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Abstract. Chemical fertilizer’s increasing cost is becoming a major bottleneck for 

small and large farmland cultivation, of which liquid manure (LM) offers a 

comparative advantage. LM is the end-product of anaerobic digestion (AD) of 
several organic matter and/or their compost mixed manually or mechanically in 

dugged trenches or bioreactor using water. Overall, the microorganisms present 
helps significantly in breaking down soil organic matter to useful nutrient for the 

plant’s survival and growth, as moisture is essential for bacterial proliferation. In this 

work, interaction between the substrate and microbe (N) and microbe and gas being 
produced (K) in mesophilic AD system is examined using an existing model. Results 

shows that, N and K ranges from 0.00046-0.0016 and 0.1643-0.1987 respectively 

between 25-45℃ for LM digested for 120 days. Statistical parameters, R2 and 

adjusted R2 shows that, empirical biogas yield at different choice of mesophilic 

temperature adequately fits the correlated values for estimates of the interaction 
factors obtained. This study by implication, sought to improve on LM studies and 

exploration for both agricultural use and biogas production as a potential 

replacement of the costly chemical fertilizer. 

Keywords: Liquid manure, Interaction factor, Biogas yield, Anaerobic digestion, 

Crop production 

Resumen: El costo cada vez mayor de los fertilizantes químicos se está convirtiendo 

en un cuello de botella importante para el cultivo de tierras agrícolas pequeñas y 
grandes, de las cuales el estiércol líquido (LM) ofrece una ventaja comparativa. LM 

es el producto final de la digestión anaeróbica (AD) de varias materias orgánicas y/o 
su compost mezclado manual o mecánicamente en zanjas excavadas o biorreactores 

que utilizan agua. En general, los microorganismos presentes ayudan 

significativamente a descomponer la materia orgánica del suelo en nutrientes útiles 
para la supervivencia y el crecimiento de la planta, ya que la humedad es esencial 

para la proliferación bacteriana. En este trabajo, se examina la interacción entre el 

sustrato y el microbio (N) y el microbio y el gas que se produce (K) en el sistema 
AD mesófilo utilizando un modelo existente. Los resultados muestran que N y K 

oscilan entre 0,00046 y 0,0016 y 0,1643 y 0,1987, respectivamente, entre 25 y 45 ℃ 
para LM digerido durante 120 días. Los parámetros estadísticos, R2 y R2 ajustado 

muestran que el rendimiento empírico de biogás a diferentes opciones de 

temperatura mesófila se ajusta adecuadamente a los valores correlacionados para las 

estimaciones de los factores de interacción obtenidos. Este estudio, por implicación, 

buscó mejorar los estudios y la exploración de LM para uso agrícola y producción 

de biogás como un reemplazo potencial del costoso fertilizante químico 

Palabras clave: Abono líquido, Factor de interacción, Rendimiento de biogás, 

Digestión anaeróbica, Producción de cultivos 
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INTRODUCTION 

As significant basis for plant nutrition, liquid manure (LM) essentially adds organic matter to 

the soil. By so doing, it improves tilth, soil structure and amendments, cation exchange ability, plant 

growth and productivity, infiltration of water, and organic carbon content of the soil (that gives energy 

to soil microbes); prevents pest and disease attack; benefits socio-economically; and reduces runoff 

by acting as a mulch (BEL, 2005; Gajjela et al., 2018; Halder et al., 2018; Hoorman et al., 2009; 

Mahanta & Dhar, 2021; Maity et al., 2020; Msibi et al., 2014; Onduru et al., 1999; Supriya & Harish, 

2019). LM are therefore, organic fertilizers formed by mixing and dissolving factory waste, crop 

residues, urine, green manures, sawdust, market waste, animal dung, household/kitchen waste, 

mushroom waste, agro-industrial wastes and farm residues, among others – by way of fermenting 

and/or decomposing them (Ansar et al., 2021; Elaiyaraju & Partha, 2016; Rana, n.d.; Supriya & 

Harish, 2019). In various farmlands, the efficiency of LM in growing certain types of crops compared 

to chemical fertilizers had been studied with near 100% success by many researchers (Alamene & 

Howells, 2022; Antoneli et al., 2019; Arunkumar et al., 2021; Byeon et al., 2021; Choi et al., 2017; 

Gajjela et al., 2018; Msibi et al., 2014). In whatever form (solid, semi-solid or liquid form), manures 

have the potential of polluting water bodies and the surrounding air, by causing GHG emissions, 

ground water pollution, leaching of pollutants, soil salinization and eutrophication of surface water 

(Ahlberg-Eliasson et al., 2021; Antoneli et al., 2019; Camilleri-Rumbau et al., 2021). 

In essence, to apply LM on agricultural soils, certain guidelines and procedures needs to be 

followed. Also, their type (e.g. the 1000 years old ancient manures, including panchagavya, 

jeevanruth, sasyagavya, sanjivak, bijamrita, ampritpani, kunapajala, vermiwash, seaweed extract, 

bokashi tea and compost tea), method of preparation, method of soil application and the nutritional 

composition needs to be considered (Maity et al., 2020; Nene, 2018; Supriya & Harish, 2019). LM 

manufacturing processes depends naturally on the feedstock available and selected for its production 

(Alagesan, n.d.; Rana, n.d.). Method of application comprises of land surface spreading, spray 

irrigation and shallow subsurface injection using LM application device/machine or manual 

technique (Hoorman et al., 2009; Shapiro et al., 2005). Ess et al. (2012) presented different machines 

used to apply LM on site with means of generating real data from its embedded weighing systems, 

flow meters, speed sensors and GPS units in order to measure the discharge rate, width of application, 

travel speed and application rate. But studies have shown that foliar application by means of spray 

as opposed root application, supplies nutrients to higher plants 20 times faster (Gajjela et al., 2018; 

Hoorman et al., 2009; Masih et al., 2009; Pajak et al., 2001). The nutrient content depends on method 

of waste collection and storage, age and species of the animals (e.g. manures from cow, poultry, 

horse, dairy, pig, dog, cattle etc), their number per unit area, their diet/feed nutrient density, barn 

management, bedding material type and volume, method and time of land application, climate, type 
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of crop the manure is applied to, characteristics of the soil and other management factors (Manitoba, 

2015; Muvhiiwa et al., 2016; Ritz & Merka, 2013; Sutton et al., 1985). For instance, antibiotics are 

sometimes found in pig excreta which might not be suitable for plants if received as swine LM (Yang 

et al., 2020). 

Alternatively, in lieu of mixing substrates to formulate LMs, anaerobic digestion (AD) 

provides a double benefit of realizing not just the LM obtained from the digestate but also, biogas. 

Because originally, organic liquid fertilizers are by-product of bio-waste compost and/or aerobic and 

anerobic degradation processes (Sanadi et al., 2019; Wilkie, 2005; Zeeman, 1991). In view of that, 

the driving force, in this case bacteria, has a proportional effect on the amount of gas produced and 

has direct link with the substrate itself – especially in anaerobic systems. Also, in respective of the 

feed phase that results in a digestate/liquid manure, addition of more bacteria into the system 

generates more biogas. Even as Zaeni et al. (2019) affirms in their findings that decomposing solid 

waste requires more retention period than liquid waste, the ultimate goal is to generate a nutrient-rich 

liquid organic fertilizer. Exploring ways to replace chemical fertilizers is attached to the fact that they 

are not economically beneficial for small and marginal farmers due to their increasing cost 

(Arunkumar et al., 2021). The LM or digestate obtained from AD is usually separated into solid and 

fluid fraction by gravity, mechanical systems (Figure 1) and chemical coagulants addition (Popluga 

et al., 2020; Rico et al., 2022). Advantage is the lowering of its environmental impact (e.g. odor, 

pollutant emission and disease spread), animal waste volume, transportation cost, storage cost, energy 

consumed, the possibility of using homogenizing systems and increase ease of introducing liquid 

fraction into soil (Byshov et al., 2020; Camilleri-Rumbau et al., 2021; Popluga et al., 2020; Tampio 

et al., 2022). Though solid-liquid separation refuses to guarantee the recovery of the enormous 

nutrients still present in the resulting liquid fraction, its primary benefit is the production of bi- 

fractions that are fundamentally easy to manage than the initial slurry and manufacture additional 

products while utilizing it (Camilleri-Rumbau et al., 2021; Popluga et al., 2020; Wilkie, 2005). 
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Figure 1: Separation of the Digestate (Popluga et al., 2020) 

 
Microbes in AD systems are responsible for depleting the substrate and producing multiple 

gases. Water is an essential substance microbes need to grow in size and multiply in the system 

(Anonymous, 2001). Collectively, the gases produced are tagged “biogas” as they originates from 

convertible organic matter (viz., LM). These microbes are very active constituents of biofertilizer to 

promote plant growth even after AD (Vishwakarma et al., 2020). Previously, several equations where 

developed to compute the speed at which the substrate is degraded by microbes and the rate at which 

biogas is formed. Almost none (or lacking), is a basic model that relates the microbe to both gas 

generation and microorganisms. However, Nwoye et al. (2012) formulated a simple model that 

provides a dimensionless parameters to both microbe-substrate and gas-microbe interaction in a 

nonlinear equation in relation to biogas generation with time. The model deals only with microbe 

interaction with gases in a confined or anaerobic environment, even though it is known that some of 

the gaseous components can disappear into the atmosphere when exposed for too long. 

The digestate LM releases hydrogen sulphide (H2S) and ammonia (NH3) to the air causing 

headaches, eye irritation to death, depending on concentration and length of exposure (Wallace, 

2008). Obviously, agriculture is the largest source of NH3 to the air, according to estimates (Sommer 

et al., 2022). Sutaryo (2012) mentioned acidification using sulphuric acid as a proven technique of 

reducing NH3 emission from manure. This implies that not all plant nutrients (e.g. nitrogen, 

phosphorus, potassium, carbon, sulphur etc.) are available in LM during crop application (Adar, 2020; 

BEL, 2005; Halder et al., 2018; Manitoba, 2015; Rahmad et al., 2018). Nitrogen volatilization, 

potassium runoff, phosphorus leaching and sulphur in reduced form, reduces the amount of nutrient 

used by the crop (Halder et al., 2018; Manitoba, 2015). Nitrogen, either in organic and/or inorganic 

form, is hard to ascertain their presence in the soil (Lorimor, n.d.; Zebarth et al., 1996). It is necessary 

to know the amount of manure N available for crop utilization and so Agros Nova N meter is used to 
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rapidly estimate the N content of LM in the field (Manitoba, 2015; Zebarth et al., 1996). Sommer et 

al. (2022) went ahead to develop a model for computing the amount of NH3 emitted from stored 

animal LM. Though losses of nitrogen are caused by (Lorimor, n.d.): (a) % of it in the NH3 found, 

(b) weather, (c) surface to which the manure is applied and (d) time. Basically, the higher the solids 

content, the lower the %NH3. Warm condition always led to significant losses of NH3 as well as from 

crop residue. By reducing the period of manure exposure, losses can be reduced as this is largely 

during the initial 5-10 days. In AD systems, rise in free NH3 content affects the microorganisms in 

the methanogenesis phase (Rajagopal, 2013) and escape during storage or crop application is a natural 

way of ensuring microbial survival and ability to aid plant’s growth. 

Literature results from LM anaerobic digestion depends naturally on its composition and 

reacting conditions. It can also be understood as a codigested feedstock of dissimilar plant-animal, 

plant-plant or animal-animal wastes products in slurrified form (mixed with water). In that case, most 

AD experiments carried out are indirectly of LMs, even if it is also referred to as the liquid fraction 

of the digestate separation after aerobic decomposition. Table 1 gives some literatura reacting 

conditions during AD of LM. 

Table 1: Liquid Manure Digestion and Biogas Yield 

Feedstock RT Feed/OLR Digester Type Reactor 

Condition 

Biogas/Methane 

Yield 

Reference 

Liquid dairy 

manure 
- - Plug & mixed 

5low 

sequential 

reactor system 

- - (Wen et 

al., 2007) 

Cattle manure 

liquid fraction 

(CMLF) 

30 days - 250 ml BMP 

bottles 
35℃; 120 
rpm;   1.5   S/I 
ratio; 8.13 pH 

465 mL (Adar, 

2020) 

Liquid 

fraction of 

dairy manure 

<1 day 26.4-34.8 

g[COD] 𝑙−1𝑑−1 
1 litre UASB 25℃ 8.4 𝑙[CH4]𝑙−1𝑑−1 (Rico et 

al., 2022) 

Cow rumen 

liquid 

processing 

waste 

84 days 900 ml - - 6.197 litres (98.86% 

CH4) 

(Zaeni et 

al., 2019) 

Liquid dairy 

manure 

10 days 2-4.5 kg VS/m3 

day 

CSTR - 0.66-1.47 m3/m3 d (Rico et 

al., 2011) 

Flushed dairy 

manure 
- - - - - (Wilkie, 

2005) 

CSTR = continuous stirred tank reactor, UASB = upflow anaerobic sludge blanket, OLR = organic loading rate, COD = 

chemical oxygen demand, BMP = biomethane potential bottle, VS = volatile solid. 

There are different understanding of the term ‘liquid manure’ by scientist and bioengineers. 

A mixture of plant, animal wastes and water; manure in diluted form like slaughterhouse wastewater 

(e.g. cattle and poultry liquid processing waste); sludge from tanneries, beverage industries and water 

treatment plants and; sewage are in various fora considered as LMs. This work takes LM as an organic 

matter mixed with water before digestion in an oxygen-free vessel. It utilizes the biogas yield assay 

obtained after digesting LM in five reactors of varying temperature conditions to explain the 
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interaction between both substrate and gas with microbes present. The effectiveness of the model in 

explaining the empirical biogas yield result is also demonstrated using analytical tools. 

MATERIALS AND METHODS 

Materials used include water, thermometer, weighing balance, decomposition vessel, organic 

matter consisting of animal dung and plant waste and Excel analytical softwares. After 30 days 

retention time, the temperatures and biogas yield in five bioreactors were recorded every five days. 

When there isn’t much significant increase in gas generation, the measurement was stopped on the 

120th day. Data Analytical Memory, ‘C-NIKBRAN’ developed in 2008 by Nwoye et al. (2012) was 

used throughout this work. It is an equation (Eqn. 1) introducing new parameters called interaction 

factors for the gas production and substrate depletion. 

𝑲 𝐥𝐧 𝜸 ≅ 𝜶 + 𝑵 (1) 

Where, N = overall microbe-substrate interaction factor, K = Gas-microbe interaction factor, 

𝛼 = hydraulic retention time (days) and 𝛾 = methane and biogas yield (mL/gVS). Using a result of 

biogas yield with retention time earlier obtained over 120 days fermentation period, a plot of ‘ln 𝛾’ 

against 𝛼 was made. Parameters N and K were repeatedly guessed to find their appropriate estimates 

that would generate a new set of ‘ln 𝛾’ that fits the ‘ln 𝛾’ from empirical measurement. In the process, 

two statistical parameters, R2 and adjusted R2 were computed. The correlated or predicted ‘ln 𝛾’ can 

therefore be determined by customizing Equation (1) and (2). 

𝜶+𝑵 𝟏 𝑵 
 

  

𝜸 = 𝐞𝐱𝐩 ( ) = 𝒆 (𝑲)𝜶+ 
𝑲 (2) 

𝑲 

The experimented and predicted ‘ln 𝛾’ data were plotted together to illustrate their level of fit 

as evidenced in the respective R2 and adjusted R2 obtained at temperatures 25, 30, 35, 40 and 45℃. 

N and K values can also be harvested from the slopes (1⁄𝐾) and intercepts (𝑁⁄𝐾) of ‘ln 𝛾’ against 

𝛼 lines. 

RESULTS DISCUSSION 

Table 2 are values obtained by measuring the yield of biogas at equal intervals (5 days) in 19 

occasions. 

Table 2: Empirical Biogas Yield with Temperature and Retention Time 

T(℃) 25 30 35 40 45 

RT (DAYS) 𝛾 𝛾 𝛾 𝛾 𝛾 

30 186.79 259.18 331.58 403.97 476.36 

35 198.34 269.78 341.22 412.67 484.11 

40 209.88 280.38 350.87 421.37 491.87 

45 221.42 290.97 360.52 430.07 499.62 

50 232.97 301.57 370.17 438.77 507.37 

55 244.51 312.17 379.82 447.47 515.13 

60 256.06 322.76 389.47 456.17 522.88 

65 267.6 333.36 399.12 464.88 530.63 

70 279.15 343.96 408.77 473.58 538.39 
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75 290.69 354.55 418.42 482.28 546.14 

80 302.24 365.15 428.06 490.98 553.89 

85 313.78 375.75 437.71 499.68 561.65 

90 325.32 386.34 447.36 508.38 569.4 

95 336.87 396.94 457.01 517.08 577.15 

100 348.41 407.54 466.66 525.78 584.91 

105 359.96 418.13 476.31 534.48 592.66 

110 371.5 428.73 485.96 543.18 600.41 

115 383.05 439.33 495.61 551.89 608.16 

120 394.59 449.92 505.25 560.59 615.92 

Abubakar et al. (2022) carried out a similar study using a ready-made Excel Calculator that 

returns the biogas yield of LM at constant temperature and varying time. Temperature shows a 

proportional trend in the behavior of the yield with time, which agrees with Eronmosele et al. (2020) 

and Tian et al. (2018) studies. 

Gas-microbe and microbe-substrate interaction factors are new set of parameters introduced 

in AD system. Nwoye et al. (2012) did not explain vividly, how important these factors are in 

microbial or biogas yield analysis as with other kinetic equations. Also, appropriate ranges for N and 

K are not given, but can be estimated for a set of 𝛾 and 𝛼. But from Table 3, N and K estimates shows 

that activities of microbes are the main  agents those parameters aim to explain. N and K happens to 

decrease with increasing temperature. At a particular retention time, gas yield skyrockets with 

increasing temperature, which is opposite the trends shown by N and K. A high N (at 25℃) implies 

that the activity of microorganism or their conversion of the LM substrate to biogas is low. Because 

temperature increases reaction rate, a low N (at 45℃) by indication, shows that around the mesophilic 

temperature (Gaby et al., 2017; Murillo-Roos et al., 2022; Zeeman, 1991), the environment is most 

favorable for microorganisms to proliferate and generate more gases. Since both N and K have 

identical decreasing trends with temperature, high K is illustrative of the fact that gas production is 

limited due to either low microbial presence, insufficient nutrient or a near psychrophilic 

temperature regime which is not quite favorable in this experiment. While low K, would give better 

yield, of which intuitively, it can be presumed that the microorganisms present are mesophilic. 

Table 3: Interaction Factors of Liquid Manure AD and Statistical Parameter 

 Temperature 

25℃ 30℃ 35℃ 40℃ 45℃ 

Factors:  

N = 0.001629 0.001129 0.000828 0.00061 0.00046 

K = 0.198653 0.185137 0.176084 0.169451 0.164309 

 

Statistical 
Parameter: 

 

R2 = 0.999982 0.999995 0.999998 0.999999 0.999999 

adj. R2 = 0.999981 0.999995 0.999998 0.999999 0.999999 
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Microbes in the AD system are responsible for converting the nutrients in the LM to biogas. 

At any temperature, the longer the 𝛼, the less the nutrient remnants inside the LM after digestion, due 

to increased consumption rate by the microbes leading to increased biogas yield. Therefore, there 

would be less available nutrient for plant growth in the digestate; a situation that is identical with the 

high N scenario. However, non-metallic nutrients such as NH3 and H2S are products of bacteria 

degradation of the LM and contains sulphur and nitrogen also needed for plant growth. So within the 

digestate, there would still be elements of sulphur, nitrogen, potassium and phosphorus after digestion 

which are most atimes enough for crop production. 

The estimates of the interaction factors can be plugged into Equation (2) as shown in Equation 

3-7 to give their respective model equations. 

25℃:   𝛾 = 𝑒 0.0082𝛼 + 5.0339 (3) 

30℃:   𝛾 = 𝑒 0.0061𝛼 + 5.4014 (4) 

35℃:   𝛾 = 𝑒 0.0047𝛼 + 5.6791 (5) 

40℃:   𝛾 = 𝑒 0.0036𝛼 + 5.9014 (6) 

45℃:   𝛾 = 𝑒 0.0028𝛼+ 6.0861 (7) 

The derived model equations excludes kinetic parameters found in biogas kinetic models (e.g. 

modified Gompertz, Cone, Transfert, First-order models etc.) previously analyzed for the same 

feedstock by Abubakar et al. (2022) and microbial growth kinetic models (e.g. Monod, Contois etc.). 

However, N and K can be compared with biomethane potential, lag phase, shape factors, maximum 

specific growth rate and half-saturation constants in those models. 

Figures 2 demonstrates a fitted line of experimental logarithm of the bioyas yield and that of 

the predicted values. They equally shows a proportionate rise in biogas with time and temperature. 
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Figure 2: Demosntrating C-NIKBRAN Model Effectiveness in Predicting N and K of Fitted 𝛾 
 

As obtained in this work and stated by Muvhiiwa et al. (2016), high temperature leads to more 

biogas production than low temperatures. That is, of the three temperature regimes (namely, 

cryophilic/psychrophilic, mesophilic and thermophilic regime), as proved by Sichilalu et al. (2017), 

Ukpai et al. (2015) and Singh et al. (2017), bacteria continues to multiply with upward rise in 

temperature from 20-40℃ (around the mesophilic range) thereby increasing biogas generation. Above 

40℃, bacteria reduces or stop multiplication, according to Sichilalu et al. (2017), who compared the 

biodigester with the stomach. But, Pandey & Soupir (2012) works shows that biogas produced during 

dairy manure digestion was highest at 52.5℃ while Sultan et al. (2019) and Zahoor et al. (2021) 

obtained more at 55℃. By implication, 45℃ is not an optimum temperature at which biogas 

generation is maximum for LM-AD. 

 

N < K for all temperature conditions in Table 3 points to better conversion of substrate to gas 

by the microorganism even at low quality condition of the feed/nutrient present for the microbe to 

interact with, which is arguably wrong. Figure 3a obviously shows that N an K are proportional, 

where a low K corresponds with a low N and a high K corresponds with a high N in this experiment. 
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(a) N-K Relationship (b) Temperature-Interaction Factor Relationship 

Figure 3: N, K and Temperature Relationship 

Notice that two sets of N and K that lies between the maximum and minimum values obtained 

in this work and as shown in Figure 3(a) can be plugged into Equation 1 and solved simultaneously 

for 𝛾 and 𝛼. That is, if the two equations are written in form of “(ln 𝛾). 𝐾 − 𝑁 = 𝛼”, which can be 

solved using the Appendix D C++ codes. Alternatively, N and K at any temperature between 25 and 

45℃ can be determined from Figure 3b by drawing a vertical line from the temperature to intersect 

the N and K curves. Other graphical illustrations that clearly explains some relationships are presented 

in the Appendix. 

 

CONCLUSIONS 

Perfect interaction between microbes and both substrates and gas will ensure an efficient AD 

process. The interaction is favoured by good reacting condition to enable microbial survival so that 

they continue to perform effectively to generate the desired feedstock-biogas conversion. High 

temperature around the terminal value of the mesophilic microbe temperature range (e.g. 45℃) 

provides  476.36-615.92  mL/gVS  of  biogas  which  is  compared  highest  to  lower  temperatures. 

However, the temperature-effect is not incorporated in model used in this study, but is significant in 

explaining both N and K values obtained, which in turn gives clue on nutrient availability in the LM 

for plant growth. The C-NIKBRAN analytical memory model needs further examination in other 

biogas source. It also needs to be tested and compared with biogas kinetic models and microbial 

growth kinetic models in the literature for same and diverse feedstock combinations. Questions like, 

‘how growth parameters in those models relates with N and K?’ should be answered in future 

combined examination of the models with selected feedstock. 
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APPENDIX 

A. Alternative Illustration of the N, K and Temperature Relationships 

B. Depiction of Measured and Correlated 𝜸 with 𝜶 

 
C. Gas Yield versus Temperature at Specific Retention Time 
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D. C++ Codes to Find ‘N’ and ‘K’ for Biogas Yield at two Retention Periods 
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