbreaks affecting several wild and domestic bird species and, of particular 

concern, a growing number of terrestrial and marine mammal species. In response, strict biosecurity 

measures have been implemented to reduce the risk of virus introduction and transmission, particularly 

in poultry production systems, thereby limiting the impact of HPAI on animal health, poultry 

production, and food security [19]. 

Bacterial pathogens also represent an important concern in animal production systems, as 

livestock manure and wastewater may act as potential vehicles for their environmental dissemination. 

Pathogens such as Salmonella spp., Escherichia coli, and Campylobacter spp. can be brought by 

infected animals and, subsequently, enter manure, slurry, and wastewater streams. Whether 

inadequately treated or managed, these materials may contaminate soil and water bodies and facilitate 

pathogen transmission to other animals and, potentially, humans. This concern is not limited to the 

transmission of pathogens and the associated clinical risks but also includes the potential dissemination 

of antimicrobial-resistant pathogens and antimicrobial traits, which may contribute to their spread and 

reduce the effectiveness of available antimicrobial treatments. Consequently, effective treatment and 

management of manure and wastewater are essential to reduce pathogen loads and limit their 

environmental dissemination, thus highlighting the importance of treatment technologies capable of 

achieving effective pathogen inactivation. In order to avoid these situations, proper manure 

management protocols have to be implemented, to prevent the potential crossing of diseases from 

infected farms onto the surrounding wild animals. 

Therefore, the final scope of this review paper is to analyse the literature, in order to identify 

manure management technologies suitable for addressing food biosecurity and the reduction of 

livestock farming footprints, i.e., lowering GHG emissions from this sector, in the EU. 

2. Review methodology 

This review followed the method by Torraco [20] to analyse the available literature and legislative 

archives. According to this widely implemented method, the review search was divided into three 

stages: 1) planning phase (theoretical background); 2) execution phase (search strategy); and 3) 

analysis of results. 

The first stage, i.e., the planning phase, implies the identification of research questions. This 

review focused on the research question “Which practices help to achieve sustainable manure 

management in the EU?” with the ultimate aim to “recommend best farming practices for sustainable 

manure management to enhance benefits of manure for soil structure and fertility”. In addition, from 

the question “Which shortcomings in regulations and practices, if any, currently prevent sustainable 

manure management in the EU?” the aim was “to determine knowledge gaps and limitations in current 
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manure management practices and regulations, to recommend a sustainable manure management in 

the EU”.  

In the second stage, i.e., the execution phase, a systematic literature review on the technologies 

employed for manure management in the EU was conducted. Web of Science and Scopus indexes, as 

well as Google search engine, were used to source studies published from January 1, 2000, to 

September 30, 2026, using keywords describing technologies for manure management and the Boolean 

operator AND, such as “aerobic AND treatment”; “aerobic AND composting”; “anaerobic AND 

digestion”; “decanter AND centrifuge”; “vp AND hobe”; “benas AND system”; “Geamix AND 

housing AND system”; “belt AND press AND sieve AND reverse AND osmosis”; “vibrating AND 

reverse AND osmosis”; “granulation”; “pelletising”; “pelletisation”; and “pyrolysis”. In this phase, 

237 documents were retrieved. Retrieved documents were selected based on source quality; only peer-

reviewed papers were chosen. These documents responded to the above questions because they 

included some information allowing to answer them. Only the above documents were read, while all 

others were excluded. 

The third stage, i.e., the analysis of results, implies that once relevant information was extracted, 

it was summarised and discussed, so that recommendations were deduced and reported in the 

discussion section. In this phase, 99 documents were selected. 

3. Results 

The results indicate the following technologies available for manure management: 1) aerobic 

treatment (10 selected documents); 2) composting (6 selected documents); 3) anaerobic digestion (AD) 

(16 selected documents); 4) decanter centrifuge (3 selected documents); 5) VP-HoBe (2 selected 

documents); 6) BENAS system (5 selected documents); 7) Geamix housing system (5 selected 

documents); 8) belt press sieve–reverse osmosis (2 selected documents); 9) vibrating reverse osmosis 

(10 selected documents); 10) granulation (8 selected documents); 11) gasification (4 selected 

documents); and 12) pyrolysis (12 selected documents). 

3.1. Aerobic treatment 

The aerobic treatment alters nitrogen through the processes of nitrification and denitrification, 

which are implemented through (spatially or temporally) alternating anaerobic and aerobic phases or 

under low aeration levels [21] (Figure 1). These processes emit nitrogen (N2) but, under unfavourable 

conditions, can also occasionally generates GHGs, i.e., nitrous oxides [22,23]. 

A variety of aerobic treatment plants include the option of separation technology [25]. The 

products of this treatment process usually contain less N, compared to the raw slurry input, making 

them ideal for increasing soil organic matter and nutrient contents in areas classified as nitrate 

vulnerable zones (NVZ). This technology is quite popular in France. The separated products can be 

composted on-farm or at a collective platform and then exported [23]. 

Aerobic treatment, applied to livestock manure, has been shown to enhance the inactivation of 

several bacterial or viral pathogens, including Salmonella spp., Listeria monocytogenes, enteroviruses, 

and adenoviruses. Under thermophilic conditions, the increased temperature can further enhance 

pathogen inactivation and overall manure sanitation [26–29]. Therefore, this technology is considered 

as a biosecurity measure. 
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Figure 1. Combined aerobic/anaerobic process for the treatment of wastewater [24]. 

Moreover, it contributes to reduced livestock farming footprints. In fact, He et al. [30] monitored 

the carbon footprints, expressed as GHG emissions, of a conventional domestic wastewater treatment 

plant (WWTP) with different working loads by means of water–energy nexus and LCA. The CH4 

emission rates were significantly reduced during the treatment processes, and the CH4 dissolved in 

wastewater mainly originated from the sewage. The N2O emission rates and the change rate of N2O 

dissolved in wastewater were higher in the biological treatment. Due to significant oxidation and 

inadequate glucose dosage, the WWTP showed a net reduction of CH4 but a net source of N2O. Indirect 

GHG emissions from electrical energy use in the operation and maintenance phase accounted for 86.4% 

of GHG emissions, thus causing the highest carbon footprint in the life cycle of the WWTP. The 

optimum direct GHG emission, glucose dosage, and electrical energy use obtained by the conceptual 

model of the water-energy nexus were 0.0095 kg CO2 eq. m-3, 0.0039 kg m-3, and 0.1081 kWh m-3, 

respectively. 

3.2. Composting 

The natural process of decomposition of organic matter by microorganisms under controlled 

conditions is called composting and produces a biofertilizer, called compost [31]. 

This technology can be divided into anaerobic composting, occurring under the absence or in the 

presence of limited oxygen (O2), and aerobic composting, happening under the presence of abundant 

O2. During anaerobic composting, anaerobic microorganisms generate intermediate compounds, e.g., 

methane, organic acids, and hydrogen sulphide. As anaerobic composting occurs at low temperatures, it 

does not eliminate bacterial and fungal pathogens or weed seeds, so it is not a biosecurity measure [31]. 

Instead, during aerobic composting (Figure 2), aerobic microorganisms convert the organic matter 

into carbon dioxide (CO2), ammonia (NH3), water, and a relatively stable organic product known as 
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humus. This process also generates thermal energy, thereby accelerating the digestion of proteins, fats, 

and complex carbohydrates, i.e., cellulose and hemi-cellulose, and reducing the process time. This 

technology is capable of eliminating bacterial and viral pathogens (for humans or plants) and weed 

seeds. Even if aerobic composting tends to reduce the nutrients contained in the raw materials, it is 

considered as more efficient than anaerobic composting [31]. 

 

Figure 2. Principles of aerobic composting [33]. 

During the active stage of aerobic composting, mesophilic microorganisms (whose optimal 

temperature for growth is 20–45 °C) use carbohydrates and amino acids for their rapid cell division 

and growth. Yet, this metabolic activity generates thermal energy, thus increasing the temperature to 

a level that inhibits their own activity. Then, thermophilic fungi and bacteria (whose optimal 

temperature for growth is 50–70 °C) complete composting, thereby raising the temperature to 65 °C, 

which eliminates pathogen microorganisms and weed seeds [31]. 

During the next curing phase, another group of thermophilic fungi starts to prolificate and further 

breakdowns plant cell wall materials, i.e., cellulose and hemicellulose. The obtained mature compost 

contains nitrogen (N) and oxygen but not organic acids that are toxic for plants. Moreover, the mature 

compost usually has a colour from dark brown to black and is constituted by particles whose size is 

reduced until it becomes similar to soil texture. Compared to the raw materials, the mature compost 

has higher humus amount and exchange capacity, as well as a lower carbon to nitrogen ratio (C:N) and 

an almost neutral pH [31]. 

Composting can also be carried out through the enzymatic degradation of organic raw materials, as 

they pass through the digestive system of earthworms [31]. This process is called vermicomposting [31,32]. 

The high organic matter content of compost plays an important role in maintaining soil fertility and 

allowing environmentally friendly crop operations. It is not only a source of plant nutrients but also 

improves the soil physical, chemical, and biological parameters. In fact, as a result, the soil 1) becomes 

resistant to stresses due to drought, diseases, and toxicity, 2) increases the uptake of plant nutrients, thereby 

increasing crop yield, and 3) increases soil nutrient cycling capacity and microbial activity [34]. 
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Composting can substantially reduce bacterial pathogens in livestock manure through the 

combined effects of thermophilic temperatures, microbial competition, and long treatment time, with 

evidence for the inactivation of bacteria such as Salmonella spp., Escherichia coli, and Listeria 

monocytogenes, as well as a marked reduction of some viral pathogens such as bovine enterovirus and 

parvovirus or detectable RNA hepatitis E virus (HEV) [35–37]. 

Compost can be used for soil fertilisation and amendment, by replacing chemical/mineral 

fertilisers, thus contributing to reduced livestock farming footprints. Manure composting has a 

significant mitigation potential toward GHG emissions. According to Brown et al. [38], the main 

advantage of composting, compared to anaerobic manure storage, is the reduction of the emissions of 

methane (CH4), i.e., a GHG with Global Warming Potential (GWP), expressed as CO2 eq., 25 times 

higher than carbon dioxide. Specifically, if the same amount of manure is composted, this could save 

3.1 Mg CO2 eq. per mg of dry feedstock, compared to anaerobic storage. However, composting 

produces and emits other GHGs, i.e., nitrous oxide gases and CO2. The emissions of nitrous oxides are 

generally higher during thermophilic composting, when the oxygen presence is limited, as observed 

by using heaped manure [39], as well as during the curing and storage phases, when ammonium 

nitrogen is converted into nitrate. However, Brown et al. [38] concluded that the emissions of nitrous 

oxide gases and CO2 during composting are minimal, compared to the reduction in methane emissions 

and bad smell. Therefore, compared to anaerobic manure storage, composting is a recommended 

GHG-mitigating process. 

3.3. Anaerobic digestion 

The anaerobic digestion (AD) technology (Figure 3) is well established in Northern Europe. This 

process uses biomass and biowaste, e.g., livestock manure and food industry by-products, to generate 

biogas, i.e., bioenergy or environmentally friendly RES (green energy), and digestate, i.e., a by-product 

rich in macro- and micronutrients, which can be used as a biofertiliser [11]. The operational efficiency 

of AD technology depends on the chemical composition and pH of raw materials, environmental 

temperature, and microbial composition, all of which influence the biogas and digestate yields and the 

process reliability [40]. 

A combined heat and power (CHP) plant can use biogas for the co-generation of electrical and 

thermal energy [41], while biomethane (CH4) can be injected directly into the natural gas grid and/or 

be used as biofuel for vehicles [42]. The application of digestate produced from the AD of livestock 

manure as biofertiliser reduces the veterinary health risks that are usually associated with the soil 

application of raw livestock manure and slurry. However, in order to become suitable for being used 

as biofertiliser, the digestate must undergo a controlled sanitation procedure [43]. Depending on the 

type and quality of the used raw materials, the AD process itself is capable of providing adequate 

sanitation through a minimum hydraulic retention time (HRT) of 1 h at thermophilic temperature (45–

70 °C). Instead, if the AD process is carried out at a mesophilic temperature (25–45 °C), sanitation 

must be performed through pasteurisation or pressure sterilisation [40]. 
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Figure 3. Flow chart of an anaerobic digestion plant (Powersystems, UK). 

As an alternative to chemical/mineral fertilisers, the digestate can be used to achieve the following 

main benefits: 

1) During the AD process, bio-chemical reactions transform the organically bound plant nutrients into 

inorganic forms; this mineralisation makes plant nutrients more available for uptake by plants, as 

substitutes of chemical fertilisers; 

2) While chemical fertilisers supply only the nutrients, the digestate will also provide a significant 

source of humus-effective carbon, which will contribute to improved soil structure, while providing a 

platform on which soil microorganisms can thrive; moreover, the effective organic carbon (EOC), 

related to stable organic material found inside the digestate, will contribute to carbon sequestration; 

3) Digestate can undergo a granulation process for producing pellets or granules (see section 3.10), 

which can also be integrated with biochar; 

4) When using digestate instead of chemical/mineral fertilisers, GHG emissions and the use of fossil 

fuels, required for producing the latter fertilisers, are avoided; applying digestate to soil allows for the 

recycling of nitrogen (N), phosphorus (P), and potassium (K) in the soil according to CBE principles; 

in the EU, GHG emissions as a direct result of the production of chemical nitrogen fertilisers 

represented 19.9 Mt of CO2 eq. in 2018; on the assumption that digestate use can replace 10–11% of 

chemical nitrogen fertilisers use by 2030, the resulting reductions in GHG emissions could represent 

at least 21 Mt of CO2 eq. per year; furthermore, a corresponding average consumption of 1.1 billion 

m3 of natural gas could also be saved per year by 2030 [34]. 

The AD technology contributes to reduce livestock farming footprints, while also having good 

biosecurity potential. In fact, a study carried out in Northern Spain indicated that methane emissions 

from slurry management (including its storage and use as biofertiliser) were between 34 and 66 kg 

CH4/cow/year for dairy cows, and between 13 and 25 kg CH4/calf/year for suckler calves, so that total 

emissions ranged from 22,223 to 107,949 kg CO2 eq./year. Instead, livestock farms can potentially 

save between 978 and 1776 kg CO2 eq./year if AD is used, because this process prevents methane 

emissions during slurry management [44]. Even if pig production is the second contributor to GHG 

emissions derived from livestock farming [45], it has been proved that pig manure is biodegradable 

and a good base for AD [46,47], which can substantially contribute to mitigate GHG emissions. In a 
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study in Finland, Kaparaju and Rintala [48] found that the adoption of AD in sow and finishing pig 

farms can avoid 87.7 and 125.6 Mg of CO2 eq. per year, respectively. Finally, a report from Mexico 

indicated that using the biogas produced from the AD of pig manure for generating electrical energy, 

together with composting, resulted in the lowest net GHG emissions of 272 kg CO2 eq. [49]. 

Regarding the biosecurity potential of AD, this process eliminates viral and bacterial pathogens, 

even if thermophilic conditions result in the highest pathogen reductions. However, the results of a 

comprehensive meta-analysis indicate that, among microbial groups, Clostridiaceae are highly 

affected by AD, and their reduction may be favoured by some pre-treatments. This meta-analysis 

demonstrated the effectiveness of AD for efficiently reducing some pathogenic species, such as faecal 

coliforms, i.e., Escherichia coli or Salmonella spp. Regarding the impact of operational parameters on 

pathogen reduction and the coupling of pre- and post-treatments with the AD process, the HRT in 

(semi)continuous digesters did not affect the overall pathogen reduction, implying that HRT values 

can be set according to the desired biomethane production rates. Heat-based post-treatments coupled 

with thermophilic AD resulted in the highest pathogen reductions, so that the pathogen amounts at the 

end of AD were lower than the legislation thresholds. The results of this review confirmed that 

temperature is the most relevant parameter: thermophilic conditions (45–70 °C) resulted in the highest 

pathogen reductions, while psychrophilic (lower than 25 °C) and mesophilic (25–45 °C) temperatures 

showed similar performances. The impact of pH on pathogen removal was confirmed, as acidic and 

basic values enhanced pathogen reductions. This is probably due to a combination of the effect of pH and 

of the concentrations of inhibitory compounds also affecting pH itself (e.g., VFAs or NH3/NH4
+) [50]. 

3.4. Decanter centrifuge 

This process recovers nitrogen and phosphorous as a liquid or solid organic fertiliser when 

manure or digestate from the AD process is used as input material (Figure 4). 

 

Figure 4. Decanter centrifuge for the recovery of nitrogen and phosphorus from manure 

or digestate (GEA Westfalia Separator Group GmbH, Germany). 

This technology has been successfully applied for decades by farmers worldwide to recover 

nutrients from manure or digestate [51]. The centrifugal force leads the thinnest suspended solids to 
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precipitate, thus increasing the nutrient contents inside the liquid fraction. This process operates with 

or without chemical flocculants. However, due to their high cost, separation is usually performed 

without these additives. 

This separation technology can remove 70–90% of phosphate compounds and 30–40% of 

nitrogen compounds. After separation, the crumbly solid fraction facilitates the storage and 

transportation of the product for further transformation [51]. The liquid fraction can be applied to local 

fields or further processed through a biological or physical-chemical treatment. It is even possible to 

further polish the liquid fraction by means of a disc stack centrifuge. Decanter centrifuges are the 

separation machines with the best separation performance per livestock farming footprint: they can 

separate more particles, compared to other filtration technologies. 

Slurry or liquid digestate can be separated into a compact precipitate and a clarified liquid. Both 

still have high amounts of nitrogen and phosphorous, so that they are suitable for being used as solid 

and liquid organic fertilisers, respectively. 

Full-scale studies have reported limited reduction of bacterial indicators in the liquid fraction, 

whereas higher centrifugal forces can achieve higher reductions under laboratory conditions. Therefore, 

centrifugation may redistribute microorganisms between solid and liquid fractions rather than 

substantially reduce the overall pathogen load [52]. 

Therefore, even if this technology is not a biosecurity measure, as it does not eliminate pathogen 

microorganisms and weed seeds, it contributes to reduce livestock farming footprints. In fact, when 

the separation between the solid and liquid fractions of manure or digestate is implemented by means 

of a decanter centrifuge, the net GHG emissions from manure management can be reduced by 19%. In 

fact, even if this separation can be carried out by consuming electrical energy obtained from fossil 

fuels (e.g., coal), the increase of GHG emissions is negligible compared to the reduction of GHG 

emissions from manure [53]. 

3.5. VP-HoBe valorisation system 

This process recovers nitrogen in the form of a mineral concentrate or ammonia water or 

ammonium sulphate from livestock slurry or digestate or wastewater (Figure 5). This technology is 

associated with low operational costs (in terms of energy and additives), while it produces several 

biofertilisers, as well as clean dischargeable water. 

 Flocculants are added to manure, which undergoes separation inside a flotation device equipped 

with a belt filter press, in order to generate liquid and solid fractions. Inside the flotation device, small 

air bubbles bring particles to the tank surface, where they form a sludge layer. This floating layer, 

which typically presents 30% dry matter (DM) content, is scraped-off and pressed dry up to 90% DM 

in order to form the solid fraction. The liquid fraction, that typically still has 1.7% of suspended solids, 

can be subjected to a reverse osmosis (RO) treatment, in order to produce a retentate concentrate of 

nitrogen/potassium oxide (K2O) and a permeate. The retentate can be further processed by means of 

an evaporator in order to remove water and, therefore, concentrate the suspended solids. The liquid 

fraction passes through a film evaporator that evaporates the water. Under vacuum, the boiling point 

of liquids is lowered, so that this efficient technology reduces the energy needed to boil off liquids, 

when compared to evaporation under atmospheric pressure. The ammonia contained in the incoming 

liquid fraction is concentrated into ammonia-water (14% N). Scrubbing of the vapour emerging from 

the evaporator captures a K concentrate (25% DM) and a solution of ammonium sulphate [51]. 
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The working capacity of this plant is scalable: 50,000, 125,000, or 250,000 tonnes of input per 

year. 

 

Figure 5. Plant using the VP-HoBe manure and digestate valorisation system (VP-HoBe 

B.V., the Netherlands). 

Slurry or digestate or wastewater can be converted into mineral concentrate, ammonia water, and 

ammonium sulphate, including nitrogen, as well as clean dischargeable water [34]. Ammonium 

sulphate is produced by scrubbing the vapour coming out from the evaporator with sulphuric acid, thus 

converting ammonia into ammonium sulphate (7% N) [51]. 

The key features of the ammonium sulphate obtained through this technology are the following: 

• It is a liquid nitrogen biofertilizer; 

• It contains 70 g kg-1 of N (NH4), i.e., 7%; 

• It contains 76 g kg-1 of sulphur (S); 

• It has a high level of purity with low amounts of phosphate; 

• It is free from Salmonella spp. and Escherichia coli [51]. 

The spatially variable rate application of the above biofertiliser can be implemented, according 

to precision agriculture principles, in order to reduce agriculture footprints. 

This biofertiliser can be applied by means of a spreader equipped with an injection device, in line 

with the best available technology guidelines for low emission application techniques, in order to 

minimise ammonia losses through volatilisation [51]. This technology is a partially good biosecurity 

measure as it eliminates bacterial pathogens but not viral ones, besides contributing to reduce livestock 

farming footprints. However, specific peer-reviewed evidence quantifying bacterial or viral pathogen 

reduction during the VP-HoBe treatment chain remains limited. 
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3.6. BENAS anaerobic digestion 

This process recovers ammonium sulphate as a biofertiliser from the anaerobic co-digestion of 

corn silage, poultry manure, and food biowaste (or wastewater) (Figure 6) [51]. 

 

(a) 

 

(b) 

Figure 6. Layout (a) and flowchart (b) of the BENAS anaerobic digestion plant for the co-

digestion of corn silage/poultry manure/food biowaste (or wastewater) mix, integrated 

with the FiberPlus system to generate ammonium sulphate, lime, phosphorous, and 

potassium (as fibres) (GNS: Gesellschaft für Nachhalige Stoffnutzung mbH, Germany). 
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The BENAS AD plant has a yearly capacity to convert 80,000 tonnes of corn silage/poultry 

manure/food biowaste mix into biogas, biofertilisers, mineral nitrogen, and calcium carbonate. The 

scrubbing process inside a BENAS AD plant recovers 80% (equivalent to 200 t/year) of the ammonia 

contained in the digestate. This AD plant can produce two different types of biofertilisers, following 

the addition of flue gas desulphurisation-gypsum (FGD-gypsum): 25% ammonium sulphate (AmS) 

solution, with a yield of 5–40 t/day; and solid calcium carbonate (lime, having 70% DM content), with 

a yield of 1.5–14 t/day. The added gypsum increases soil pH, thereby enhancing nutrient availability 

without causing alkalinisation (in acidic soils), while providing calcium (important plant 

macronutrient). This additional process does not require a supplementary source of thermal energy, as 

it uses the exhaust heat coming from the CHP plant that would otherwise be lost [51]. 

A unique feature of this plant is that, by adding a nitrogen stripper (FiberPlus), it is possible to 

produce ammonia-free fibres, which can be used in the fibre and timber industries (fibreboard). This 

system has low GHG emissions and, therefore, minimises the loss of nitrogen, so that it can recover 

the following macronutrients: 67% of ammonium-N as AmS; 6% of ammonium-N as lime; 6% of P; 

and 5% of K as fibres [51]. 

The technology employed in the BENAS AD plant can operate as a closed system according to 

CBE principles. This process achieves the following benefits: 

• Recovery of up to 80% of the ammonia contained in the digestate; 

• Lower incidence of GHG emissions, by reducing the CO2 emissions from the digestate 

transportation; 

• Reduction of soil water contamination by nitrate and GHG emissions, i.e., ammonia and nitrous 

oxide [51]; 

• Decreased storage and transportation costs by integrating the nitrogen stripper; 

• Production of two marketable biofertilisers, i.e., ammonium sulphate (AmS) solution and solid 

calcium carbonate. 

The cost of this technology is €5.7 per tonne of produced digestate. 

The BENAS AD plant, integrated with the FiberPlus system, can supply ammonium sulphate, 

lime, phosphorous, and potassium (as fibres), which can replace chemical/mineral fertilisers [34]. 

Inside the BENAS plant, thermophilic AD is carried out, so that this plant has a substantial 

potential for pathogen reduction through temperature-mediated inactivation. However, while 

thermophilic AD has been shown to effectively inactivate several bacterial and viral pathogens, 

technology-specific quantitative evidence for pathogen reduction during the complete BENAS process 

remains limited [54–56]. 

Therefore, even if this technology is not a biosecurity measure, it contributes to reduce livestock 

farming footprints. 

3.7. Geamix housing system 

The “Geamix” (Groei En Anvaulling Mix) housing system (Figure 7) was designed to separate 

livestock urine from faeces, facilitating the recovery of nitrogen and phosphorous from urine and the 

production of a solid soil improver from the dry manure. 
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Figure 7. “Geamix” housing system for nitrogen and phosphorous recovery from urine 

and solid soil improver from calves manure (Geamix, calf breeder Stefan Thelosen, the 

Netherlands). 

In a barn, livestock are reared on a suspended steel slatted coated floor, where approximately 50% 

of manure passes through a grid. Due to the unsticked coating, the manure hardly adheres to this floor, 

reducing GHG emissions. The faeces and urine are moved onto a punctured belt located under the grid; 

this belt unloads the semidry manure fraction several times a day onto an air-tight collection vat, 

located outside the barn. 

Urine is collected onto a coated sub-floor reservoir with a sloping floor, channelling urine itself 

to flow away to a closed reservoir, also located outside the barn. The coated sloping sub-floor is washed 

with water once a day, in order to prevent sedimentation [34]. 

By using this system, the solid manure retains a 40% DM content. Currently, a device is under 

development to incorporate quicklime into the manure, in order to dry it further, before crumbling it 

into an 85% DM matrix. This product can be sold both on the regional and international levels because 

it is pathogen-free [51]. This biofertiliser and soil improver can replace chemical/mineral fertilisers 

and dry manure pellets, according to CBE principles. 

In order to capture the ammonia emissions from the solid fraction during drying, this final step is 

carried out in an existing air scrubber [51]. 

The Geamix housing system primarily aims at reducing cross-contamination between faecal and 

urinary fractions through source separation, rather than direct pathogen inactivation. Although 

subsequent drying or other sanitation steps may reduce microbial hazards, specific evidence 

quantifying bacterial or viral pathogen reduction attributable to this system remains limited. 

3.8. Belt press sieve–reverse osmosis 

This process allows to convert the liquid fraction of pig and/or cattle slurry into a solid fraction 

containing phosphorous and a liquid fraction containing nitrogen and potassium, by means of a belt 

press sieve and a reverse osmosis technique (Figure 8). 



1042 

AIMS Agriculture and Food  Volume 10, Issue 4, 1026–1058. 

 

Figure 8. Process for the recovery of nitrogen and phosphorous from manure, by means 

of belt press sieve and reverse osmosis (Vlako B.V., the Netherlands). 

This technology is used, for example, by Vlako company (the Netherlands); here, slurry from 

pigs, cattle, and mink operations is discharged into the reactor tank, and sulphuric acid and iron 

sulphate are added [51]. On mixing, the acidified slurry is carried onto a sieve belt press, where the 

liquid fraction, with soluble minerals, is separated. 

Following pasteurisation, the solid fraction is sold as a phosphate biofertiliser. The estimated 

production capacity of the Vlako processing plant is 135,000 m3/year of phosphate biofertiliser. 

The liquid fraction undergoes a further process of filtration and reverse osmosis to produce a 

liquid N/K fertiliser. Moreover, reverse osmosis is highly viewed as being the best available technique 

to generate clean water [51] from the liquid fraction of slurry. 

The benefits of this process include: 

• Reduction of GHG emissions by separation at source, because both solid and liquid fractions are 

used as biofertilisers, instead of the input materials (pig and/or cattle slurry) that can emit methane, 

i.e., a GHG with a GWP 25 times higher than carbon dioxide; 

• Generation of high-quality biofertilisers that can be applied to soils according to CBE principles [34]. 

The combination of mechanical solid–liquid separation and reverse osmosis can enhance the 

microbiological safety of the liquid fraction, by coupling particulate removal with membrane-based 

retention of microorganisms. However, the biosafety benefit of this technology is mainly associated 

with the membrane-based filtration step, while pathogens retained in the solid fraction or in the reverse 

osmosis concentrate may require an additional treatment before soil application as biofertiliser or 

further use [57,58]. 

3.9. Vibrating reverse osmosis (vibratory shear enhanced processing, VSEP) 

Dr. Jennifer Bilbao (Stuttgard, Germany), after carrying out a project on VSEP, proposed it as a 

mobile or no-spot solution for farms having little available land. VSEP is a vibrating membrane-

separation technology that takes advantage of intense shear waves: When they act on the membrane 

surface, a reduction in membrane fouling is achieved, thereby allowing a high separation efficiency of 
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the membrane. The “plate and frame” membrane design undergoes torsional vibration, while the 

membrane surface experiences shear forces that are higher than those applied in belt press sieve–

reverse osmosis technology [59–62]. Macronutrients (N, P, K) are removed by using the VSEP 

technology; high nitrogen removal efficiency, i.e., 96%, and lower phosphorus removal efficiency, i.e., 

60% maximum, are obtained from livestock waste [63–65]. 

Most VSEP technology applications are based on its capability to treat different waste and recover 

nutrients. Vaneeckhaute et al. [66] evaluated the performance of VSEP technology in recovering plant 

nutrients from liquid digestate. Yoon et al. [67] investigated the fertiliser potential of the concentrate 

obtained through the VSEP process by applying it on rice. The authors stated that the concentrate 

obtained from the treatment of piggery wastewater by VSEP technology resulted in the same crop 

yield as that obtained using a chemical/mineral fertiliser. 

The VSEP technique, operating by means of reverse osmosis membranes and tested at a pilot 

scale, was proved to have potential to recover nutrients from the liquid fractions of pig slurry and 

digestate, in order to obtain concentrated biofertilisers (Figure 9). The use of the VSEP plant allowed 

for reductions in the water content of the pig slurry and digestate, i.e., 77% and 67%, respectively. 

Both VSEP concentrates were characterised by significant macronutrient (N, P, K) contents and 

showed a nitrogen fertiliser replacement value similar to that of mineral fertilisers. This was 

demonstrated in a test on barley crop cultivated in pots, although the salinity of the digestate 

concentrate limited its application rate, in order not to reduce the crop yield [68]. 

 

Figure 9. Flowchart of VSEP (vibratory shear enhanced processing) batch mode pilot 

testing process, integrated with a reverse osmosis membrane [68]. 

Vibrating reverse osmosis can provide an effective physical barrier for microorganisms during 

the treatment of liquid manure fraction, with microbial retention expected to occur through membrane 

filtration. However, available studies on vibrating reverse osmosis applied to pig slurry and digestate 

have primarily focused on nutrient recovery, whereas direct quantitative evidence on bacterial or viral 

pathogen removal remains limited [68]. 
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3.10. Granulation 

Granulation, pelletising, or pelletisation is a technique that transforms a material into small and 

spherical particles, by applying high pressure and temperature. The material to be pelletised is usually 

dried slurry or manure that is fed into a pellet mill. The pellet mill consists of a matrix having holes of 

a specific shape and size, through which the material is forced. Then, the resulting pellets are cut and 

cooled, thus forming the final product. Pellets present several advantages compared to the raw 

materials, such as ease of handling, storage, and transportation, as well as preservation of the nutrients 

contents. Pellets are widely used for fertilisation, as they provide a uniform and controlled release of 

nutrients to the soil [69,70]. 

There are five standard methods for the granulation of organic waste, including manure: mixer-dryer 

granulation (Figure 10); disc pelletising; drum granulation; extrusion; and pipe reactor granulation.  

 

Figure 10. Flowchart of the mixer-dryer granulation method, applied to poultry litter [72]. 

In mixer-dryer granulation, the mixer receives pre-treated manure. The type of mixer depends on 

the feedstock characteristics and can be either a pin mixer or a pug mill. A pin mixer is suitable for 

drier and thinner raw materials, e.g., compost and chicken litter. A pug mill works better with wetter 

and thicker raw materials, e.g., liquid manure that has been dewatered. The mixer evenly blends the 

feedstocks, the binder, and any other additive. The materials start to form round pellets while they are 

in the mixer. Then, the mixer releases the pellets, which are transported by a conveyor to the rotary 

drum dryer for drying. After drying, the pellets are usually cooled to enhance their storage quality and 

reduce clumping [70,71]. 

In the method of disc pelletising, a disc pelletiser is added after the mixer and before the dryer, 

unlike in mixer-dryer granulation. This machine enhances the process output and allows for more 

adjustment and control over the final product. Generally, a disc pelletiser improves the overall working 

capacity and the product quality. Pelletisers can also work by using different binders. Disc pelletising 

is a method of agglomeration without pressure (tumble growth) that converts thin materials into 

round—not cylindrical—pellets. The pellets from disc pelletising are denser and more spherical than 
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those from only mixing. 

The method of drum granulation is similar to disc pelletising in terms of process flow, but it uses 

a granulation drum instead of a disc pelletiser. A granulation drum is usually preferable, due to its 

higher working capacity and ability to operate in a closed system. Granulation drums are generally 

used when the product does not need to be premium quality or when the raw materials are dusty [70,71]. 

The extrusion method incorporates a dry pellet mill followed by a crumbler. This method is 

different from the first three, as they are methods of agglomeration without pressure. Extrusion is an 

agglomeration method that uses pressure to push thin raw materials against a mold and make them to 

stick together as pellets. The extrusion process is simple and cheaper than the other methods. However, 

the cylindrical granules obtained through the extrusion process have lower quality than the round 

pellets from tumble growth methods. This is because round granules have much less dust and friction 

and can be more customised. 

In the pipe reactor granulation method, the pipe reactor is a vessel where acids and bases react to 

obtain products of a specific quality. The hot melt from the reaction can be either rolled in a granulator 

or mixed in a pug mill to produce rough agglomerates. The pipe reactor granulation method presents 

two main benefits when working with organic materials like manure: the reaction reduces the material 

smell and, primarily, the heat from the reaction can be used to dry the product, thus saving significant 

energy that would be consumed by the dryer. Pipe reactors can also change the nutrient content of the 

product according to the input materials [70,71]. 

Several research works have suggested how to speed up the composting process of solid manure, 

the reduction of its moisture content (as mass), and the granulation process. One of the granulation 

methods, i.e., mixer-dryer granulation, applied to poultry litter, is shown in Figure 10 [72]. 

The granulation process can be aimed at spatially variable rate application of granular biofertiliser 

obtained from manure, according to precision agriculture principles, in order to reduce both livestock 

farming and agriculture footprints. In fact, when manure is converted into granular biofertiliser, GHG 

emissions from manure stored in stockpiles are avoided, so that livestock farming footprints are 

reduced. Specifically, data from manure management projects show that systems combining solids 

removal and subsequent treatment emit 0.2 t of CO2 eq. per ton of treated total solids, while granulation 

process can save 31,785 t of CO2 eq. over five years [73]. Moreover, when this granular biofertiliser 

is applied to soils, by replacing chemical/mineral fertilisers, GHG emissions from the Haber-Bosch 

process, needed for manufacturing the nitrogen chemical fertilisers, are avoided. Furthermore, when 

this granular biofertiliser is applied only where it is needed and only by using the required amount, 

GHG emissions from the internal combustion engine of the tractor connected to the centrifugal 

spreader are reduced. For the last two reasons, agriculture footprints are reduced. 

Through the granulation process, digestate from plant biomass, fruit pomace, or cereal silage is 

converted into solid biofertiliser pellets, including macronutrients, i.e., N (1.5%), P (0.2%), and K 

(0.6%), as well as organic matter (DM content higher than 80%, e.g., 88%). 

The price of this biofertiliser, certified as fully organic, is variable among countries (€8/5 kg for 

retail customers in some countries), while its suggested application rate is 1 kg m−2 in conventional 

agriculture. This biofertiliser, having a pellet form, must be stored in a dry and covered place, protected 

from direct sunlight, in its original packaging. 

The Planteo pelleted biofertiliser (marketed by Zielone Suszarnie Ltd, Poland) is a carbon-rich 

biofertiliser that is effective in conventional, organic, low input, and precision agriculture [51]. This 

environmentally friendly biofertiliser can be applied in open fields, gardens, greenhouses, and at home. 
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It is recommended to be applied to the soil before sowing or transplanting and should be mixed with 

topsoil. It is obtained from the digestate produced, together with biogas, through the AD process by 

using only plant materials, inside a modern agricultural AD plant located in Kożanówka, Poland [51]. 

Due to its plant origin, it is free of antibiotics and includes very low amounts of contaminants, so that 

its use is safe for children, animals, and bees, and does not cause allergies. Therefore, this technology 

is also a good biosecurity measure. 

The biofertiliser pellets can improve soil structure and increase soil organic content (SOC), 

chemical fertility, and water holding capacity. Therefore, it is recommended for soils having low SOC, 

as well as crops and soils sensitive to drought events. Moreover, this biofertiliser slowly releases 

macro- and micronutrients, thus implying no water pollution risk. This biofertiliser includes also 

endophytic bacteria, i.e., Bacillus subtilis and Pseudomonas fluorescens, originating from the digestate 

and producing phytohormones, that stimulate plant growth, protect plants against fungal pathogens 

and pests, and increase plant resistance to weather stress [51]. 

Granulation can contribute to pathogen reduction when the process involves sufficient thermal 

exposure, drying, and mechanical treatment. Even if Enterobacteriaceae were reduced to below the 

detection limit after pellet production from digestate, and Salmonella was not detected from AD 

onward, complete sterilisation was not demonstrated [74]. Moreover, no direct evidence is available 

on viral pathogens. 

3.11. Gasification 

Gasification is an innovative technology that uses carbon-based organic matter to generate 

energy without combustion. This process involves the chemical transformation of waste (solid or 

liquid) into syngas (Figure 11). This process involves small amounts of oxygen to react with the 

carbon-based organic matter (without burning), breaking it down into syngas, i.e. , a mixture of 

hydrogen (H2) and carbon monoxide (CO). The syngas produced can be used to power a CHP plant. 

The gasification process transforms the chemical energy stored in the waste into another chemical 

energy in the form of syngas. 

 

Figure 11. Flowchart of the gasification process [76]. 
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Temperatures from 900 to 1100 °C for air and from 1000 to 1400 °C for oxygen are normally 

reached inside the gasification reactors. The most commonly used method is air gasification, since 

it is cost-effective, but this process generates low energy dense syngas. The production of an 

energy dense syngas (oxygen gasification) requires an abundant oxygen supply, thereby 

significantly increasing the cost of process. Gasification occurring at temperatures above 1600 °C 

has the advantage of converting ash into inert slag [75]. 

Gasification can provide effective pathogen elimination through exposure to high temperatures 

under limited oxygen or partially oxidising conditions. An industrial-scale study of chicken manure 

gasification demonstrated a substantial reduction of microbial hazards, as quantitative microbial risk 

assessment indicated removal of the potential pathogenic risks associated with the manure and proved 

the microbiological safety of the resulting product [77,78]. 

3.12. Pyrolysis 

Regions having a high livestock density generally do not have sufficient land areas on which to 

apply the manure without exceeding the legal permissible limits as established by the EU Nitrates 

Directive and the EU Water Framework Directive. Furthermore, these regions usually lack manure 

processing plants, thereby aggravating the manure management challenge, especially in the case of 

EU islands. Consequently, manure becomes a liability that needs to be addressed rather than a valuable 

resource that would benefit agriculture. 

Research indicates that pyrolysis may be a beneficial option. The pyrolysis technology differs 

from gasification, as the former produces more ash, while the latter produces more biochar. Depending 

on the process conditions and on the characteristics of the manure, highly influenced by the digestive 

physiology of the livestock species and manure treatment protocol, different yields of biochar 

(pyrolysis solid phase), bio-oil (pyrolysis liquid phase), and syngas (pyrolysis gas phase) are obtained. 

All pyrolysis products can be potentially used as biofuels in a combustion chamber. 

The ratio of biochar:bio-oil:syngas released by poultry, cow, and sheep manure is 1:1:1, 1:0.5:1.5, 

and 1:4:1.7, respectively. This confirms that the different feedstocks are constituted by different 

compounds having different boiling points. Hence, depending on the specific boiling points, the 

released volatile compounds segregate according to the corresponding molecular properties into 

syngas or condense into bio-oil. Research results indicate that a mixture of cow and poultry manure 

will complement each other and release syngas at a steady rate [79]. 

However, a disadvantage of the pyrolysis process is that the feedstock has to be dried. This is a 

challenging situation when dealing with manure that can have a water content higher than 50%, 

requiring the expensive pre-treatment of drying (Figure 12). In fact, this high water content 

compromises the pyrolysis process, as it causes a reduction of operating temperature and energy 

extraction efficiency [79]. When poultry manure samples were tested for heating values, the energy 

content on a DM basis was, on average, 4.8 times higher than that obtained from the wet manure [80]. 

Thus, the total amount of energy required for the pyrolysis of manure includes an amount required 

for drying and the sensible heat to raise the dried biomass to the correct temperature, e.g., 570 °C. The 

energy required to dry the feedstock is equal to the amount of heat required to raise the temperature of 

the wet biomass to 100 °C, plus the latent heat of vaporisation to remove the water and, therefore, dry 

the substrate. Generally, a proper pyrolysis process requires a feedstock with a water content between 

5% and 15%, thus needing pre-treatment [79]. 



1048 

AIMS Agriculture and Food  Volume 10, Issue 4, 1026–1058. 

 

Figure 12. Drying approach to integrate livestock manure in a pyrolysis process: excess 

heat generated during the pyrolysis is used to dry manure prior to pyrolysis [86]. 

Yet, manure drying could be carried out through contact with the sawdust from wood vessels used 

for transporting water, and must be followed by pyrolysis together with waste water (sewage sludge). 

Thus, it will be possible to avoid a two-days stop and, therefore, save energy. 

Another disadvantage of pyrolysis is that biochar was only recently included by the EU for 

fertilisation/amendment, while the market of this pyrolysis product is still under development. A 

further disadvantage is that the pyrolyser includes a chimney and, therefore, emits smoke in the 

atmosphere. Thus, this plant is considered to be a source of air pollution. 

However, this technology has the benefits of a shorter conversion time compared to aerobic 

composting, the absence of non-biodegradable and toxic compounds, high processing temperatures 

that are adequate to neutralise all pathogens potentially found inside manure, and conversion into 

added-value products [81]. Thus, the thermo-chemical conversion of livestock manure into biofuels 

through pyrolysis contributes to the development of a bio-based economy, thus improving the 

sustainability of rural communities and the health of humans, wildlife, and the environment [82]. 

According to CBE principles, the pyrolysis technology can be implemented for recycling the solid 

digestate produced through the AD process, instead of using it as biofertiliser. In fact, the solid 

digestate cannot be applied in nitrate vulnerable zones (NVZ), where it could contribute to water 

eutrophication. Instead, though isothermal pyrolysis, solid digestate can be used as a biofuel source. 

Akor et al. [83] used the Advanced Kinetics and Technology Solutions (AKTS) thermokinetics 

software to model and calculate the activation energy (Ea) and other kinetic parameters. They used the 

differential isoconversional (model-free) method, compared to ASTM-E698 and Ozawa–Flynn–Wall 

models. Ea values were 85–190.0, 169.8, and 75–175.0 kJ mol−1, respectively. The kinetic prediction 

of isothermal pyrolysis of solid digestate indicated that a temperature higher than 210 °C is required 

for triggering its decomposition. Moreover, the solid digestate has the potential to produce an 

additional 27.9 MJ per day in a 500 kW AD plant. Thus, solid digestate can be recycled into biochar, 

i.e., a biofuel, that is a further revenue of AD technology. Moreover, this conversion can connect AD 

plants with pyrolysers, thus building up a more environmentally friendly circular system, compared to 

the only digester, producing digestate to be applied to soils. 

Furthermore, in the study carried out in Chile by Ginebra et al. [84], two manure-derived biochar 

types and their feedstocks were used as soil amendments to evaluate the effect of pyrolysis on CO2 

and N2O (GHGs) emissions, carbon stability, and GWP for one year. The experiment included five 
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treatments: unamended soil (control), pig manure, biochar from pig manure, manure of dairy cattle, 

and biochar from dairy cattle manure. The negative values obtained in both biochar treatments indicate 

the mitigation potential of pyrolysed manure types (−4.4 t CO2 eq. ha−1, on average) compared to their 

feedstocks (14.63 t CO2 eq. ha−1, on average). The increase in soil carbon content produced a negative 

GWP for all treatments, even if this effect was 59.8% higher by using biochar types rather than 

unpyrolysed manure types. However, pig and dairy cattle manure increased the GWP in terms of both 

N2O and CO2 emissions, compared to the control. In a later experiment, poultry litter, dairy cattle 

manure, biochar from poultry litter, and biochar from dairy cattle manure were applied at rates of 8 t 

ha-1 in a red clover (Trifolium pratense L.) field. Manure biochar types proved useful at a low rate for 

increasing crop yield and soil carbon sequestration [85]. Therefore, the application of manure biochar is a 

promising option to reduce the manure volume and the carbon footprints of poultry, pig, and dairy cattle 

farms, thus promoting an increase in soil carbon sequestration and reducing soil N2O emissions [84,85]. 

Pyrolysis offers a high sanitation potential for livestock manure through exposure to high 

temperatures under limited-oxygen conditions. Available evidence indicates a substantial or complete 

elimination of pathogenic microorganisms at sufficiently high pyrolysis temperatures, while recent 

studies and reviews also suggest marked reductions in antibiotic resistance genes, although the extent of 

microbial and genetic inactivation depends on temperature, process time, and pyrolyser type [86–88]. 

3. Discussion 

Originally, the Nitrates and Water Framework EU Directives considered the use of fertilisers only 

as a soil pollution issue, i.e., a factor contributing to losses of nitrates and phosphates from agricultural 

soils into ground and surface water bodies. 

In fact, the EU Nitrates Directive, i.e., the Council Directive of December 12, 1991, concerning 

the protection of waters against pollution caused by nitrates from agricultural sources (91/676/EEC) 

in vulnerable zones (all known land areas in their territories that drain into the waters and contribute 

to pollution), establishes measures for preventing this pollution [89]. These measures ensure that, for 

each farm or livestock unit, the amount of manure applied to the land each year shall not exceed a 

specified amount per hectare, i.e., the amount of manure containing 170 kg N [89]. This limit was 

established to prevent the negative environmental impact caused by the spreading of unprocessed manure. 

Instead, in 2010s, the EU addressed fertilisers as strategic crop inputs, whose access should be 

secured, either through domestic production or imports, as proved by a 2019 initiative aimed at 

ensuring the availability of fertilisers on the EU market. 

In this context, EU member states should be able to use biofertilisers, partially or totally produced 

from livestock manure through processing, called as REcovered Nitrogen from manURE (RENURE) 

in not vulnerable zones. RENURE can replace chemical/mineral fertilisers and make food production 

chains resilient, as they can depend on these locally available resources [90]. 

Moreover, the European Biogas Association (EBA) proposes two main recommendations to 

European Commission: 1) to apply the RENURE criteria developed by the Joint Research Centre 

(JRC), in order to allow the use of sustainable crop inputs above the limit established by EU Nitrates 

Directive; and 2) to complete the RENURE criteria with a guidance on agronomic practices, in order 

to ensure the efficient and safe use of RENURE. 

The guidance on agronomic practices should be addressed to EU member states, even if 

exemptions must be granted for the safe use of RENURE and/or chemical/mineral fertilisers by 
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farmers. These agronomic practices, flexible enough to be adapted to the different local conditions in 

the EU, should imply crop rotations, including species belonging to Leguminosae family (able to 

provide soil with N) and remote sensing of plant nutrient contents from UAVs (unmanned aerial 

vehicles) and/or satellites, according to precision agriculture principles. 

Among the manure management technologies available at EU level, pyrolysis and AD can be 

considered as particularly relevant for treating manure potentially contaminated by bacterial or viral 

pathogens, including Salmonella spp., Escherichia coli, African swine fever virus (ASFV), and highly 

pathogenic avian influenza viruses (HPAIV). Their main advantage, from a biosecurity perspective, is that 

pathogen reduction is associated with defined and controllable treatment conditions (i.e., temperature and 

time), providing a barrier between contaminated manure and its subsequent use, storage, or disposal [91,92]. 

Pyrolysis represents a particularly strong thermal treatment. The high temperatures reached under 

limited oxygen conditions can effectively inactivate microorganisms, provided that adequate 

temperature and residence time are achieved throughout the treated materials. Experimental studies 

have demonstrated the thermal sensitivity of ASFV in pig slurry, with complete inactivation reported 

at 53 °C under defined experimental conditions [93]. Similarly, such a thermal treatment, followed by 

a properly managed composting, has been shown to effectively reduce or eliminate infectious HPAIV 

in poultry manure and litter [94,95]. In addition, pyrolysis converts manure into biochar, thus 

substantially changing the characteristics of the raw materials and reducing the risks associated with 

the subsequent treatment and application [96]. 

Moreover, AD is another process able to reduce pathogen load, although under conditions 

different from those featuring pyrolysis. Anaerobic conditions, microbial competition, organic acids 

and ammonia contents, temperature, and HRT can contribute to inactivate bacterial and viral pathogens. 

Significant reductions in Escherichia coli and Salmonella have been reported, although the efficacy of 

this process strongly depends on operating conditions [97]. Animal viruses can also be inactivated 

during thermal treatment of slurry, thus significantly reducing the pathogen load observed under 

thermophilic conditions [93,98]. For ASFV, however, direct validation under actual AD conditions 

remains limited, so that thermophilic AD should be considered as a potential rather than universally 

demonstrated viral inactivation barrier [99]. More generally, recent evidence confirms that temperature 

is a major factor of pathogen reduction during AD [50]. However, the prevention of post-treatment 

recontamination remains essential, in accordance with EU requirements for sanitation and treatment 

of animal by-products. 

The relevance of both pyrolysis and AD is particularly evident during outbreaks of high-impact 

animal diseases. In fact, ASFV can persist in contaminated materials, while HPAIV can remain in 

poultry faeces and litter under ordinary farm environmental conditions [92]. Studies on ASFV-infected 

materials have shown a rapid loss of infectious virus at sufficiently high temperatures, although viral 

DNA may remain detectable [100]. This distinction is also relevant for HPAIV and highlights the 

importance of assessing treatment efficacy in terms of infectivity loss rather than simply disappearance 

of viral nucleic acids. Therefore, compared to manure storage, pyrolysis and AD offer the advantage 

of integrating pathogen reduction into controlled treatment systems, rather than predominantly relying 

on natural pathogens decay. 

Even if other manure management technologies, i.e., composting, can also provide effective 

pathogen reduction, their efficacy depends on the achievement of adequate and homogeneous time-

temperature conditions [94,100]. 
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4. Conclusions 

Among the 17 Sustainable Development Goals (SDGs) of the United Nations, the results of this 

work, i.e., the possible available technologies proposed, on EU level, for managing the manure 

produced by livestock affected by diseases, are linked with the following: 

• Zero Hunger (end hunger, achieve food security and improved nutrition, and promote sustainable 

agriculture, no 2); 

• Good Health and Well-Being (ensure healthy lives and promote well-being for all at all ages, no 3); 

• Clean Water and Sanitation (ensure availability and sustainable management of water and 

sanitation for all, no 6); 

• Affordable and Clean Energy (ensure access to affordable, reliable, sustainable, and modern 

energy for all, no 7); 

• Climate Action (take urgent action to combat climate change and its impacts, no 13); 

• Life on Land (protect, restore, and promote sustainable use of terrestrial ecosystems, sustainably 

manage forests, combat desertification, and halt and reverse land degradation and halt 

biodiversity loss, no 15). 

Based on the results and discussion of this review paper, among the possible technologies for 

manure management available on EU level, it is possible to suggest pyrolysis and anaerobic digestion 

(AD) as the best methods for treating the manure produced by animals potentially contaminated by 

viruses and/or bacteria, in order to improve biosecurity measures, i.e., obtain safe livestock manure 

and avoid the spreading of these pathogens. 

Pyrolysis is the best management technology for manure produced by animals affected by 

pathogens or suspected to be. Yet, if this process is implemented, a priori manure drying needs to be 

carried out, until reaching a water content of 5–15%, as a wetter substrate reduces the operating 

temperature and the energy extraction efficiency. This pre-treatment is time- and cost-consuming, so 

that its economic viability must be evaluated case by case. 

AD is the second-best biosecurity technology, after pyrolysis. If AD is implemented, the digestate 

produced during this process must be subjected to pasteurisation or pressure sterilisation, unless a 

thermophilic temperature (45–70 °C) for a minimum hydraulic retention time (HRT) of 1 h was used 

in the digester. Moreover, the following recommendations on the use of digestate originating from the 

AD of manure should be implemented: 

• Synchronise digestate application with crop growth phase, in order to reduce the possibility of 

nitrogen leaching or ammonia volatilisation; 

• Promote the use of highly efficient agricultural machines for spatially variable rate biofertiliser 

application (according to precision agriculture principles), in order to compliment conservation 

techniques, during the crop life cycle; 

• Avoid nozzle application, as this technique promotes ammonia volatilisation, and, instead, prefer 

the use of agricultural implements able to bury the digestate, such as mouldboard ploughs (able 

to deeply bury manure into the soil, effectively mixing it with the soil profile), disc harrows (able 

to break up clumps of manure and mix it with the soil surface, promoting faster decomposition 

and nutrients release), cultivators or tillage equipment (able to incorporate manure into the soil 

while minimising soil disturbance), or injection equipment (able to directly place slurry into the 

soil at a controlled depth, reducing surface runoff and odour emissions) [101]; 

• Store digestate in covered storage tanks or in commercially available above-ground flexible 
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storage bags, in order to minimise biomethane and ammonia losses [90]. 

Overall, all the technologies considered in this review paper, i.e., aerobic treatment, composting, 

AD, decanter centrifuge, VP-HoBe, BENAS system, Geamix housing system, belt press sieve–reverse 

osmosis, vibrating reverse osmosis, granulation, gasification, and pyrolysis, produce biofertilisers that 

can replace mineral/chemical/synthetic ones, so that they can contribute to reduce footprints from 

livestock farming. Moreover, if spatially variable rate biofertilisation is implemented, it is possible to 

also reduce agricultural footprints. 

However, further research will also need to assess the selected manure management technologies 

through the computation of energy balance. In fact, in a previously performed survey, the energy 

balance was computed for four considered scenarios. Within the implementation of the integrated solid 

waste management (ISWM) method, AD resulted in an energy balance much higher than that of 

aerobic composting. In fact, differently from composting, AD can significantly contribute to energy 

recovery, while retaining the nutrients in the digestate produced and reducing GHG emissions [102]. 
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