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Abstract 
In this study, the co-digestion of orange pulp (OP) and cattle manure (CM) were investigated. The anaerobic process (40 
d) of five reactors prepared according to different carbon to nitrogen (C/N) ratios (17, 26, 29, 35, 43.76) was completed. 
Anaerobic digestion (AD) was investigated in batch reactors (1000 mL) and both biogas production measured every five 
days and soluble chemical oxygen demand (SCOD) value % removals were determined. The highest biogas production 
was observed as 373.9 mL/g TS in the reactor in which the (C/N) ratio was 29. Compatibility of biogas production 
measured every five days of all reactors was investigated by Wood model and Wilmink model. Model evaluation criteria 
were interpreted on the basis of coefficient of determination (R2), sum of remaining squares (RSS), Akaike information 
criterion (AIC) and Bayesian information criterion (BIC) tests. As a result, except for other studies, biogas production 
measured in anaerobic processes (every 5 days) was successfully completed according to Wood and Wilmink models. 
Keywords: Biofuels, Biogas, C/N ratio, Wood model, Wilmink model. 
 
 

Portakal Posasının ve Sığır Gübresi Farklı C/N Oranlarına ile Birlikte 
Parçalanması ve Biyogaz Üretiminde Yeni Bir Modelleme 

 
Öz 
Bu çalışmada, portakal posası (OP) ve sığır gübresinin (CM) birlikte sindirimi incelenmiştir. Farklı karbon azot (C/N) 
oranlarına (17, 26, 29, 35, 44) göre hazırlanmış beş reaktörün anaerobik süreci (40 d) tamamlanmıştır. Anaerobik 
parçalama (AP) kesikli reaktörlerde (1000 mL) incelenmiş ve her iki biyogaz üretimi her beş günde bir ölçülmüş ve 
%SCOD değeri giderimi belirlenmiştir. C/N oranının 29 olduğu reaktörde en yüksek biyogaz üretimi 373.9 mL / g TS 
olarak gözlemlendi. Tüm reaktörlerin beş günde bir ölçülen biyogaz üretiminin Wood modeline ve Wilmink modeline 
uyumu araştırılmıştır. Belirleme katsayısı (R2), kalan kareler toplamı (RSS), Akaike bilgi kriteri (AIC) ve Bayesian bilgi 
kriteri (BIC) testleri baz alınrak model değerlendirme kriterleri yorumlanmıştır. Sonuç olarak, diğer çalışmalar haricinde 
anaerobik proseslerde ölçülen biyogaz üretimi (5 günde bir ) Wood ve Wilmink modellerine göre başarıyla 
tamamlanmıştır. 
Anahtar Kelimeler: Biyoyakıtlar, Biyogaz, C/N oranı, Ahşap model, Wilmink modeli.  
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1. Introduction 

 

The growing population has increased the energy demand in the last century. The production 

of energy to meet this incremental demand pushes human beings to find sustainable and renewable 

energy sources because traditional energy production from fossil fuels cause irreversible damages to 

the earth such as global warming and climate change. Renewable energy systems (RES) can include 

solar, wind, hydro, geothermal, and biomass. Among them, biomass energy has caught the attention 

of policy makers and researchers due to two major benefits which are energy security and waste 

management in the last two decades (Atelge et al., 2021). Biomass energy can be produced through 

anaerobic digestion (AD) methods which are defined where organic waste resources can be converted 

into methane as an energy carrier and carbon dioxide in an oxygen-free environment by 

microorganisms (Atelge, 2021). AD is a way to produce bio-methane and bio-hydrogen which are 

forms of renewable energy. Developed countries including many European counties are the leaders 

for biogas production and its utilization according to their established biogas facilities. In Europe, the 

biogas production facilities increased from 6,227 to 18,943 between 2009 and 2019 (EBA, 2020). If 

this growth rate remains, it is projected that biogas production may reach an equivalent of 467 TWh 

by 2030 and 1,020 TWh by 2050 (EBA, 2020). Feedstocks for AD process have been heavily studies 

in the literature; however, there are still some gaps for usage different agricultural waste such as 

orange waste.  

Although orange production is concentrated in the Mediterranean region, more than 6 million 

tonnes are collected each year in Spain, Italy, Greece and Portugal (Negro et al., 2017). About 30% 

of this production takes place in Italy, which produces bulky waste flows of about 0.6 million tonnes 

of orange waste (Ferrari et al., 2016). The orange waste constitutes about 50-60 % by weight (wet 

weight) of the processed fruit and the shell of 60-65 % by weight, 30-35 % by weight of the inner 

tissue and the share of the remaining seeds (Crawshaw, 2003). Numerous promising suggestions for 

the use of this waste are described in the literature (Ángel Siles López et al., 2010). Orange industry 

wastes are generally applied in many areas in the form of orange peels and orange straws. Studies on 

the production of biogas from orange wastes have been investigated in two different categories such 

as orange straw or orange shells (Calabrò et al., 2018; Wang et al., 2019).  

Ortiz-Sanchez et al. (Ortiz-Sanchez et al., 2020) reported biogas production from orange peel 

waste as a mono substrate after applying pectin extraction process. Their result revealed that 0.256 N 

m3/g TS of biogas was obtained from orange peel waste. In another study, orange waste (pulp and 

peel) with ensuing aerobic after treatment of the digestate was utilized for AD under thermophilic 

condition. In batch assays, methane production amount of approximate 0.49 m3 kg-1 VS added waste 

was obtained (Kaparaju & Rintala, 2006). Wikandari et al.  (Wikandari et al., 2015) reported that AD 
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of the orange shells yielded biogas production at a value of 61-217 mL/g VS. The most acceptable 

and easy method for improvement of biogas production is co-digestion strategy. 

Co-digestion is a waste treatment method where different wastes are mixed and processed 

together (Ağdağ & Sponza, 2007; Şenol, 2020b). Anaerobic co-digestion of orange peel wastes and 

jatropha de-oiled cake for biogas production were carried out on the batch scale (500 mL) under 

anaerobic condition at ambient temperature (in various mixing ratios of two substrates). The 

experimental data showed a highest biogas output of 1140 mL of gas production at (1:2) ratio of 

jatropha deoiled cake with orange peel waste obtained for a period of 17 days (Elaiyaraju & Partha, 

2012). Another study was reported that orange peel and catering waste were investigated the co-

digestion effect on biogas yield (Anjum et al., 2017).The biogas production was increased 1.5 times 

when a 1:1 mixing ratio of orange peel and catering waste was used (Anjum et al., 2017). One of the 

most abundant feedstocks for the AD process is daily manure which is widely used. Even though 

daily manure is abundant, its nutrition levels are very low for the AD process, so that, the biogas and 

methane yields are lower. To overcome this issue, co-digestion should be done with another organic 

material (Alonso et al., 2016). In the literature, co-digestion was applied to poultry manure and orange 

peel with different mixing ratios under the mesophilic condition at the batch reactor (Lami & 

Chimdessa, 2017). The result revealed that the highest cumulative biogas production was obtained to 

be 768 mL that was 3.5 times higher than 100% orange peel when the mixing ratio was 75% poultry 

manure and 25% of orange peel (Lami & Chimdessa, 2017). This result showed that the co-digestion 

strategy is important for orange waste because the carbon to nitrogen ratio (C/N) in the reactor can 

be adjusted with this strategy.    

The C/N ratio should be in a range between 16/1 and 45/1 for hydrolysis, and 20/1 and 30/1 for 

methanogenesis. If the C/N ratio is high, methanogenic bacteria quickly consume the available 

nitrogen for their cell synthesis, and carbon utilization will be limited. Therefore, the degradation 

process could stop. If the ratio is too low, nitrogen is converted to ammonia, which is inhibitory for 

AD because pH is increased in the reactor (Atelge et al., 2020b). 

To maximize bioenergy recovery from waste, the optimization of the AD process is an essential 

step such as using co-substrates to balance nutrient level. Moreover, the modelling of the AD process 

is a crucial topic to understand the process and improvement of bioenergy production. In the literature, 

there are various models, with the most acceptable being the logistic growth curve and the modified 

Gompertz model, which have been created to clarify the AD process (Özarslan et al., 2021). The aim 

of this study is to investigate the co-digestion of orange pulp (OP) and cow manure (CM) with 

different mixing ratios with the AD process. Five different mixing ratios are used based on C/N values 

as 17, 26, 29, 35, 44. Furthermore, to understand the synergistic effect of co-digestion, two new 

modeling approaches, Wood and Wilmink model, are   applied to biogas production. 
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2. Materials and Methods 

 

2.1. Preparation of Organic Wastes and Anaerobic Digestion Setup 

 

Orange pulp (OP) and cow manure (CM) at different mixing ratios were used as feedstocks for 

co-digestion. Orange was collected from an agriculture farm in Antalya. OP was obtained as waste 

after the juicing process. CM was used as a co-substrate was obtained from an animal farm in Samsun. 

CM was passed through the shredder before use, and it was ensured that the material diameter was 

around 1-2 mm. The characterizations of OP and CM are presented in Table 1.  

1000 mL flasks with a 600 mL working volume were used as a reactor for the AD process. The 

AD process was taken place at 55 ± 2 ℃ as the thermophilic condition. The dry matter content was 

fixed at 9% for all reactors. Moreover, the reactors were connected to gas collector bags. The 

produced biogas volume was determined with the water displacement method every 5 days. The 

produced biogas was measured with the water displacement method. The produced biogas was stored 

in a bag as seen in Figure 1. The volume of biogas was determined every 5 days to transfer to a 

measuring cylinder that was full of water. In this way, the volume was determined. 

The AD process can be divided into four main steps, which are namely hydrolysis, 

acidogenesis, acetogenesis, and methanogenesis. Depending on substrate types, either hydrolysis or 

methanogenesis is the rate-determining process for AD. If the substrate has a more complex structure, 

hydrolysis becomes the limiting step while methanogenesis is the rate-determining step if substrate 

is easily broken down (Passos et al., 2017). Hydrolysis takes place within a few hours for 

carbohydrates, a few days for proteins and lipids, and several days for lignin and lignocellulose 

(Atelge et al., 2020b). Moreover, the digestion process cannot be fully completed if the substrate has 

high lignin and lignocellulose (Atelge et al., 2020a). Therefore, the hydrolysis phase can generally be 

accepted as the rate-determining step because microorganisms produce several kinds of hydrolytic 

enzymes and they are not sufficient to break down the substrate’s highly complex structure (Atelge 

et al., 2020b). Applying new model for biogas production needs a meaningful difference between 

intervals. Therefore, the produced biogas volume was determined with the water displacement 

method every 5 days. CM and OP were mixed with different ratios for the anaerobic digestion process. 

After the mixing process, five C/N ratios in the reactors were obtained as 17, 26, 29, 35, and 44. AD 

process for each mixing ratio was run triplicate. To remove oxygen from the bottle and establish 

anaerobic conditions, nitrogen was flushed into each bottle for 5 min before they were tightly sealed 

with a stopper. Figure 1 shows the AD test setup. The inoculum used in experiments was derived 

from a wastewater treatment plant (Samsun East Advanced Biological Wastewater Treatment Plant). 

The volatile solids (VS), total solids (TS), and SCOD values of the inoculum used were 9.8, 5.1, and 



Karadeniz Fen Bilimleri Dergisi 11(2), 557-569, 2021 561 

1877 mg O2/L, respectively. The inoculum/substrate ratio of all reactors was set at 1.0 on a TS basis. 

Additionally, to determine soluble chemical oxygen demand (SCOD) removal, the sample was taken 

from each reactor every 5 days. AD process was concluded about 40 days. 

 

  
(a) (b) 

Figure 1. Anaerobic digestion test setup (a) before start, (b) during AD process 
 

 

2.2. Analytical Methods 

 

Volatile solids (VS), total solids (TS), moisture, SCOD, carbon-nitrogen ratio (C/N), pH, 

cellulose, hemicellulose and lignin analyze were performed before starting AD to organic waste. TS 

and VS were analyzed according to standard method 2540 (APhA, 1988). Cellulose, hemicellulose 

and lignin were measured using fiber analyzer (Van Soest et al., 1991). The C/N ratio of the 

lignocellulosic substrates was determined by the Costec elemental analyzer. With the elemental 

analysis, the sample was burn with dry air. During the combustion, exhaust gases were determined 

as CO2, H2O, SOx, and NOx. According to these gases, the combinations of substrates can be 

determined as C, H, S, and N. The O content was deduced by difference. The moisture content of 

substrate was deduced by difference of TS. Liquid samples were centrifuged at 9,000 rpm for 45 μm 

membrane filter. Thus, SCOD analyzes were performed according to closed reflux method (cod 

closed reflux titrimetric method) (Astm, 2002). The analysis results are given in Table 1. As a result 

of all experiments, the amount of biogas produced was determined as mL biogas volume per gram 

total solid by deducting the yield of the inoculum. 
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Table 1. Characteristics of organic raw materials 

Parameters CM OP 
TS ( w/w % ) 19.70 ±0.1 17.41±0.1 
VS (TS %) 85.80±0.09 79.95±0.08 
Moisture ( w % ) 80.30±0.09 82.59±0.09 
% C ( w/w % ) 29.13±0.25 45.95±0.25 
% N ( w/w % ) 1.72±0.05 1.05±0.05 
SCOD (mg O2/Lslurry) 29,680±85 8968±56 
C/N 17 44 
pH 6.81±0.01 3.75±0.01 
Cellulose ( w/w % ) 24.09±3.0 15.82±3.1 
Hemicellulose ( w/w % ) 17.12±1.8 7.23±1.6 
Lignin ( w/w % ) 9.85±2.8 3.95±2.2 

 

 

2.3 Data Analysis 

 

Wood and Wilmink models were carried out to perform a full analysis of all reactors. These 

models are called lactation curves (Janković et al., 2016). The Wood model to define the lactation 

curve of dairy cows proposed by Wood (1967) is one of the most common models (Sherchand et al., 

1995). The Wilmink model was proposed by Wilmink (1987) (Vargas et al., 2000). Wood and 

Wilmink models are represented in Eq. (1) and Eq. (2), respectively.  

 

 Y(t) = atb exp (−ct) (1) 

 Y(t) = a - b exp (−ct) - dt  (2) 

 

In this study, lactation curve models given in Eq. (1) and (2) were adapted to % CH4 production. 

For all models, “a” represents production at the beginning of lactation, “b” is the inclining slope 

parameter up to peak production, “c” and “d” are the declining slope parameter (Silvestre et al., 2006). 

Y (t) is % CH4 in lactation on day t. The parameters a, b, c, and d in these models were calculated 

from the actual values with SPSS 23.0 program. Expression of % CH4 yields with mathematical 

models allows the predictability of yields along AD. The shape of the lactation curve is the criterion 

of total or lactation % CH4 yield in the evaluation of % CH4 yield. 

To determine a compatible model, the statistical indicators were compared (the coefficient of 

determination (R²), the residual sum of squares (RSS) (Eq. 3) (Draper & Smith, 2014), the second-

order Akaike information criterion (AIC) test (Eq. 4) (Akaike, 1974), and the Bayesian information 

criterion (BIC) test (Eq.5) (Schwarz, 1978)).  
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 RSS = ∑ (yk − 𝑦𝑦𝑘𝑘 )� 2N
k=1  (3) 

 
AIC = �

𝑁𝑁 ln �𝑅𝑅𝑅𝑅𝑅𝑅
𝑁𝑁
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 ≥ 40

𝑁𝑁 ln �𝑅𝑅𝑅𝑅𝑅𝑅
𝑁𝑁
� + 2𝐾𝐾 + 2𝐾𝐾(𝐾𝐾+1)

𝑁𝑁−𝐾𝐾−1
  , 𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝑁𝑁

𝐾𝐾
 < 40 

 
(4) 

 BIC = 𝑁𝑁 ln �𝑅𝑅𝑅𝑅𝑅𝑅
𝑁𝑁
� + K ln (N) (5) 

 

where, yk is measured values, 𝑦𝑦𝑘𝑘� is estimated values, N is number of data point, k is number of 

model parameters.  

 

3. Results and Discussion 

 

Five different reactors (C/N: 17 for R1, C/N: 26 for R2, C/N: 29 for R3, C/N: 35 for R4 and C/N: 

44 for R5) prepared according to different C/N ratios were identified. The total anaerobic process took 

about 40 days. It was determined that the highest biogas production was obtained when the C/N ratio 

was 29 (373.9 ± 4.52 mL/g TS). In one study, the optimum value of C/N ratio was obtained 25 (Ning 

et al., 2019). According to the C/N ratios, the average methane gas production from the agricultural 

wastes (olive pomace, cattle manure, poultry litter, whey, and corn silage) was 239 mL CH4 / g VS 

(Valenti et al., 2018). In this study, the lowest biogas production occurred in the reactor in which the 

C/N ratio was 17 (315± 7.89 mL / g TS). As the C/N ratio was higher than 26, nitrogen requirement 

for anaerobic bacteria was found and inhibitor effect was observed. The biogas yields of the reactors 

with C/N ratio: 17 and 35 were close to each other. As the C/N ratio went from 17 to 29, biogas yield 

increased in AD. As the C/N ratio increased from 26, biogas production slightly decreased. Therefore, 

it was understood that the optimum ratio among the C/N ratios determined in the study for two 

different organic wastes was 29. 

Figure 2 shows SCOD removal of the reactors. The anaerobic process was monitored by SCOD 

removal measurements. The SCOD removals of all reactors were consistent with the amount of biogas 

production. SCOD removal for ten reactors was between 69.9 ± 2.37 – 87.5 ± 3.87 %. In AD study 

of microalgae, SCOD removal was 69.1 % (Nguyen et al., 2019b). Among the reasons why SCOD 

removal cannot be close to 100 % may be the short duration of the process where the maximum 

number of anaerobic bacteria is present.  

Normally, the rate of decomposition of organic matter by anaerobic bacteria was directly 

proportional to the rate of biogas production, so SCOD removal would have to show a curve similar 

to sigmoidal biogas production curves (Şenol et al., 2020). A different situation may be the result of 
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experimental errors. Biogas production was slow in the first 15 days for all reactors and accelerated 

after 15 days. After 30 days, it started to slow down. A study carried out with OP that biogas 

production measured daily started to accelerate after the first 7 days (Erdogan et al., 2015). The reason 

for this acceleration is that there is no pretreatment, no vaccination, or late gain of resistance to C/N 

ratios of microorganisms. Another possible reason is that the high cellulose content in OP is partially 

dissolved in water over a long period of time (Şenol, 2021). 

 

 
Figure 2. SCOD removed of reactors prepared according to C/N ratios (C/N: 17 for R1, C/N: 26 for R2, 

C/N: 29 for R3, C/N: 35 for R4 and C/N: 44 for R5). 

 

The objective of AIC model selection is to estimate the information loss when the probability 

distribution f related to the true model is approximated by possibility distribution g, related to the 

model that is to be evaluated (Wagenmakers & Farrell, 2004).  Detailed reporting on these model 

selection criterions in AD has not been found in literature. In addition, in the biogas production 

modeling studies, previously, Wood model and Wilmink model have not been used. The criteria 

parameters of RSS, R2, AIC and BIC were calculated (Table 2) and used as the main decomposers to 

determine a better fit of the model to the measured experimental value. The lower values of RSS, 

AIC, and BIC indicate a more appropriate model (Yang et al., 2016). R2 is a measure that allows us 

to determine how certain one can be in making predictions from a certain model. The closer the R2 

value to 1, the better the model applied (Ali et al., 2015). 
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Table 2. Criteria for the analysis of the best fit of the Wood and Wilmink models to the 
experimental data. 

 R1 R2 R3 R4 R5 

Wood 

RSS 225.963 185.163 291.384 287.985 81.777 
𝑹𝑹𝟐𝟐 0.912 0.945 0.919 0.896 0.969 
AIC 47.008 45.216 49.297 49.191 37.861 
BIC 37.797 36.005 40.086 39.980 28.650 

Wilmink 

RSS 134.130 111.475 140.138 91.221 36.447 
𝑹𝑹𝟐𝟐 0.948 0.967 0.961 0.967 0.986 

AIC 54.314 52.649 54.709 50.845 42.588 
BIC 35.300 33.635 35.695 31.831 23.574 

 

 

A value of R2 higher than 0.9 indicates that the data fit the models used mathematically (Şenol, 

2020a). This study shows that biogas production from reactors was fitted with the Wood model, 

except the R4 reactor. The deviation of the data obtained on the 5th day in the R4 reactor from the 

model curves may have decreased the R2 value. In the Wilmink model, considering the R2 evaluation 

criteria, it is seen that all the data successfully fit (R2 > 0.9). 

According to RSS and R2 values, all reactors were better suited to the Wilmink model. The 

most compatible reactor for the Wilmink model was R5 (R2 = 0.986 - RSS = 36.447) and the most 

compatible reactor for the Wood model was R5 (R2 = 0.969- RSS = 81.777). According to Wood and 

Wilmink model, the most compatible C/N ratios in AD were found to be 44.  

According to the AIC values, the R5 reactor for the Wood and Wilmink model were the most 

compatible reactors. The interpretations of the AIC model evaluation criteria appear to be similar to 

the BIC model evaluation criteria (Table 2). According to the BIC values, the all reactors were better 

fitted to the Wilmink model (BIC = 23.574 - 35.300) In a previous study, the compatibility of 

cumulative biogas production to sigmoidal model (modified Gompertz) was discussed and the AIC 

value found 75.153 and the BIC value found 70.078. Similarly, the AIC value for the Cone model 

found 63.543 and the BIC found 58.468 (Nguyen et al., 2019a).  

Figure 3 shows the curves of Wood and Wilmink models drawn according to the experimental 

data. The biogas production in the reactors were measured at intervals of five days, and after the first 

5 days, the data ranged from 22.4 ± 1.1 mL/ g TS to 35.6 ± 1.2 mL/ g TS. Final (cumulative) biogas 

productions for R1, R2, R3, R4 and R5 reactors were found as 315, 319, 350, 362.9 and 373.9 mL / g 

TS values, respectively. Generally, when all five reactors were analyzed, all reactors were well fitted 

to Wood and Wilmink models.  
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Figure 3. Compatibility of biogas production measured every five days to Wood and Wilmink model 

(C/N:17 for R1, C/N:26 for R2, C/N:29 for R3, C/N: 35 for R4 and C/N:44). 
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4. Conclusions and Recommendation 

 

Five different reactors were determined according to carbon to nitrogen ratios of orange pulp 

and cattle manure and the anaerobic process of these mixtures was examined. It was concluded that 

the carbon to nitrogen ratios at the end of anaerobic digestion affect the microorganisms that breed in 

the anaerobic process. The highest biogas production was obtained to be 373.9 ± 4.52 mL / g TS from 

R3 (the carbon to nitrogen ratio:29) while the lowest biogas production as 315± 7.89 mL / g TS 

occurred in the R1(the carbon to nitrogen ratio:17). Moreover, the soluble chemical oxygen demand 

removals of all reactors were consistent with the amount of biogas production. The soluble chemical 

oxygen demand removal for ten reactors was between 69.9 ± 2.37 – 87.5 ± 3.87 %. Additionally, 

RSS, R2, AIC and BIC were determined as the criteria parameters of Wood and Wilmink models. 

According to RSS and R2 values, all reactors were better suited to the Wilmink model. The most 

compatible reactor for the Wilmink model was R5 (R2 = 0.986 - RSS = 36.447) and the most 

compatible reactor for the Wood model was R5 (R2 = 0.969- RSS = 81.777). According to Wood and 

Wilmink models, the most compatible carbon to nitrogen ratios in AD were found to be 44. Thus, it 

was concluded that daily biogas production in anaerobic digestion could be modeled with lactation 

curves. 
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