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Abstract

:

Human and animal waste, including waste products originating from human or animal digestive systems, such as urine, feces, and animal manure, have constituted a nuisance to the environment. Inappropriate disposal and poor sanitation of human and animal waste often cause negative impacts on human health through contamination of the terrestrial environment, soil, and water bodies. Therefore, it is necessary to convert these wastes into useful resources to mitigate their adverse environmental effect. The present study provides an overview and research progress of different thermochemical and biological conversion pathways for the transformation of human- and animal-derived waste into valuable resources. The physicochemical properties of human and animal waste are meticulously discussed, as well as nutrient recovery strategies. In addition, a bibliometric analysis is provided to identify the trends in research and knowledge gaps. The results reveal that the USA, China, and England are the dominant countries in the research areas related to resource recovery from human or animal waste. In addition, researchers from the University of Illinois, the University of California Davis, the Chinese Academy of Sciences, and Zhejiang University are front runners in research related to these areas. Future research could be extended to the development of technologies for on-site recovery of resources, exploring integrated resource recovery pathways, and exploring different safe waste processing methods.
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1. Introduction


Human and animal waste management is a growing concern globally. Human and animal waste, in this context, refers to waste products originating from human or animal digestive systems, including urine and feces. In contrast, animal manure comprises feces, urine, and other excrement produced by animals, as well as animal manure derived from animal feces. The lack of sewerage in densely populated areas, especially in underdeveloped countries, often leads to the indiscriminate and unhealthy disposal of solid waste, including feces and urine [1]. The World Health Organization (WHO) projected that more than 20% of 7.8 billion individuals in the world do not have access to well-managed sanitation and are often practicing open defecation [2]. Approximately three-fifths of globally generated fecal wastes are not subjected to any treatment process and are often disposed of in small or large water bodies [3]. As a result, the water bodies become unsafe for drinking and pose severe contamination risks to the aquatic ecosystem. Approximately 500,000 deaths of children under 5 years old are recorded yearly from diarrhea, due to drinking water contaminated by human and animal wastes [4]. There is no doubt that human and animal waste constitute serious environmental nuisances.



Poor sanitation and fecal sludge management can affect human health and contaminate soil and water bodies. Moreover, human feces and animal waste contain an array of pathogens that can cause waterborne diseases if released into the environment without adequate treatment. Additionally, the progressing production rate of human- and animal-derived waste is another issue that requires attention. The increasing world population, as well as industrialization and urbanization, have contributed to the increasing demand for dairy and animal products, thereby increasing the amount of animal waste produced annually. For example, China’s livestock industry generated approximately 4 billion tons of manure, which is six times that of the past 40 years, followed by the United States, with approximately 1.4 billion tons [2]. Animal manure has always been used as a soil conditioner and as a nutrient to enhance crop growth [5]. However, when manure decomposes, it releases methane gas (CH4), which is a contributor to global warming and a major greenhouse gas (GHG).



Improved sanitation could help reduce the adverse effect of human waste and provide a decent barrier between humans and harmful pathogens [6]. However, factors such as sustainability concerns related to the emissions of GHG from domestic wastewater treatment facilities and the rapidly increasing population of individuals without sanitation have hindered the development of sanitation technologies. Therefore, it is imperative to consider alternative waste valorization routes to complement the development of advanced sanitation facilities worldwide.



Human and animal waste can be converted into valuable resources through several process steps and conversion pathways. The two key conversion pathways are thermochemical and biological processes [7]. Thermochemical processes include gasification, pyrolysis, and liquefaction. Such processes proceed with the aid of thermal and chemical energy at high temperatures. In contrast, biological processes, such as anaerobic digestion (AD) and fermentation, employ microorganisms for the degradation of organic waste [8]. Thermochemical or biological valorization of human and animal waste could help promote sustainable development goals (SDGs) 6 (clean water and sanitation) and 7 (affordable and clean energy).



Human and animal waste are complex and heterogeneous, and most of the waste also contains high moisture contents. Compositing human and animal waste has been an effective traditional method of eliminating pathogenic bacteria and balancing the carbon-to-nitrogen ratio [9]. AD is also another effective method for human and animal waste valorization [9]. Several studies have reported that human or animal waste could be an effective source of energy or nutrients [10,11,12,13]. Hunter and Deshusses [3] developed nitrification and denitrification filters to post-treat human waste-derived digestate, so that they can efficiently recover nutrients that may be used as fertilizer [3]. Oa [14] studied the recovery of resources from animal waste. They proposed an integrated system for the recovery of nutrients. The integrated system comprises incineration processes, anaerobic digestion or microbial fuel cells, mechanical vapor compression distillation for recovering nitrogen, and struvite precipitation for recovering phosphorus [14].



Some authors have also published excellent reviews related to the valorization of human and animal waste, as summarized in Table 1. However, the available information on resource recovery from human or animal waste is scattered in the literature considering the environmental relevance of the topic. Moreover, most of the available studies either focus on one type of waste (human or animal waste) or one resource recovery pathway (biological or thermochemical routes). Although, there have been some pioneering studies on the use of human urine as fertilizer [15]. To the best of the authors’ knowledge, comprehensive studies that consider both human and animal waste, including animal manure, as well as all possible resource recovery methods, are scarce in the literature. Furthermore, a bibliometric analysis of research studies related to the valorization of human and animal waste has not been documented in the literature. Thus, this study comprehensively reviewed different pathways for the recovery of resources from human and animal waste. It also discusses and compares the physical and chemical properties of human and livestock urine and feces. Human and livestock urine and feces, as a source of fertilizer, were also discussed in this paper. An overview of the key contents of this study is summarized in Table 1.




2. Physical and Chemical Properties of Human and Livestock Urine and Feces


Figure 1 shows the different classifications of human and animal waste considered in this study. Human waste, such as feces and urine, are meticulously reviewed. The combination of human feces and urine is known as excreta. In contrast, animal manure from livestock, domestic animals, poultry, and horses are also discussed.



Manures are valuable organic matter derived from solid animal waste, including cow dung, and biogas plant slurries. They can be used as a nutrient source to enhance crop growth and as a soil conditioner. Animal waste is a combination of waste feeds, feces, urine, and bedding materials. It consists of macronutrients such as nitrogen (N), phosphorus (P), and potassium (K) and micronutrients such as iron (Fe), sodium (Na), cobalt (Co), manganese (Mn), sulphur (S), and magnesium (Mg). The physicochemical properties of manure are one of the most important factors in evaluating the most promising valorization pathways [16,18]. Animal manure can also be classified based on its moisture content into liquid manure (up to 95% moisture content), semisolid and slurry manure (between 75% and 95% moisture content), and solid manure (less than 75% moisture content) [19]. The average composition and nutrient content of human excreta (urine and feces) and animal manure are comprehensively compared and summarized in Table 2.



The data in Table 2 show that the composition of animal manure varies among animals. However, they are all rich in N, P, and K contents, making them valuable fertilizer resources. They also contain high moisture content between 70 and 92%. Compared to animal manure, human excreta have a higher biological oxygen demand (BOD). BOD is an indication of the amount of oxygen that is required by microorganisms to break down organic matter in water. Given that organic matter in the water can have a detrimental effect on aquatic life, it is a crucial indicator of the quality of the water. High BOD levels can be a sign of excess nutrients, such as nitrogen and phosphorus, which can cause eutrophication or excessive growth of plants and algae. Aquatic life may be harmed or killed if the substance’s oxygen levels fall as a result. High BOD levels may also be a sign of the existence of pathogenic (disease-causing) organisms that could be dangerous to people.



The proximate and ultimate analysis of human feces and animal manure is presented in Table 3. The manures are rich in carbon content and volatile matter. Chicken manure has a relatively high volatile matter content (65.6 wt.%), compared to human feces (50.2 wt.%). In contrast, the carbon content of human feces is higher (43.5 wt.%).



The fixed carbon content provides an overview of the amount of char formation during the thermochemical conversion process. It is the solid combustible residue that remains after the volatile matter is driven off. A relatively high fixed carbon indicates an improved char production during the thermochemical conversion process. However, the fixed carbon content of animal manure is less than 26%. Lower ash content is also favorable for thermochemical processes. Therefore, the low fixed carbon of human and animal waste makes them promising thermochemical process precursors. However, severe agglomeration and erosion problems could occur, as the ash content significantly exceeded the 6% threshold.



Both human and animal waste are also characterized by low S content and high O content (Table 3). The energy content of human and animal waste is defined by the higher heating value (HHV). The HHV of animal manure ranges between 13.2 and 22.5 MJ/kg. This value is within the range of the HHV value of a typical lignocellulosic biomass (15–21 MJ/kg) [21]. The higher HHV and lower S content confirm that human and animal waste are promising fuel sources. The H/C and O/C ratios of animal manures are higher than those of coal and biochar, as indicated in the van Krevelen diagram in Figure 2 [22]. The position of the animal manures in the van Krevelen plot is similar to the position of plant biomass. Pig manure had a significantly lower O/C ratio, while beef manure had a low H/C ratio. Low O/C and H/C ratios may indicate that a compound is more reduced, meaning that it contains more hydrogen and less oxygen, relative to carbon. Compounds with low O/C and H/C ratios may be more stable and have lower reactivity, compared to compounds with high O/C and H/C ratios.



The physicochemical characterization of different animal manures for energy production has been the focus of some research studies. Shen et al. [22] revealed that different types of animal manure presented a wide variation in their composition. Their study on the composition analysis of different Chinese animal manures showed a significant difference in composition among the various types of animal manures.



The physicochemical properties of human excreta depend on gender, age, protein, the quantity of fiber, calories taken in, geographical location, diet, and sociocultural factors. Human excreta is mostly composed of water. Feces water content is a factor of health status, the quantity of water taken in, and the duration the feces spends in the intestine before it is excreted [20,29]. Fresh human feces contain 75–80% moisture content, while the rest are solids (ash, undigested fats, food remnants, and proteins). The pH of feces is approximately 5–7 [30], and urine contains approximately 90% water, with the rest being inorganic salts, organic compounds, organic ammonium salts, and urea [31].



An individual excretes approximately 50 kg of feces and 500 kg of urine each year with the following composition: 1.2 kg K, 0.6 kg P, and 5.7 kg N, but only 60–65% of total P, 50–80% of total K, and 90% of total N are excreted in the urine [32]. The average urine per capita per year is 500 L. North America and Europe produce feces of 130–520 g person−1 d−1 and 100–200 person−1 d−1, respectively. Urine has lower K/N and P/N ratios than synthetic fertilizers [32].



Generally, animal manure also contains heavy metals, such as Pb, Cu, Zn, Fe, and Sr, in large quantities. A recent study showed that lactating dromedary manure samples contain 2189 mg kg−1 Fe, 183 mg kg−1 Mn, 293 mg kg−1 Sr, and 87 mg kg−1 Zn heavy metals [32]. The presence of heavy metals in animal manure could constitute environmental challenges.




3. Thermochemical Conversion of Human and Animal Waste


The thermochemical conversion processes discussed in this section include pyrolysis, gasification, and liquefaction. These processes are used in the conversion of human and animal waste into various valuable chemicals and biofuels.



3.1. Pyrolysis


Pyrolysis refers to the thermal decomposition of biogenic waste in an oxygen-free environment to produce bio-oil, gases, and biochar, depending on the reaction conditions. Operating conditions such as the pressure, temperature, physicochemical properties of the feed materials, residence time, and heating rate influence the product yields and composition during pyrolysis.



Pyrolysis can be classified into slow pyrolysis, flash pyrolysis, and fast pyrolysis, based on the operating conditions utilized in the process [8]. The operating conditions and key products of different types of pyrolysis are summarized in Figure 3. Slow pyrolysis requires a lower temperature and longer residence time to complete the process with biochar as the major product. Slow pyrolysis yields higher biochar yields (15–40 wt.%) and lower bio-oil (25–35 wt.%) and gas yields (10–25 wt.%). In contrast, fast pyrolysis occurs under a very high temperature, high heating rate, and relatively short residence time. This results in bio-oil formation as the key product during slow and flash pyrolysis. Flash pyrolysis is an extremely rapid thermal decomposition pyrolysis that occurs at a relatively high heating rate and short residence time and temperatures between 800 and 1000 °C. The rapid heating and cooling rates in flash pyrolysis allow for the production of high-quality pyrolysis products with minimal degradation or secondary reactions. The major products are gases and bio-oil with minimal biochar formation. Generally, flash pyrolysis produces approximately 60–75 wt.% bio-oil, 10–25 wt.% biochar, and 10–30 wt.% gases [33].



Several studies have reported the pyrolysis of human and animal waste for biochar and bio-oil production [34,35,36,37]. Most of the studies either focus on process optimization or evaluation of the influence of reaction conditions on biochar production [38], a study of the reaction mechanism, or the development of new catalysts [39]. Cantrell et al. [38] reported the effect of pyrolysis temperature on the physicochemical properties of biochar derived from five different animal manure precursors (poultry litter, swine-separated solids, turkey litter, dairy manure, and paved feedlot manure). The study revealed that the biochar obtained from dairy manure had the highest energy density, carbon, and volatile matter, coupled with the lowest contents of N, S, and ash. Moreover, the biochar produced from poultry litter had the highest electrical conductivity. Their results showed that the properties of animal manure precursors and reaction temperatures play a significant role in the physicochemical properties of the produced biochar. Recently, some researchers have explored the application of pyrolysis technology for the intermediate conversion of partially wet sanitary fecal sludge generated on train toilets [36]. The novel twin auger pyrolysis reactor produced about 50% bio-oil yield, 40% syngas yield, and 10% biochar yield at 500 °C.



Krounbi et al. [1] performed a comparative study to determine the soil amendment quality by torrefaction, composting, and pyrolysis of human wastes (feces and urine). The physicochemical properties of pyrolysis-treated human waste were largely influenced by temperature. Additionally, pyrolysis-treated human waste at 600 °C had five times the available potassium (7400 mg K/kg) and four times phosphorus (3120 mg P/kg), when compared to thermophilic composting. Yacob et al. [24] performed human feces pyrolysis at low, intermediate, and high temperatures, with a heating rate of 10 °C/min. They reported that slow pyrolysis (at low temperatures) gave a 20.9% yield of non-condensable gases. Carbon dioxide (CO2) and methane (CH4) were dominant during mild pyrolysis (at intermediate temperature). Moreover, fast pyrolysis (>600 °C) gave a 45% yield of hydrogen. Mong et al. [40] developed a microwave pyrolysis technology for the conversion of horse manure into biofuels and biochemicals. The reactor produced gaseous products with 67% syngas and 37% biochar yield.



Few studies have also explored the soil amendment potential of human and animal waste-derived biochar. Liu et al. [41] showed that pyrolysis-derived biochar from dry human waste could be used as a promising additive for enhancing soil fertility. Zhou et al. [42] reported a comparative study on the characteristics of biochar from the slow pyrolysis of chicken manure, pig manure, and cattle manure. Regarding carbon content, chicken manure had the highest carbon content (41 wt. %), followed by cattle manure (35–38 wt. %) and then pig manure. Pig manure had the highest ash content, followed by cattle manure (46–47 wt. %) and chicken manure (21 wt. %). The produced biochar is perceived as a promising soil additive.



Catalysts have been employed during the pyrolysis of human and animal waste for several reasons. First, the use of catalysts ensures that the reaction proceeds at lower temperatures, thereby significantly lowering the energy demand. Additionally, catalysts help improve the quality of the product and yield, especially for fast and flash pyrolysis [43]. Catalyst deactivation, due to coke or char formation, is still a major challenge. Overall, pyrolysis catalysts could be homogeneous or heterogeneous. Homogeneous catalysts exist in a single phase (usually a liquid solution), while heterogeneous catalysts are solid and have the advantages of ease of regeneration and reuse. Commonly used heterogeneous catalysts for waste pyrolysis include metals supported on carbon and basic oxides, zeolites, and solid acid catalysts. Studies related to catalytic and noncatalytic human and animal waste pyrolysis are summarized in Table 4.



In addition to catalytic studies, some authors have also explored the mechanism of animal manure pyrolysis. He et al. [51] developed a detailed mechanistic reaction pathway for the pyrolysis of cattle manure (Figure 4). The pathway indicates that major products, such as aldehydes, ketones, acids, hydrocarbons, phenolic compounds, and nitrogenous compounds, in bio-oil are formed in the temperature range of 180–350 °C. Alkenes are formed at higher temperatures above 500 °C. Moreover, the cracking of cellulose and CC chains led to the formation of acetaldehyde at 180 °C. Increasing temperature inhibits acetaldehyde formation, while promoting the generation of ketones and acids.




3.2. Gasification


Gasification is another thermochemical conversion pathway that can convert human and animal waste into solid, liquid, and gaseous products (syngas). Gasification is often referred to as a biomass-to-gas conversion process because its target is hydrogen-rich gas comprising mostly H2 and CO. Substantial quantities of hydrocarbons, such as CH4, as well as CO2 and H2O, and often N2, are also present in the gaseous product from gasification [7]. Synthetic gas (syngas) is defined as a gas with H2 and CO as the main components, and it is a product of gasification. Syngas has myriad applications as a precursor for the production of higher alcohols, green fuels, and chemicals via syngas fermentation of Fischer–Tropsch (FT) synthesis.



Gasification can be grouped as conventional or hydrothermal gasification, based on the temperature, pressure, and gasifying agents. It should be mentioned that both gasification processes have identical products, but their composition and yield are often different. Figure 5 outlines the differences between conventional and hydrothermal gasification processes.



Studies on the gasification of human and animal waste are related to the parametric evaluation of the impact of process conditions on gaseous yield, process optimization [52], energy and exergy analysis [53], kinetics studies [54], and techno-economic and life cycle assessment [55,56]. Some researchers have also focused on developing innovative heterogeneous catalysts for improving product yield and selectivity or co-gasification with other waste materials [57].



Liu et al. [57] studied the synergistic effect of a gasifying mixture of petroleum coke and chicken manure. They reported that chicken manure addition during the gasification of petroleum coke helped increase the hydrogen content in the produced syngas. The authors also explored the catalytic effect of chicken manure ash on gasification efficiency. Chicken manure ash increased the gasification efficiency by five times. They suggested that this must have been due to the ash’s high potassium and calcium content. Onabanjo et al. [53] explored the possibility of producing hydrogen from human feces through conventional gasification. Aspen Plus thermodynamic equilibrium modelling was used to estimate the quantity of energy that could be produced from human feces. They reported that a 3–6 wt.% ash content in fresh human feces makes it a viable raw material for gasification. The product gas obtained from human feces at an optimal equivalence ratio (ER) of 0.31 was characterized by 24 MJ/kg and 17 MJ/kg lower heating and exergy values, respectively [53].



Hussein et al. [23] studied the effects of gasifying agents (air, steam, carbon dioxide, and nitrogen) and temperatures ranging from 600 to 1000 °C on the pyrolysis and gasification of chicken manure. It was reported that a higher temperature will produce a higher syngas yield. Regarding the gasifying media, in terms of increasing order, the air medium produced the lowest yield, followed by nitrogen, steam, and carbon dioxide. They revealed that the reaction time is inversely proportional to the energy yield. The feasibility of a two-step gasification route for producing hydrogen gas from cattle manure was examined by studying the temperature impact on not only biochar characteristics, but also product distribution. The biochar from the joint pyrolysis-carbonization was found to have a low volatile percentage composition and high carbon composition at 500 °C. This result suggests that hydrogen can be produced from the two-step gasification process [23].



Hydrothermal gasification is a suitable valorization pathway for animal manure, due to the high moisture content of the materials [58,59]. Nanda et al. [59] explored the feasibility of hydrogen production from horse manure via alkali catalyst-enhanced hydrothermal gasification. The impact of temperature (400–600 °C), two biomass-to-water ratios (BTW) of 1:5 and 1:10, and reaction time (15–45 min) at a pressure range of 23–25 MPa on hydrogen yield was comprehensively explored. The maximum hydrogen yield was obtained at a high temperature of 600 °C and a 1:10 biomass-to-water ratio for 45 min with a 2 wt.% Na2CO3 catalyst. Another study showed that cattle manure could be used as a promising feedstock for hydrothermal gasification with Ni heterogeneous catalysts supported by hydrochar prepared from cattle feed [60]. Liu et al. [61] proposed a mechanism for the transformation of nitrogenous compounds during the hydrothermal gasification of chicken manure (Figure 6). Two main mechanisms were inherent: ionic and free radical degradation, with both mechanisms dependent on temperature. The ionic mechanism occurs at low temperature subcritical or near critical conditions, while the free radical degradation is inherent at high temperatures >400 °C. Some intermediate products, such as amino acids, are also produced via the Maillard reaction. Three main reactions are involved in free radical degradation: steam reforming, pyrolysis, and Maillard reaction. An elevation in temperature led to the migration of nitrogenous compounds in the raw materials to the aqueous liquid, while the Maillard reaction conditions are created by the hydrolysis of proteins and amino acids in the initial phases. As the temperature increases beyond 400 °C, some nitrogen-containing compounds are converted into condensable gases via stream reforming and pyrolysis (Figure 5).



A summary of the studies related to heterogeneous catalyzed gasification of human and animal waste, kinetics studies, and process integration studies is presented in Table 5. Detailed information on the gasification of different biogenic waste can also be found elsewhere [7,62].



Hydrothermal gasification is still a challenging technology, due to the high temperature and pressure requirement. The mechanism of hydrothermal gasification of human and animal waste is still unclear. Although some researchers have documented the reaction mechanism of liquid feedstock decomposition, such as glycerol in supercritical water [63]. Problems such as corrosion issues, reactor material durability, waste heat utilization, safety, and risk are associated with extreme reaction conditions. Catalysts are often used to reduce the reaction temperature during hydrothermal gasification. However, the harsh environment facilitates the decline in the surface area of metallic catalysts and some structural changes causing significant deactivation, a phenomenon known as catalyst sintering [7].
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Table 5. Summary of the studies related to heterogeneous catalyzed gasification of human and animal waste, kinetics studies, and process integration studies.
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	Type of Gasification and Key Products
	Key Findings
	References





	Gasification type: Conventional fluidized bed gasification

Feedstock: Poultry litter

Study focus: Parametric studies and process optimization

To investigate the effect of adding limestone (CaCO3), different gasifying agents and temperatures on product gas yield, and cold gas efficiency during gasification
	
	
Highest temperature of 800 °C resulted in a product gas with a lower heating value of 4.5 MJ/Nm3 and cold gas of 89% efficiency.



	
Gas composition at optimum process conditions include: H2: 10.78%, CO: 9.38%, CH4: 2.61, and CO2: 13.13



	
Owing to the high quantity of potassium and phosphorus in poultry ash, the limestone drastically reduced the bed’s agglomeration.





	Pandey et al. [64]



	Gasification type: Conventional gasification

Feedstock: Chicken manure

Study focus: Co-gasification and catalytic studies.

Study the synergistic effect of gasifying petroleum coke and chicken manure, while the chicken manure is a catalyst
	
	
Chicken manure is a promising precursor for hydrogen production via co-gasification with pet coke in the presence of chicken manure-derived ash as a catalyst.



	
The high potassium and calcium content in chicken manure ash made it efficient as a catalyst, as it yielded fivefold of CO than what the petroleum coke alone would have yielded.





	Liu et al. [61]



	Gasification type: Conventional gasification

Feedstock: Human faces

Study focus: Thermodynamic and energy analysis with Aspen Plus simulation. Explored the viability of human feces as a raw material for gasification. Estimation of the quantity of energy that could be produced from human feces
	
	
They reported that human feces comprise 3–6 wt. % ash and 70–82 wt. % moisture, making it a suitable precursor for gasification.



	
The product gas from human feces is optimum at an equivalence ratio of 0.31, and it is characterized by 24 MJ/kg and 17 MJ/kg lower heating and exergy values, respectively





	Onabanjo et al. [53]



	Gasification type: Conventional gasification

Feedstock: Chicken manure

Study focus: Parametric studies

The effect of gasifying media (air, steam, carbon dioxide, and nitrogen) and temperatures ranging from 600 °C to 1000 °C on the pyrolysis and gasification of chicken manure
	
	
Higher temperatures favor improved product gas yield.



	
It was revealed that reaction time is inversely proportional to the energy yield.



	
Air gasification is the most preferred among all other gasifying agents.





	Hussein et al. [23]



	Gasification type: Conventional gasification

Feedstock: Cattle manure

Study focus: Parametric studies

The viability of a two-step gasification route for producing hydrogen gas was examined by studying the temperature impact on biochar characteristics and product distribution
	
	
Approximately 1.61 m3/kg of syngas, 0.93 m3/kg of hydrogen, and 57.58% of hydrogen concentration was obtained at an optimum temperature of 850 °C.



	
The biochar produced from the two-step gasification process has a low volatile percentage composition and high carbon content.





	Xin et al. [58]



	Gasification type: Hydrothermal gasification

Feedstock: Horse manure

Catalyst: Homogeneous alkali catalyst including NaOH, Na2CO3, and K2CO3

Study focus: Parametric studies

Explored the effect of reaction temperature (400–600 °C), biomass-to-water ratio (1:5 and 1:10), and reaction time (15–45 min) at a pressure range of 23–25 MPa on product yield during horse manure gasification in supercritical water
	
	
Higher temperature favored hydrogen yield and selectivity.



	
Na2CO3 performed better than other homogeneous catalyst in improving hydrogen yield.



	
At optimum conditions (600 °C and 1:10 biomass-to-water ratio for 45 min), a maximum hydrogen yield of 5.31 mmol/g was reported.





	Nanda et al. [59]



	Gasification type: Conventional gasification

Feedstock: Pig manure compost

Heterogeneous catalyst: Ni/Al2O3, Ni-loaded brown coal char

Study focus: Catalytic effect of supported Ni catalyst during gasification and parametric studies.
	
	
Ni-loaded brown coal char is a promising gasification catalyst, even at lower temperatures.



	
The catalysts developed promising resistance to coke formation, compared to the commercial Ni/Al2O3.



	
Temperature and steam/biomass–carbon ratio is an important consideration in improving gas yield.





	Xiao et al. [65]



	Gasification type: Hydrothermal gasification

Feedstock: Chicken manure

Catalyst: K2CO3

Study focus: Parametric studies, kinetics, and reaction mechanism evaluation
	
	
Complete gasification efficiency was attained with the use of 10 wt.% and K2CO3 at 700 °C.



	
The migration pathways of nitrogenous intermediates show that the Maillard reaction plays a significant role. Two reaction mechanisms for the removal of nitrogen in chicken manure gasification are ionic and free radical degradation.





	Liu et al. [57]









3.3. Liquefaction


Liquefaction is a biomass-to-liquid (BTL) conversion pathway, similar to pyrolysis, but different in terms of operating temperature (200–450 °C), pressure (5–25 MPa), and the presence of a solvent, usually water or alcohols. It is mostly used for the conversion of wet biomass (wastes) into crude oil, also referred to as biocrude oil [66]. The yield and quality of biocrude oil are dependent on the raw material composition, residence time, catalyst, temperature, pressure, and solvent [67].



Hydrothermal liquefaction (HTL) is different from other hydrothermal processes, such as supercritical water gasification and hydrothermal carbonization (HTC), in terms of the desired products and operating conditions. Figure 7 describes different phase diagrams for hydrothermal processes, as well as the operating conditions ranges. Hydrothermal gasification is favorable at high-temperature supercritical conditions (>400 °C) and the desired product is high-quality syngas [67]. In contrast, HTC is focused on the formation of solid fuels with improved physicochemical properties for subsequent energy and environmental applications.



The biocrude oil obtained from liquefaction has a lower oxygen content, is more viscous, and has an elevated HHV, compared to pyrolysis oils [47]. Hydrothermal liquefaction (HTL) offers the advantages of feedstock flexibility and does not require precursor drying. Studies on the liquefaction of human waste focus on developing pathways for nitrogen transformation [68], process optimization, or the development of novel heterogeneous catalysts for improving oil yield and quality [68]. Lu et al. [69] investigated the effects of temperature (260 °C, 300 °C, 340 °C), retention time (10 min, 30 min, 50 min), and total solid content (5%, 15%, 25%) on biocrude yield and nutrient recovery during the HTL of human feces. They revealed that approximately half of the carbon content in human feces was converted to biocrude oil, while 72% of nitrogen was found in the aqueous phase. They also reported that human feces contained metals such as calcium, aluminum, magnesium, zinc, iron, sodium, and potassium. The results showed that human feces are a potential source of energy and nutrient recovery. The authors proposed possible reaction pathways for the conversion of human feces via HTL (Figure 8).



The pathways in Figure 8 include intermediate reactions, such as (a) hydrolysis; (b) dehydration; (c) decarboxylation; (d) deamination; (e) Maillard reaction; (f) cyclization; (g) polymerization; and (h) decomposition [69]. The hydrocarbons found in the biocrude oil during HTL were produced through the decarboxylation of the fatty acids. It should be mentioned that the fatty acids are from the hydrolysis of lipids in human waste. The ketones and aldehyde functional groups were produced from polysaccharides through a series of intermediate reactions, including hydrolysis, dehydration, and decomposition reactions [69]. In contrast, nitrogenous compounds such as pyridine, pyrrolidine indole, and quinolone are derived from monosaccharides and amino acids through the cyclization and Maillard reactions.



Conti et al. [70] explored the possibility of recovering nutrients and energy production from the biodegradation of animal manure, sewage sludge, and fish sludge, with or without K2CO3 (catalyst) under subcritical (350 °C) and supercritical conditions (450 °C). They reported that all the wastes gave a high yield of biocrude, with fish sludge and sewage sludge giving yields of 50% and 45%, respectively. Moreover, animal manure was able to produce a quality biocrude in the presence of the catalyst and under supercritical conditions. Inorganics, such as calcium, phosphorus, and magnesium, were obtained from the solid phase, as approximately 55–80% and 50–60% of carbon were recovered from fish and swine sludge, respectively.



Li et al. [71] compared the HTL of dairy manure, broiler manure, laying hen manure, swine manure, and beef manure. They revealed that swine manure had the highest biocrude oil yield (30.85%) at 340 °C, while the other manure yields ranged from 15% to 25%. The heavy metals from these manures (copper, zinc, lead, cadmium) are heavily distributed in the solid residue after hydrothermal liquefaction. The influence of temperature, solvent filling rate, and solid–liquid rate on the constituents, features, and yield of bio-oil derived from pig manure was examined by some researchers [27]. The highest yield of the bio-oil was found to be 35.56%, while its heating value ranged from 34.39 to 37.03 MJ/kg. The bio-oil was composed of ketones, nitrogen compounds, organic acids, long-chain hydrocarbons, ethanol, and esters. The yield of the bio-oils had an inverse relationship with the solid–liquid rates, while it increased and decreased with solvent filling rates and temperature, respectively [27]. A summary of previous studies related to the liquefaction of human and animal waste is presented in Table 6.




3.4. Hydrothermal Carbonization


Hydrothermal carbonization (HTC) is a thermochemical process for the pre-treatment of high moisture content biomass to make it viable for energy production. HTC uses relatively low temperatures and is suitable for any kind of biomass feedstock [75]. HTC can convert human and animal waste into solid hydrochar, which has better physicochemical characteristics than raw feedstocks [76] and produces liquid products that contain organic and inorganic value-added chemicals. The HTC hydrochar exhibits lower O/C and H/C ratios, compared to dry torrefaction, and turns into more lignin or coal-type materials [77]. HTC hydrochar can be used in a wide range of processes, such as soil amendment [78], CO2 capture [78], nanoparticles (for making composites) [79], energy production [80], and water purification [81], due to their unique physicochemical properties [82].



HTC could be adopted for the sustainable and environmentally benign treatment of human and animal waste for several environmental and energy applications. Some researchers have explored the conversion of human feces to hydrochar via HTC [83]. The effect of temperature (180, 210, and 240 °C) and reaction times (30, 60, and 120 min) during the HTC of human excreta reveals that hydrochar yield decreased with elevating HTC temperature [83]. In addition, the calorific value of the produced hydrochar rose from 24.7 to 27.6 MJ/kg with a rise in temperature. Afolabi et al. [84] showed that an hydrochar, with improved HHV ranging from 19.79–25.01 MJ/kg, was produced during the microwave HTC of raw human fecal sludges with increasing temperature ranges of 160–200 °C. Some researchers also assessed the energy efficiency during the HTC of human fecal wastes [85]. The energy balance results obtained during the HTC of fecal waste conducted at 200 °C, with a reaction time of 30 min, reveals that feces with 25% solids requires 63–65% of the overall reactor input energy for efficient heating. On the contrary, feces with lower solids (15% solid) would need lower energy (about 62–64%) [85]. Another study showed that HTC could be used as an effective technology for the mitigation of SARS-CoV-2 in sewage sludge [86].



HTC can also be used to upgrade the properties of livestock manure for subsequent fuel applications. Jang et al. [87] reported that the HTC of livestock manure reduced the amount of C–O and C–H functional groups and elevated the number of aromatic C–H functional groups. Additionally, HTC increased the fixed carbon content and energy density of livestock manure, while the H/C and O/C ratios decreased. HTC could also be used aa nutrient recovery strategy from animal waste. Qaramaleki et al. [88] showed that cow manure is a promising source of phosphorus and nitrogen via HTC. However, the extent of phosphate extraction is dependent on the reaction temperature, acid addition, and acid concentration. Increasing HTC temperature and the addition of either citric acid or HCl led to an improved phosphate recovery in the aqueous phase. HTC could also be used for the valorization of anaerobic digestate to promote the circular economy and optimize material utilization [89].





4. Biological Conversion of Human and Animal Waste


As mentioned earlier, the biological conversion process is a waste-to-energy process that uses microorganisms to convert biogenic materials into energy or other value-added products. Anaerobic digestion (AD) and fermentation are the two main biological processes used for the valorization of human and animal waste. Both processes involve microorganisms breaking down organic matter in the absence of oxygen. Detailed information about the advantages and limitations of each process, as well as the reaction pathways, can be found elsewhere [8]. Most of the studies related to resource recovery from human and animal waste via biological conversion pathways mostly focus on anaerobic digestion. In contrast, fermentation uses microorganisms to convert sugars into carbon dioxide and ethanol.



4.1. Anaerobic Digestion


AD is a biological process that converts wastes into biogas and digestate under anaerobic conditions. These wastes include animal manure, human waste, sewage sludge, food waste, and lignocellulosic materials. Its products, which include digestate and biogas, have proven to be useful. The former can be used as a fertilizer because it contains nutrients such as nitrogen, potassium, and phosphorus. In contrast, the former can be used to generate electricity and heat, thus reducing the overreliance on fossil fuels.



AD of biogenic waste proceeds in four different stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis [90]. In hydrolysis, compounds with high molecular mass (polymers) are deconstructed into lower molecular weight compounds (monomers). This stage is of paramount importance because it is where microorganisms in the digestion medium have access to the material’s energy potential [90,91]. Acidogenic bacteria further decompose the remaining compounds into volatile fatty acids (VFAs), carbon dioxide, ammonia, and other byproducts in the acidogenesis stage. The next stage (acetogenesis) involves acetogens digesting the monomers formed in the acidogenesis stage to form acetic acid, hydrogen, and carbon dioxide. Methanogens then convert the previously formed products into methane, carbon dioxide, and water, which constitute biogas.



AD of human and animal waste for biogas production has been the focus of some research studies, as shown in Table 7. Although, AD could also be adopted for the treatment of sludge. A survey of the available literature shows that mono-feedstock digestion is more common. The use of a single feedstock has been reported to be problematic because of several challenges, such as poor biogas yield, limited year-round feedstock availability, and digester instability [92]. To some extent, these challenges can be overcome through different methods, such as pH adjustment [93], manipulation of the digestion time [94], intermittent feeding [95], multistage AD processes [96], the introduction of external microorganisms, and co-digestion [97]. Among these options, co-digestion of more than one feedstock has been reported to be very successful in overcoming the challenges associated with mono-feedstock digestion. Co-digestion results in higher biogas yields, improved digester stability, and, in particular, the combination of multiple feedstocks, with their unique properties providing a more balanced nutrient composition, a diversified microbial community, and a better buffering capacity against the accumulation of VFAs [98]. For example, Ihoeghian et al. [12] investigated the co-digestion of cattle rumen content and food waste. They found that both materials had desirable characteristics necessary for biogas production. Their findings showed that co-digestion enhanced the carbon-to-nitrogen ratio with an attendant-positive impact on biogas yield and pH of the AD medium. A 50:50 ratio of cattle rumen content and food waste was found to be optimum for biogas production, with a maximum cumulative biogas yield of 320.52 mL gVS-1. The profile of pH, total ammonia nitrogen, and volatile fatty acids were improved via co-digestion.



Ma et al. [99] employed the meta-analysis approach to compare methane yield between mono-digestion and co-digestion of animal manure with other feedstocks. A higher methane yield was obtained from the co-digestion (animal manure mixed with other feedstock (249 Lkg−1 was recorded), compared to mono-digestion (171 Lkg−1). The superior methane yield was attributed to the high volatile solid concentration and the carbon-to-nitrogen ratio of the manure. In another study, an equal proportion of rice straw and human feces (50:50) was the optimal ratio that produced the highest biogas yield (61% yield, volume of 6391 mL) during the anaerobic co-digestion of rice straw and human feces. In other studies, Kaur and Kommalapati [100] reported a biogas yield of 262 mlgVS−1 for the 20:80 co-digestion of goat manure and cotton gin trash, while a value of 250 mlgVS−1 was reported by Alfa et al. [101] for the 25:75 co-digestion of cow dung and horse dung. Hazmah et al. [102] showed that co-digestion of pineapple waste with cow dung improved the process stability, in terms of the C/N ratio, total ammonia nitrogen, VS removal, and pH. Arifan and Sumardiono [103] studied the effectiveness of co-digestion of chicken manure, cow manure, and liquid tofu waste for producing biogas. They then revealed that the best proportion that gave the highest biogas yield was 15% chicken manure, 70% cow manure, and 15% liquid tofu waste, totaling 3252 mL of biogas. Moreover, they also reported a huge decrease in BOD and COD at 95% and 98%, respectively.



The AD process is a complex series of biochemical reactions that involve the conversion of various biomolecules by a diverse microbial community [104]. Direct interspecies electron transfer (DIET) between the microorganisms that facilitate the biodegradation of complex biodegradable compounds and methanogens has been reported to be responsible for facilitating the syntrophic conversion process during the methanogenesis stage of AD [105]. The interruption of this syntrophic process is often the cause of digester instability, which results from the lowering of the pH, as a consequence of the accumulation of VFAs [106]. Research efforts have been directed toward mitigating this situation, with a particular focus on the introduction (into the digester) of conductive materials that can also serve as immobilizing media for microbes [107]. Examples of materials that have been assessed in this regard include polyethylene [108], glass [109], polyvinyl alcohol [110], activated carbon [111], oxides of iron [112], and biochar [113]. The porous nature of these materials provides the necessary surface area for microbial immobilization, which has an overall effect of shortening the AD start-up phase and enhancing feedstock digestibility, especially when the feedstock is a recalcitrant lignocellulosic material.
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Table 7. Summary of past studies on anaerobic digestion and fermentation of human and livestock wastes.
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	Authors
	Aim of Study
	Key Findings





	Ihoeghian et al. [12]
	Conversion pathway: Anaerobic digestion

Investigated and established the best co-digestion ratio for cattle rumen content and food waste for synergistic biogas production.
	A 50:50 ratio of cattle rumen content and food waste was recommended for biogas production

Co-digestion of cattle rumen content and food waste enhanced biogas production



	Ma et al. [99]
	Conversion pathway: Anaerobic digestion

Adopted the meta-analysis approach to compare the methane yield between mono-digestion and co-digestion of animal manure with other feedstock.
	Higher methane yield was obtained from the co-digestion (animal manure mixed with other feedstock) when compared to mono-digestion.



	Adjama et al. [114]
	Conversion pathway: Anaerobic digestion

To investigate the proportions of anaerobic co-digestion of rice straws and human feces that will give the optimal biogas yield.
	An equal ratio of rice straws and human feces produced the highest biogas yield (61% percentage yield).



	Arifan et al. [103]
	Conversion pathway: Anaerobic digestion

To study the effectiveness of co-digestion of chicken manure, cow manure, and liquid tofu waste for producing biogas.
	The best combination of feed materials that produced the optimum yield are as follow: 15% chicken manure, 70% cow manure, and 15% liquid tofu waste.



	Eduok et al. [115]
	Conversion pathway: Anaerobic digestion

To compare the effectiveness of water, human urine, and sodium bicarbonate (Na2CO3) as a buffering agent for the codigestion of poultry feces and lignocellulosic biomass for the generation of biogas.
	The urine-buffered reactors produced the highest yield up to five times greater than those buffered with sodium bicarbonate and water.



	Silwadi et al. [116]
	Conversion pathway: Anaerobic digestion

To compare the biogas yield and composition resulting from mono-digestion (cow, chicken, and camel) and co-digestion (mixtures of cow, chicken, and camel).
	The co-digestion gave a higher yield than the mono-digestion.

Biogas yield increased 5 (co-digestion with chicken manure), 12 (co-digestion with cow manure), and 28 (co-digestion with camel manure) times when compared to mono-digestion.



	Pan et al. [117]
	Conversion pathway: Anaerobic digestion

Investigated the role of wood-based biochar during AD of chicken manure.
	25% reduction in TAN accumulation.

69% increase in biogas production compared to the control.



	Kizito et al. [118]
	Conversion pathway: Anaerobic digestion

Investigated the role of biochar on the removal of TAN during AD of piggery waste
	60% reduction in TAN accumulation which enhanced AD stability.



	Recebli et al. [119]
	Conversion pathway: Fermentation

To compare the daily biogas production rate from poultry manure and bovine animal manure.
	Approximately 0.83 m3 and 6.33 m3 of biogas are produced daily from poultry manure and bovine animal manure, respectively.

The lower heating value of the produced methane and biogas is 34,000 KJ/m3 and 21,000 kJ/m3 respectively.



	Zlateva et al. [120]
	Conversion pathway: Fermentation

To determine the quantity of biogas and energy produced from the anaerobic fermentation of cow manure, chicken manure, and pig manure.
	It was revealed that approximately 556,000 kWh per annum of energy is produced. At the same time, 55,660 methane is released per annum, with pig manure, cow manure, and chicken manure contributing to the release of 7493 Nm3CH4/a, 234,111 Nm3CH4/a, and 24,756 Nm3CH4/a, respectively.



	Andreev et al. [121]
	Conversion pathway: Fermentation

To subject human urine to lactic acid fermentation to reduce its odor and enhance its fertilizing ability.
	The pH of the treated urine ranges from 3.8–4.7 compared to the untreated which is 6.1.

The ammonia composition decreases by 20–30% compared to the untreated, whose ammonia composition increases by 30% owing to hydrolysis.



	Andreev et al. [122]
	Conversion pathway: Fermentation

To subject human excreta to lactic acid fermentation to reduce the loss of nutrients and the number of pathogens present in them.
	Human excreta is a promising source of nutrients via lactic acid fermentation. The nutrient loss is lowered in the presence of lactic acid with 7–10 days fermentation.



	Adjama et al. [114]
	Conversion pathway: Fermentation

To investigate anaerobic fermentation chicken manure and straw mixtures in a batch reactor at a temperature of 37 °C for ten weeks
	The straw ratio of 3% gave the highest methane yield of 292.87 mLgVS−1 which is 17% greater than pure chicken manure.



	Dong-Jun Lee et al. [123]
	Conversion pathway: Fermentation

Evaluate the impact of two different pretreatment methods (NaOH and H2SO4) on the bioethanol yield during horse manure fermentation.
	Alkaline/enzyme-hydrolysates showed higher bioethanol productivity (0.075 g L−1h−1) than those of acid/enzyme-hydrolysates (0.050 g L−1h−1).

Fermentation of hydrolysates produced less inhibitory compounds due to the alkaline pretreatment.








Anaerobic co-digestion of lignocellulosic materials with animal manure is also a promising strategy to maintain its stability and keep the pH between 6.8 and 7.2 [115]. Human urine has been shown to be a promising waste material with a similar composition to buffer materials used during anaerobic digestion [115]. Eduok et al. [115] compared the performance of water, human urine, and sodium bicarbonate (Na2CO3) as buffering agents for the co-digestion of poultry feces and lignocellulosic biomass for the generation of biogas. The urine-buffered reactors were found to have a mean volume of 37 ± 8 mL gVS−1 to 101 ± 18 mL gVS−1. These values are 1 to 5 times greater than those of reactors buffered with sodium bicarbonate and water. The positive effect of urine as a buffering agent for biogas production is reflected in its volatile fatty acid concentration, which was reported to fall between 396 and 1400 mg L−1, in contrast to that of water (386 and 3109 mg L−1). Another study showed that human urine could be used as a co-feedstock to improve the gas yield during anaerobic co-digestion with cassava liquid waste [124,125]. Twizerimana et al. [126] further confirmed that source-separated human urine could help stabilize the anaerobic digestion of cotton yarn waste and improve the gas yield. Significant fluctuations in pH during AD are not desirable, as they can negatively impact microbial activity. This is important, as reduced fluctuations will encourage a better performance from the microbes, as their performance is highly pH-dependent [127].



Some studies have explored the role of biochar in process stability during AD. Biochar’s ability to confer stability to an AD system has been linked to its buffering ability, which is a consequence of its alkaline nature. Pan et al. [117] reported that wood-based biochar reduced the TAN concentration by 25%, in comparison with the control, which resulted in enhanced biogas production, while Kizito et al. [118] reported a 60% TAN reduction for the digestion of biochar-amended piggery waste, with a consequent increase in biogas production.




4.2. Fermentation


Fermentation is a biological process that deals with the decomposition of wastes (manures) into biogas and digestate at temperatures appropriate for mesophilic or thermophilic bacteria [128]. The fermentation process could either be dry or wet fermentation based on the moisture content of the feed material. For the former, the feed material usually has over 85% water content, while for the latter, the feed material usually has approximately 60% water content. The fermentation process is influenced by the pH of the medium, temperature, raw materials composition, sludge stirring, and humidity [128,129].



During the fermentation of manure, the feed is collected and transferred to a fermentation tank. The collected manure will then be blended with the reactor’s agitator, so that they become homogenized for the microorganisms to decompose the manure into methane (CH4), carbon dioxide (CO2), and organic fertilizer in an anaerobic environment. The fermentation process normally lasts up to 23 days, either for thermophilic-type (33–34 °C) or mesophilic-type (53–55 °C) conditions [120].



Several studies have documented the fermentation of human and animal waste for biofuel production, as shown in Table 7. Recebli et al. [119] conducted a comparative study to determine the daily biogas production rate from poultry and bovine animal manure. They separately filled 375 kg of poultry manure blend and 350 kg of bovine animal manure into 0.5 m3 of the fermentation reactor. Their results revealed that approximately 0.83 m3 and 6.33 m3 of biogas were produced daily from poultry manure and bovine animal manure, respectively. Zhang et al. [130] showed that the co-fermentation of waste-activated sludge and animal manure promotes glucocorticoid degradation. Their study revealed that chicken manure is a better co-fermentation precursor than dairy manure.



Fertilizers made from human excreta can cause eutrophication in aquatic bodies if there is runoff. Andreev et al. [121] explored the lactic acid fermentation of human urine to reduce its odor and enhance its fertilizing ability. To do this, they fermented the urine with bacterial inoculum in a closed jar for approximately 36 days. The pH of the treated urine ranged from 3.8–4.7 to the untreated 6.1, and the ammonia composition decreased by 20–30%, compared to the untreated, whose ammonia composition increased by 30%, owing to hydrolysis. The results showed that the treated urine has a reduced odor intensity and can be a good fertilizer because it lowers the volatilization of ammonia.



Bioethanol is an environmentally benign fuel that provides comparable efficiency at a lower cost, when compared with gasoline. AD intermediates, including the fermentable sugars obtained from hydrolysis and acetogenesis, can be used as useful feedstocks for bioethanol production via fermentation. The process is characterized by faster reaction kinetics and lower CO2 production. Some researchers have demonstrated that lignocellulosic feedstock, including animal manure, can be converted to bioethanol and green chemicals via enzyme hydrolysis and fermentation or through simultaneous saccharification and fermentation processes [123,131]. Figure 9 shows the sequential steps involved in the simultaneous saccharification and fermentation process. Doreswamy et al. [132] adopted the conventional anaerobic fermentation method for the production of bioethanol from piggery excreta. The authors reported approximately 89.59% high-purity bioethanol production and a theoretical yield of 0.765–1.02 gm/200 mL. Yan et al. [133] reported that the use of Saccharomyces cerevisiae for simultaneous saccharification and fermentation could produce bioethanol from pretreated and anaerobically digested cow dung, with yields of 0.19 and 0.13 g/g-raw biomass.





5. Nutrient and Fertilizer Recovery from Human and Animal Waste


Fertilizer is known for its beneficial impact on agricultural practices, with the common impact being enhancing soil fertility. Hence, its use has increased tremendously over the past years. This is reflected in its global demand, which rose from 186.6 Mt in 2016 to 194.4 Mt in 2018, and this value is projected to increase every year [134]. The fertilizer could be synthetic (chemical fertilizer) or organic fertilizer (animal manure manure-based fertilizers and human waste-based fertilizers).



Chemical fertilizers are inorganic fertilizers that enhance plant growth when added to the soil. They are also known as synthetic fertilizers. They usually have an equal distribution of the three important nutrients (nitrogen, potassium, and phosphorus) needed for plant growth [135]. They include urea, ammonium chloride, ammonium nitrate, and ammonium sulphate. However, this fertilizer is known for its unstable and soaring price and environmental degradation (polluting water bodies, acidifying soil, and global warming contributor), a result of its increased and continuous usage [136]. Hence, there is a need to switch to a cost-effective fertilizer type that is also environmentally friendly.



Organic fertilizers, on the other hand, which are bio-based, are the perfect alternative to chemical fertilizers because they also increase the productivity and yield of crops, improve the quality of soil, and enhance sustainability, while being friendly to the environment. They are rich in carbon and essential nutrients needed for plant growth. They cause minimal or no degradation, compared to synthetic fertilizers [137]. They are usually animal manure or human wastes (urine and feces).



Over the years, human feces have demonstrated excellent fertilization prospects by releasing organic matter and plant nutrients that help improve the structure of the soil and prevent erosion. Unprocessed human feces could be harmful to the soil, as they contain pathogens that reduce soil fertility [138]. Composting can be employed to eliminate all pathogens in human feces, so that they can be used to produce fertilizers. Human feces contain nutrients (potassium, nitrogen, sulphur phosphorus, magnesium, and calcium) for plant growth. Comparatively, human feces are richer in potassium, phosphorus, and organic matter than human urine [19]. Moya et al. [139] conducted a comparative study on the effect of artificial fertilizers and human-based fertilizers on the growth of French beans in Nairobi. They then reported that human feces-based fertilizers gave a 30% yield increase, compared to artificial fertilizers.



Human urine also contains potassium, phosphorus, sulphur, and nitrogen. Plants easily absorb these nutrients because they are in ionic forms [140]. Pathy et al. [141] reported that NPK biofertilizers can be obtained from human urine. Akpan-idiok et al. [142] compared the effect of human urine-based fertilizers and inorganic fertilizers on the Abelmoschus esculentus crop. It was reported that human urine-based fertilizers gave a higher yield of the crop than inorganic fertilizers.



The characteristics of urine are affected by the quantity of water taken in, the organism’s body size and feeding habits, the source of the urine, and the well-being of the microorganisms that excrete the urine. Urine is made up of organic compounds (primarily creatine, uric acid, and creatinine) and inorganic compounds (primarily nitrogen, potassium, and phosphorus) [29]. The percentage concentration of the critical elements in urine mainly determines the various components of urine. Ions such as Na+, Mg2+, Cl−, and Cu2+ are also constituents of urine. They enhance the growth of plants. The pH of stored urine is different from that of fresh urine because of the former hydrolyses ammonia and bicarbonate in a germ-free environment. The products (ammonia and bicarbonate) are released into the environment, while the residual bicarbonate increases the pH of the stored urine. Urine is reported to typically contain 1 g and 9.1 g of phosphorus and nitrogen per litre, respectively. The high composition of nutrients in unadulterated urine enables the development of more efficient energy recovery techniques and practical nutrient recovery concepts [29]. The developed nutrient recovery concept will help mitigate the environmental degradation that nutrients (potassium, phosphorus, and nitrogen) are likely to cause.



5.1. Overview of Nutrient Recovery Technologies


Nutrient recovery technologies are adopted for the recovery of nutrients from human and animal waste. Primary macronutrients, such as phosphorous, nitrogen, and potassium, as well as secondary macronutrients, including sulphur, magnesium, and calcium, are relevant nutrients that are in demand in several industries, such as the food, pharmaceutical, and fertilizer industries. Some of these technologies, including struvite precipitation, ammonia stripping, evaporation, and selective adsorption of nutrients, are briefly discussed as follows. For detailed information and a technical background of each recovery method, the readers are referred to the excellent review by Veneeckhaute et al. [143]. Patel et al. [144] also provided a comparative review of different nutrient recovery technologies from human urine.



5.1.1. Selective Adsorption


This technique employs an adsorbent to obtain nutrients from urine that are suitable for soil conditioning and amendment. It is mainly used to recover nitrogen with a zeolite adsorbent, which is composed of alumina and silica [145]. It can also be used to recover phosphorus if combined with struvite precipitation. A magnesium oxide (MgO) concentration of 0.5 mg/L and a supernatant phosphorus concentration of 10 gm−3 are reported to give the highest recovery of nitrogen. In contrast, 0.015 mg/L of zeolite with 1000 gNm−3 of supernatant nitrogen concentration gave the highest recovery of nitrogen. The nitrogen obtained from this technique can be used as a soil conditioner because it has proven helpful in enhancing the water retention and nutrients of soils with low nutrients [69].




5.1.2. Struvite Precipitation


This technology can be used for the simultaneous recovery of phosphorus and nitrogen. It is also employed in the treatment of wastewater. Struvite is an equimolar ratio of the anion (phosphate) and cations (ammonium ions and magnesium). Struvite precipitation for nutrient recovery can be made more effective by adding magnesium to urine. The precipitate produced can then be washed and filtered after it has been dried. Ahmed et al. [146] revealed that 12.5% of phosphorus and 5.7% of nitrogen constitute dry and pure struvite. The higher phosphorus concentration could be traced to the drying and precipitation processes. With this method, it is possible to recover nitrogen in the form of ammonium and phosphorus.




5.1.3. Ammonia Stripping


Ammonia stripping is used to recover ammonia from urine. During this process, ammonia is transferred between the liquid and gaseous phases. The recovery of ammonia is triggered by the pH, which can be increased by adding sodium hydroxide (NaOH) and calcium oxide (CaO) [146]. Papurello et al. [147] reported a 97% ammonia recovery from their study, where ammonia was stripped in a batch reactor with air, followed by its absorption in sulfuric acid. The product of this reaction, ammonia sulfate solution, can be used as a fertilizer. Stripping stored urine at 0.4 bar and 40 °C, followed by adsorbing the resulting gas at 5 bar and 20 °C, resulted in 10% ammonia recovery.




5.1.4. Evaporation


This technique is a volume reduction method because it helps reduce the water content in urine, thereby increasing the concentration of other nutrients. This technology is usually faced with problems such as energy and ammonia loss. The former can be prevented by recovering the energy, while the latter can be addressed by employing an acidification process [146]. Table 8 provides a summary of different nutrient recovery technologies and their efficiencies.






6. Bibliometric Research Trends on Resource Recovery from Human and Animal Waste


A bibliometric analysis is presented in this article to investigate the development of resource recovery from human and animal waste and identify the trends in publishing, dominant contributing authors, institutions, countries, potential publishing sources, and the most cited publications in this research area. Through bibliometric analysis, gaps in research were identified and presented in the next section. A summary of the methodology used in developing the bibliometric analysis is presented in Figure 10. The Web of Science (WoS) Core Collection database was used to compile the data used in the bibliometric analysis. The database was selected because of its large spectrum of data, compared to other databases. All research articles and proceeding papers related to resource recovery from human and animal waste for the last fifteen years were selected, with keywords such as animal manure, human feces, and urine (Figure 10). All relevant data were imported into the VOS viewer to create network maps for co-authorships, countries, and institutions. In addition, maps were developed for journal participation and keywords co-occurrence.



Figure 11 shows the network visualization maps of journals with a minimum of five citations per source between 2007 and 2022. It should be mentioned that the size of the circle on a map was determined by the number of citations. Therefore, journals with relatively large circles are highly cited. The journals were grouped into six distinct clusters, based on the circle colors. The journals with the highest number of citations in each cluster include scientific reports journal under nature portfolio, PLoS ONE, applied and environmental microbiology, nutrients, science of the total environment, and xenobiotica. The strong participation in journals such as scientific reports, science of total environments, and PLoS ONE is expected, since most of them are focused on resource recovery from hazardous waste materials, including human and animal waste. Some of them also explore different environmental remediation techniques.



Figure 12 presents the co-authorship map of countries collaborating in resource recovery from human and animal waste. The map outlines how countries relate to each other in the research area. The size of the circle represents the collaboration intensity of each country. In this case, the USA, China, and England are the leading countries, in terms of collaboration intensity. This could be attributed to the significant amount of investment in new technologies from these countries. Moreover, the line thickness indicates the link strength between two items, while the distance between two countries indicates the similarity between them.



The line thickness and distance analysis in Figure 12 shows that there is a significant research collaboration between the USA and other closer countries in the cluster. The institution participation map presented in Figure 13 also confirms that most of the institutions reported to be actively involved in resource recovery from human and animal waste research are found in China and the USA. The University of Illinois, University of California Davis, the Chinese Academy of Sciences, Zhejiang University, and the University of Reading had the highest number of publications, compared to the rest of the map.




7. Conclusions and Future Research Directions


Over the years, human and animal wastes have caused pollution (groundwater, soil, air, and land pollution), which has resulted in environmental degradation. This has resulted in researchers looking for a means to reuse, recycle, or recover byproducts from waste. Biological processes (fermentation and anaerobic digestion) and thermochemical methods (pyrolysis, gasification, and liquefaction) are promising valorization pathways. The present study provides an overview and the research progress in the valorization of human and animal waste via thermochemical and biological conversion pathways. While both pathways are promising routes for the conversion of waste into biofuels and value-added materials, they face several limitations. Thermochemical processes are expensive and require extremely high temperatures. In contrast, biological processes often produce low biofuel yields and require extended processing times. Therefore, an integrated biorefinery combining the two processes is suggested for the effective valorization of human and animal waste.



A bibliometric analysis was also presented in this study. The analysis confirmed that the USA, China, and England are the most productive countries in this research area. The University of Illinois, University of California Davis, the Chinese Academy of Sciences, Zhejiang University, and the University of Reading had the highest number of publications. Based on the results presented herein, the following future research gaps are observed.



	
Developing effective and safe methods for processing human and animal waste is needed. There is a need for safe and effective methods for processing hazardous waste to optimize nutrients and resource recovery.



	
It is imperative to examine the most effective ways to use the recovered resources. Once resources have been recovered from human or animal waste, there is a need to determine the most effective ways to use them, such as for agricultural purposes or as a source of energy, while considering the environmental impacts of different utilization methods.



	
Understanding the potential impacts of using recovered resources: It is important to understand any potential negative impacts of using recovered resources on the environment on a large scale. Usually, a cradle-to-grave lifecycle assessment should be performed.



	
Developing technologies for the on-site recovery of resources: There is a need for technologies that can be used to recover resources from feces on-site, such as at a wastewater treatment plant or in a portable system. Offsite or district waste processing facilities with improved heat optimization and materials recovery could also be a viable alternative.
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Figure 1. Classification of human and animal waste considered in this study. Note that, while there are several waste classifications, the one presented herein is based on the authors’ experience and the scope of the present study. 
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Figure 2. Van Krevelen diagram representing the heating values of the different types of animal manures, compared with solid fuels. Adapted from Shen et al. 2 [22] with permission from Elsevier. 






Figure 2. Van Krevelen diagram representing the heating values of the different types of animal manures, compared with solid fuels. Adapted from Shen et al. 2 [22] with permission from Elsevier.



[image: Environments 10 00046 g002]







[image: Environments 10 00046 g003 550] 





Figure 3. Overview of different types of pyrolysis. Data were obtained from Okolie et al. [8]. 
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Figure 4. Mechanistic reaction pathways for the pyrolysis of animal manure to bio-oils. Adapted from He et al. [51]. 
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Figure 5. An overview of the difference between conventional and hydrothermal gasification. 
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Figure 6. An overview of the reaction mechanism for nitrogen recovery during the hydrothermal gasification of chicken manure. Adapted from Liu et al. [61]. 
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Figure 7. Hydrothermal processing condition in water phase diagram. Adapted from [67]. 
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Figure 8. Proposed reaction pathways involved in the hydrothermal conversion of waste materials, such as human feces to biocrude and value-added chemicals. Adapted from Lu et al. [69]. ((a) hydrolysis; (b) dehydration; (c) decarboxylation; (d) deamination; (e) Maillard reaction; (f) cyclization; (g) polymerization; (h) decomposition). 






Figure 8. Proposed reaction pathways involved in the hydrothermal conversion of waste materials, such as human feces to biocrude and value-added chemicals. Adapted from Lu et al. [69]. ((a) hydrolysis; (b) dehydration; (c) decarboxylation; (d) deamination; (e) Maillard reaction; (f) cyclization; (g) polymerization; (h) decomposition).



[image: Environments 10 00046 g008]







[image: Environments 10 00046 g009 550] 





Figure 9. An overview of the sequential steps involved in the simultaneous saccharification with the fermentation process. 
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Figure 10. Flow chart of the bibliometric analysis methodology. 
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Figure 11. Network visualization map of journals with a minimum of 5 publications related to resource recovery from human and animal waste (2007–2022). 
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Figure 12. Co-authorship map of countries collaborating in resource recovery from human and animal waste. 
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Figure 13. Network visualization map showing organizations’ contributions. 
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Table 1. Summary of review articles related to resource recovery from human and animal waste.
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	Review Title
	The Main Issue Addressed
	References





	A review of sanitation technologies to achieve multiple sustainable development goals that promote resource recovery
	
	
Reviewed different sanitation technologies to safely recover resources from human waste.



	
Presented various nitrogen and phosphorus recovery pathways.





	Orner and Mihelcic [6]



	Resource recovery processes from animal waste as best available technology
	
	
Discussed the available nutrient recovery technology from animal waste.



	
Proposed an integrated cost-effective system for the recovery of nutrients from animal waste.





	Lee and Oa. [14]



	Sustainable Valorization of Animal Manures via Thermochemical Conversion Technologies: An Inclusive Review on Recent Trends
	
	
Discussed various sustainable pathways for the conversion of animal manure to useful resources.



	
Discussed the properties of animal manure, modelling, and optimization of thermochemical conversion of animal manure as well as the life cycle assessment.





	Rout et al. [16]



	Energy production from biogas: A conceptual review for use in Nigeria
	
	
Reviewed global methods of biogas production from animal manure.



	
Discussed the ecological and economic benefits of producing biogas from animal manure in Nigeria.





	Olugasa et al. [17]



	Sustainable Animal Manure Management Strategies and Practices
	
	
Discussed various sustainable and unsustainable animal manure handling practices.



	
Reviewed the risks associated with irresponsible handling of animal manure.





	Malomo et al. [18]



	Human excreta management: human excreta as an important base of

sustainable agriculture
	
	
Discussed research progress related to resource recovery from human feces.



	
Compared the environmental impacts of toilet flushing with the benefits and necessity of composting human feces.





	Zseni. [19]



	A technical review on resource recovery from human and animal waste
	
	
Provides a comparative evaluation of the physical and chemical properties of various human and animal waste.



	
Comprehensively reviewed different thermochemical and biological processes for the valorization of human and animal waste.



	
Outlines the current status and progress of nutrient recovery technologies from human and animal waste.



	
Discussed the bibliometric research trends related to resource recovery from human and animal waste.





	This study
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Table 2. Composition and nutrient content of animal manure and human excreta [20,21,22].
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Category

	
Moisture

Content (%)

	
Weight (kg)

	
N (kg)

	
K (kg)

	
P

(kg)

	
Volatile Solids (kg)

	
Total Solids (kg)

	
Biological Oxygen Demand, (BOD) (kg)






	
Poultry manures




	
Broilers

	
74

	
40.00

	
0.44

	
0.25

	
0.13

	
7.72

	
9.99

	
2.41




	
Duck

	
74

	
46.31

	
0.45

	
0.23

	
0.16

	
7.26

	
12.26

	
2.04




	
Layers

	
75

	
25.88

	
0.50

	
0.18

	
0.15

	
5.00

	
6.81

	
1.51




	
Swine manure




	
Boar

	
90

	
8.63

	
0.06

	
0.04

	
0.03

	
0.77

	
0.86

	
0.30




	
Gestating sow

	
90

	
11.34

	
0.07

	
0.05

	
0.03

	
1.04

	
1.14

	
0.38




	
Lactating sow

	
90

	
26.79

	
0.20

	
0.13

	
0.06

	
2.45

	
2.68

	
0.91




	
Beef manure




	
Finishing cattle

	
92

	
29.51

	
0.16–0.23

	
0.11

	
0.02–0.03

	
1.95

	
2.36

	
0.45




	
Beef cow in confinement

	
88

	
47.22

	
0.16

	
0.11

	
0.04

	
5.00

	
5.90

	
1.14




	
Growing calf in confinement

	
88

	
34.96

	
0.20

	
0.13

	
0.04

	
3.50

	
4.18

	
0.77




	
Human




	
Human feces

	
72

	
0.225

	
0.01

	
0.004

	
0.01

	
-

	
-

	
5.48




	
Human urine

	
95

	
0.12

	
0.02

	
0.005

	
0.005

	
-

	
-

	
1.83
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Table 3. Proximate and ultimate analysis of human and livestock wastes, expressed on a dry basis.
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Waste Types

	
Proximate Analysis

	
Ultimate Analysis

	
Higher Heating Value

	
References




	

	
Volatile Matter

(wt.%)

	
Fixed Carbon

(wt.%)

	
Ash Content

(wt.%)

	
C

(wt.%)

	
S

(wt.%)

	
O

(wt.%)

	
H

(wt.%)

	
HHV (MJ/kg)






	
Chicken manure

	
65.6

	
12.9

	
21.7

	
35.6

	
1.5

	
35.5

	
4.6

	
13.2

	
Hussein et al. [23]




	
Human feces

	
50.2

	
25.1

	
14.8

	
43.5

	
0.7

	
30.1

	
6.4

	
19.3

	
Yacob et al. [24]




	
Horse manure

	
70.4

	
11

	
10.5

	
46.1

	
0.2

	
53.1

	
5.4

	
22.5

	
Nitsche et al. [25]

Chong et al. [26]




	
Pig manure

	
-

	
-

	
22.3

	
40.4

	
0.4

	
50.6

	
6.3

	
13.7

	
Wu et al. [27]




	
Cattle manure

	
-

	
-

	
7.2

	
35.4

	
-

	
57.5

	
4.7

	
15.2

	
Islam et al. [28]
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Table 4. Summary of past studies on the pyrolysis of human and livestock wastes.
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	Type of Pyrolysis and Key Products
	Main Findings
	Reference





	Feedstock: Animal manure

Type: Slow pyrolysis

Non-catalytic

Main product: Biochar
	
	
Biochar properties depend on the type of feedstock and reaction temperature.



	
The biochar produced from the poultry litter had the highest electroconductivity, while the one from dairy animals had the highest energy density, carbon, and volatile matter content.





	Cantrell et al. [38]



	Feedstock: Human waste

Type: Slow pyrolysis

Non-catalytic

Main product: Biochar
	
	
The pyrolyzed human wastes gave five times potassium and quadrupled phosphorus than the composted wastes.



	
Composted human wastes had higher nitrogen contents than pyrolyzed human wastes.





	Krounbi et al. [1]



	Feedstock: Human Faces

Type: Slow pyrolysis

Non-catalytic

Main product: Biochar
	
	
The slow pyrolysis) gave a 20.9% yield of non-condensable gases, while the fast pyrolysis (>600 °C) gave a 45% hydrogen yield.



	
Kinetic analysis with a model-free method (iso-conversion), as well as a DAEM (distributed activated energy model), produced similar activation energy values, ranging from 141 kJ/mol to 409 kJ/mol.





	Yacob et al. [24]



	Feedstock: Dry toilet substrates comprising of urine, feces, and wood chips

Type: Slow pyrolysis

Non-catalytic

Main product: Biochar
	
	
The result showed that biochar is a suitable additive for soil remediation.



	
It is recommended that urine separation should be considered when producing biochar from human excreta.



	
Heavy metal concentration in biochar is within European regulation standards.





	Blueler et al. [44]



	Feedstock: Chicken manure

Physical activation with CO2 to activated carbon.

Type: Slow pyrolysis

Catalyst: Homogeneous NaOH

Main product: Biochar
	
	
Untreated char contains higher carbon and inorganic contents, as well as heavy metals.



	
Physical activation and chemical treatment improved the physicochemical properties of char for energy applications.





	Koutcheiko [45]



	Feedstock: Goat manure

Type: Fast pyrolysis

Non-catalytic

Main product: Bio-oil
	
	
The pyrolysis produced 26.1 wt.% yield of bio-oils at 500 °C.



	
The result also revealed that the bio-oil had a 52% carbon content, compared to the raw goat manure’s 42%.



	
Bio-oil chemical composition involves organic compounds for instance, benzenes, alcohols, alkanes, alkenes, ketones, phenols, and polyaromatic hydrocarbons (PAHs).





	Erdogdu et al. [46]



	Feedstock: Equine manure

Type: Fast pyrolysis

Catalyst: HZSM-5 catalyst

Main product: Bio-oil
	
	
Bio-oil chemical composition includes compounds such as acetic acid, acetol, and levoglucosan.



	
The use of catalysts helped improve the overall quality of bio-oil for subsequent catalytic upgrading.





	Elkasabi et al. [47]



	Feedstock: Poultry litter

Type: Fast pyrolysis

Non-catalytic

Main product: Biochar and gases
	
	
Pyrolytic gases accounted for 15–22 wt.% of the product.



	
The carbon content in biochar increased from 47 to 48.5 wt.%, with an increase in the pyrolysis temperature.





	Pandey et al. [48]



	Feedstock: Horse manure

Type: Microwave-assisted pyrolysis

Catalyst: Activated carbon

Main product: Biochar and gases
	
	
Produced gaseous product contains up to 73.1 vol% of syngas components.



	
Produced biochar has a heating value of 35.5 MJ/kg, with a high surface-to-pore volume ratio.



	
Bio-oil yield is relatively low when compared to biochar and gaseous products. This was attributed to the presence of extractives in the horse manure that partly inhibits bio-oil production.





	Mong et al. [49]



	Feedstock: Hen manure

Type: CO2-assisted catalytic pyrolysis

Catalyst: Transition metal

Main product: Biochar, bio-oil and gases
	
	
The main bio-oil components include phenolic and nitrogenous compounds.



	
CO2 assisted in the thermal cracking of volatile matters produced from hen manure pyrolysis into syngas.





	Lee et al. [50]
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Table 6. Summary of past studies on the gasification of human and livestock wastes.
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	Aim of Study
	Key Findings
	Authors





	To examine the effects of temperature, holding time, and catalyst on the product distribution of a Ni-Tm/TiO2-catalyzed liquefaction of human feces.
	
	
They reported that the catalyst increases the product yield by 35% and gives energy recovery of 87%.



	
A temperature of 330 °C and a holding time of 30 min gave the highest yield of biocrude (53.16%).





	Wang et al. [72]



	The feasibility of using hydrothermal liquefaction to produce energy (biocrude oil), recover nutrients and metals from human feces at specific retention times, temperatures, and total solid contents.
	
	
More than four-fifths of the waste was liquefied, which gives a yield of 34% and HHV of 40 MJ/kg.



	
The results reported showed that human feces is a potential source of energy and nutrient recovery.



	
Metals such as calcium, aluminum, magnesium, zinc, iron, sodium, and potassium are key components of human feces.





	Lu et al. [69]



	Nutrient recovery and energy production from the decomposition of animal manure, sewage sludge, and fish sludge, with or without K2CO3 (catalyst), under subcritical (350 °C) and supercritical conditions (450 °C).
	
	
The animal manure produced a quality biocrude in the presence of a catalyst and under supercritical conditions.



	
All the wastes produced a high yield of biocrude, as fish sludge and sewage sludge produced yields of 50% and 45%, respectively.





	Conti et al. [70]



	Studied the influence of temperatures, solvent filling rates, and solid–liquid rates on the composition and yield of bio-oil derived from pig manure are examined.
	
	
The highest bio-oil yield was found to be 35.56%, while its higher heating value ranged from 34.39 to 37.03 MJ/kg.



	
The major bio-oil components include ketones, nitrogen compounds, organic acids, long-chain hydrocarbons, ethanol, and esters.





	Wu et al. [27]



	To compare the hydrothermal liquefaction of dairy manure, broiler manure, dairy manure, laying hen manure, swine manure, and beef manure.
	
	
The swine manure had the highest biocrude oil yield (30.85%) at 340 °C, while the other manure yield ranged from 15% to 25%.



	
The solids recovered from these manures (copper, zinc, lead, cadmium) are heavily distributed in the solid residue from hydrothermal liquefaction.





	Li et al. [71]



	Explored the possibilities of converting camel manure into bio-oil and upgrading to drop in fuel via hydrothermal liquefaction.
	
	
Optimum bio-oil yield of 37.9% was obtained during the liquefaction of camel manure.



	
The bio-oil was upgraded to a drop-in fuel with similar properties to gasoline. The fuel has a minimum selling price of 0.87 USD/kg.



	
The produced gasoline led to a 7% reduction in emissions, compared to the conventional gasoline production process.





	Alherbawi et al. [73]



	Studied the synergistic effect during the co-liquefaction of corn cob and cattle manure.
	
	
Co-liquefaction helped to improve the quality of bio-oil and yield, compared to a single liquefaction of each feedstock.



	
Developed a detailed reaction network mechanism for hydrothermal co-liquefaction of cattle manure and corn cob. Key intermediate products, such as acids, amines, and CO2 and 3, can influence the reaction environment pH value and then affect the subsequent intermediate reactions.





	He et al. [74]
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Table 8. Summary of nutrient recovery technologies from human and livestock urine.
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	Recovery Technology
	Nutrients Recovered
	Source
	Efficiency (%)
	References





	Air stripping
	Ammonium
	Human urine
	90
	Wei et al. [148]



	Struvite precipitation
	Phosphorus
	Human urine
	94
	Masrura et al. [149]



	Membrane separation
	Ammonium, phosphate
	Human urine
	Above 90
	Zhang et al. [150]



	Bio-electrochemical systems
	Ammonia
	Human urine
	60
	Martin et al. [137]



	Wet extraction
	Phosphorus
	Pig manure
	92–97
	Azuara et al. [151]



	Chemical precipitation
	Phosphate
	Dairy manure
	82
	Zhang et al. [152]
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