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Abstract 

This paper deals with the optimization of anaerobic digestion of winery wastes considering 

the behavior of biogas production rate between two consecutive reactor feeds. Processes 

operating at different hydraulic retention times (23 and 40 d) were monitored and the specific 

biogas productions were comparable (0.386 and 0.378 m
3
/kgCODfed for retention time of 23 and 

40 d, respectively). The biogas production rate reduced after 11-14 hours in both the processes, 

this time corresponds to the necessary period to consume readily biodegradable and easily 

hydrolysable COD. In order to maximize biogas production, a system able to increase feeding 

frequency was set-up. The system activated feeding pump when a reduction of biogas 

production rate (below 0.4 m
3
biogas/(m

3
reactord)) was detected. Consequently, hydraulic retention 

time decreased to 21 d and organic loading rate reached 6.2 kg COD/(m
3

reactord). Moreover, 

these conditions favored the growth of microorganism involved into degradation of soluble 

COD fraction and faster kinetics were observed in this conditions. Finally, two kinetic models 

(first order and step-diffusional) were applied to manually and automatically fed processes, in 

order to understand how the retention time and automatic control affect the degradation rate of 

the different types of compounds and to confirm the results obtained from the preliminary 

kinetic study. Step-diffusional model better predicted the trend of degradation rates (R
2
 0.97-

1.00) because it considered three groups of compounds and the same number of parameters. 

Keywords: Anaerobic digestion, Kinetics, Step-diffusional model, First order model, 

Winery wastes, Process control. 
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1. Introduction 

Anaerobic digestion (AD
1
) of waste activated sludge (WAS) and wine lees (WL) is recently 

taken into consideration because of particular characteristics of substrates. WAS is often 

associated with poor methane yield because of low biodegradability of microorganisms cells; 

while WL had unbalanced COD:N:P ratio. The anaerobic co-digestion of these two wastes 

together should thus balances the nutrient content improving biogas conversion efficiency and 

consequently economical sustainability. 

On the other hand, Da Ros et al. (2014) showed that this process had low efficiency when 

low hydraulic retention time (HRT) and high organic loading rate (OLR) were applied. 

                                                           
1
 Abbreviations: 4a, Kinetic constant representing the proportionality constant between degradation 

rate and time for the methanogenic step (mgCOD/L min
2
); 4b, Kinetic constant representing the 

proportionality constant between degradation rate and time for the acidogenic step (mgCOD/L min
2
); 4c, 

Kinetic constant representing the proportionality constant between degradation rate and time for the 

hydrolitic step (mgCOD/L min
2
); b, Biomass decay coefficient; GPR, Biogas Production rate (m

3
/(m

3
d)); 

HRT, Hydraulic retention time (d); k, Hydrolysis constant (d
-1

); OLR, Organic loading rate 

(kgCOD/(m
3
d)); Px, Biomass production (kgVSS/d); Q, Flow rate (l/d); rbCOD, Readily biodegradable 

COD; rhCOD, Readily hydrolysable COD;  S, Concentration of substrate as COD in the digester 

(mgCOD/l); S0, Substrate concentration (COD) in the digester after feeding (mgCOD/l); S1,Residual 

organic matter content of the substrate, once the easily degradable compounds (acetate, methanol, etc.) 

have been removed (mgCOD/l); S2, Residual organic matter content of the substrate, once the soluble 

degradable compounds have been removed (mgCOD/l); sbCOD, Slowly biodegradable COD; SGPR, 

Specific biogas production rate (m
3
/(kg VSS d)); SRT, Solid retention time (d); t, Time (hour); v0, 

Maximum degradation rate for methanogenesis (mgCOD/L min); v1, Maximum degradation rate for 

acidogenesis (mgCOD/L min); v2, Maximum degradation rate for hydrolysis  (mgCOD/L min); v3, 

Maximum degradation rate for hydrolysis of recalcitrant complex biopolymers (mgCOD/L min); vi, 

Maximum degradation rate (mgCOD/L min); Vr, Reactor volume (L); x, Generic kinetic constant in Step-

diffusional model (mgCOD/L min
2
); X, Biomass concentration (gVSS/l); Y, Specific biomass yield 

(gVSS/gCOD). 
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Definition of the best conditions, able to optimize the process, is crucial when a new process is 

set-up but it could be difficult. Optimization has to maximize the biogas production and the 

organic matter removal, moreover it has to guarantee the stability in the long-term. All these 

aspectes depend on many factors and operational conditions such as the type of treated waste, 

the solid and nutrient contents, OLR, temperature and buffering capacity (Anjum et al., 2016; 

Krishnan et al., 2017). 

The HRT is one of most important operational parameters for AD systems control (Zhang 

and Noike, 1994). It is defined as the average time that bacteria or solids spend inside the 

reactor, and affects yields and microbiological community involved in the process (Rincón et 

al., 2008). Usually, longer HRTs are applied to increase AD stability when drop in pH and the 

volatile fatty acids (VFA ) accumulation are observed in absence of sufficient buffering capacity 

(Harsono et al., 2014). The HRT increases contact time between the substrate and microbial 

biomass, so it is associated with higher destruction of volatile solids (Appels et al., 2008) and 

specific biogas production.  

On the other hand the biodegradability of  the substrates fed to the reactor has a great 

importance and could change the effects of long HRT application. Ruile et al. (2015) showed 

how the volatile solids removal in biogas plant treating cattle manure increased from less than 

20% to about 75% when HRT was extended from 21 to 127 days. On the other hand Nges and 

Liu (2010) studied AD of dewatered sewage sludge and reported that volatile solid removed 

increased from 48% to 56% when HRT varied from 20 d to 35 d, while longer HRT did not 

appear economically advantageous.  

Considering the complexity of anaerobic co-digestion process, the best operational 

conditions have been usually chosen on basis of experimental results and using a preventive 

approach: the reactor is under-loaded in order to avoid stability problems. This paper proposed 

an innovative system to optimize the AD of winery wastes based on a simple kinetic study and 

modeling. In fact, one of the objectives of AD modeling is the prediction of reactors behavior, 
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in the future or under other similar circumstances, (Donoso-Bravo et al., 2011). Nowadays there 

are several models that differ for complexity and prediction capacity. 

ADM1 and its modifications are promising models aimed at understanding the system’s 

behavior and the interaction of components; however identifying all the parameters and 

coefficients is not easy and their application appears limited. Grey box models are simple and 

consider a sole limiting-rate step (hydrolysis or methanogenic), therefore they are defined by 

one kinetic parameter. Their  parameters have a physical interpretation and are adjustable, for 

instance by a parameter estimation procedure (Lauwers et al., 2013). On the other hand, they 

can't describe the degradation of complex substrates, characterized by simultaneous presence of 

compounds with different degradability, because a higher number of parameters should be 

considered (Converti et al., 1999). For this reason, the most common grey-box models proposed 

for anaerobic digestion (Monod, first order, Contois, Singh) are inadequate to represent the 

actual situation inside the digester fed by complex substrates (Cecchi et al., 1990a; Converti et 

al., 1999). Step-diffusional model represents the evolution of grey-box models because takes 

into account the nature and chemical characteristics of compounds present in the substrates, 

including the extent to which they are removed. In fact, it considers four specific groups of 

compounds on basis of different utilization rate, clearly identified observing the plotting of 

biogas production rates (GPR) versus time during the semi-continuous degradation. The step-

diffusional model was mainly applied to AD of organic fraction of municipal solid waste 

(Cecchi et al., 2013, 1997; 1991), but recently this model has been applied also to AD of pre-

hydrolysed woody wastes (Converti et al., 1999) and to winery wastes (Da Ros et al., 2014). 

The aim of the present work is to study the kinetics of the co-digestion process changing the 

HRT. The results were used to develop a feeding control system able to maximize the biogas 

production without affect the process stability. The novelty of the proposed system is to use the 

biogas production rate as the sole set-point.  Finally, two kinetic models (first-order and step-

diffusional models) were applied in order to confirm the advantages of the system and to 

evaluate their usefulness for the system improvement.  
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The study was carried out on anaerobic co-digestion of winery wastes because of its 

particular characteristics: 

 the mixture of the substrates allows to have a complex substrates with different type 

of organic matter (soluble and particulate, sugar, proteins and lipids); 

 absence of inhibitors under mesophilic condition in fact the low nitrogen content 

has never caused ammonia accumulation; 

 overloading was the main cause of stability problems observed during the previous 

experimentation (Da Ros et al., 2014). 

2. Material and Methods 

2.1. Substrates characteristics 

Dewatered WAS used during the experimentation was collected in a winery wastewater 

treatment plant located in the North-East of Italy: total solid concentration generally ranged 

from 129.0 to 193.7 g TS/kg but some outliers were detected because of some technical reasons 

(conditioner doses, filter press setting). Volatile Solids (VS) to Total Solid (TS) ratio was 88%, 

higher than the typical value of sludge from municipal wastewater (Collivignarelli et al., 2017), 

probably due to the high biodegradability of raw wastewater. Moreover, particulate COD 

concentration (pCOD 868 mg/g TS, Table 1) was indicative of low biological stability of the 

sludge. Sludge nutrients ratio is well balanced for AD stabilisation (Table 1), with COD:N:P 

ratio of 119:7:1. Chemical analysis of sludge showed limited contamination of metals (Cd <0.5 

mg/kg TS, Cr
6+

 <0.5 mg/kg TS, Cr 46 mg/kg TS, Hg <0.1 mg/kg TS, Ni 18 mg/kg TS, Pb 7 

mg/kg TS, Cu 280 mg/kg TS, Zn 97 mg/kg TS), thus it is suitable for land application as 

amendment (D.Lgs. 99/1992; European Commission 2010). 

Table 1 Average and standard deviation of waste activated sludge (25 samples) and wine lees 

characteristics (74 samples). nd: not detected 

Wine lees were produced during wine decanting step. Both WL, from red and white wine, 

were used in the experimentation to evaluate substrate variability and how it affects the process. 
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About the 90% of WL samples had a solid concentration between 37.9 and 77.2 g TS/kg, but 

extreme values were also detected. Generally, these winery residues were characterized by low 

content of volatile solids (57% of TS) due to bentonite addition to make the solid removal 

easier. COD was concentrated in the soluble form (sCOD was the 83% of total COD) while 

pCOD was typically between 417 and 627 mg COD/g TS. Nitrogen and phosphorus levels were 

limiting for bacterial growth if compared with COD concentration, in fact, the COD:N:P ratio 

was 525:5:1.  

2.2. Experimental setup 

The AD experimentations were carried out at pilot scale. A completed stirred tank reactor of 

0.23 m
3
 working volume was employed. The reactor was made of stainless steel AISI-304 and 

the maximal mixing degree inside the reactor was ensured by mechanical anchor-bars agitator, 

thus avoiding the typical stratification of floating materials on the top and of sinking heaviest 

materials on the bottom of the reactor as reported by Micolucci et al. (2016). The operational 

temperature was 37 ± 2 °C and it was controlled by external jackets hot water recirculation 

systems. PT100 probe monitored process temperature and managed water recirculation pumps. 

Mixing and temperature were maintained constant during the whole study. 

At the beginning of the trials, the reactor was filled up with digestate derived from 

anaerobic process treating winery wastes. Initial digestate has pH of 7.53 and low ammonium 

concentration (193.4 mg N-NH4
+
/l). The reactor was fed once a day with a mixture of winery 

wastes (WAS and WL) diluted with tap water to reach the desiderated flow rate and sludge solid 

concentration. 

During the start-up, the organic loading rate was stepwise increased to 3.2 kg 

COD/(m
3

reactord) while HRT of 23d was maintained (RUN1). As reported by Da Ros et al. 

(2016), a constant quantity of sludge was used (0.6 kg COD/(m
3
reactord)), and the WL amount 

increased gradually from 0 to 2.6 kg COD/(m
3

reactord). Semi-steady state lasted 9 HRTs. After 
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that, HRT was set at 40 d reducing the water addition, in order to evaluate the HRT effect (RUN 

2). This reactor operated until a steady-state condition. 

Biogas production was measured by drum-type gas flow meter (Ritter, Bochum, Germany) 

connected to a real-time data recording system. GPRs were automatically calculated as the slope 

of biogas production curve over time. This approach was performed using cRIO
TM

 hardware 

(National Instruments
TM

) and a specific graphic interface (Virtual Instrument from LabVIEW
TM 

software).  

Considering the results obtained with these conditions, the automatic feeding system, 

interfaced with on-line biogas production monitoring, was set-up. The software automatically 

controlled a pump that feed the reactor as soon as the GPR decreases to value lower than a 

defined set-point. This approach minimized the time between two consecutive feeds then 

increases the feeding loading frequency. In order to avoid microbial biomass withdraw the 

substrates mixture was prepared reducing water dilution, corresponding with a higher solid 

concentration in the WAS. 

The authors did not choose the operational conditions (not HRT neither OLR) in RUN3 but 

they were affected by the pump functioning and the process reaction rate. The average 

operational parameters observed in this third RUN were HRT of 21 d and OLR of 6.2 kg 

COD/(m
3

reactord). 

2.3. Analytical methods 

The substrates and the digesters effluents were collected and monitored once a week in 

terms of total and volatile solids content (TS and VS), chemical oxygen demand (COD), total 

Kjeldahl nitrogen (TKN) and total phosphorus (Ptot) (American Public Health Association et al., 

1999). The heavy metal contents in the WAS was analyzed as reported by IRSA - CNR (1985). 

The process stability parameters (pH, volatile fatty acids -VFAs- content and composition, total 

and partial alkalinity, and ammonia concentration) were checked two or three times per week. 

The VFAs content was monitored using a gas chromatograph as reported byMicolucci et al. 
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(2016). At steady state conditions, total phenols were spectrophotometrically analyzed by the 

Folin–Ciocalteu assay and concentration was reported in terms of Gallic acid equivalent per liter 

(mg GAE/L, Lafka et al., 2007). Biogas composition (CO2, CH4, H2 and O2) was determined by 

a gas chromatograph (GC Agilent Technology 6890 N) equipped with the column HP-PLOT 

MOLESIEVE, 30 × 0.53 mm ID ×25 µm film, using a thermal conductivity detector (TCD) and 

argon as gas carrier. The TCD was mantained at a temperature of 250 °C, while the injector 

temperature was 120°C and pressure in the injection port was 70 kPa. Samples were taken using 

a gastight syringe with an amount of 200 μL of biogas. Once vaporized the whole sample, the 

separation of the peaks takes place within the column with a constant temperature of 40 °C (8 

min). 

2.4. Kinetic models description 

Seven profiles of biogas production versus the time were taken into consideration for each 

operational condition tested as soon as the steady state was reached The biogas production was 

converted into the corresponding removed COD and the trends of COD concentrations inside 

the reactor were determined. COD concentration over the time and consumption rate profiles 

were used in order to describe the kinetics of the processes by two linear kinetic models (first-

order and step-diffusional). 

First order model considers the microorganisms as ‘catalysts’ and represents an overall 

mass transfer kinetic model for a ‘catalyzed’ reaction (Cecchi et al., 1990a). Although this is not 

a sophisticated model, it can provide a single and useful kinetic constant called hydrolysis 

constant (k). The equation 1 describes the model where S is the substrates and t the elapsed time. 

  

  
                (1) 

The step diffusional model was introduced to overcome this restriction of a sole model 

parameter. Here, the anaerobic digester is described like a semi-continuous system, and the 

different substrates nature is taken into account. The degradation rate of each group of 

compounds can be therefore described by a differential kinetic equation (Cecchi et al., 1990a; 
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Cecchi et al., 1991). In general, given the assumptions reported above, the degradation equation 

for the use of a substrate, S, with time, t, is reported in Equation 2, where vi is the maximum 

degradation rate and x is a generic kinetic parameter.  

  

  
    

        

 
        (2) 

This equation assumes a different form depending on the kind of substrate used in the 

process: in general at least three main groups of substrates can be detected and they are 

associated with the related equations. 

The first group was mainly constituted by acetic acid, methanol and compounds directly 

convertible into biogas by methanogenic microorganisms (Cecchi et al., 1991). Its consumption 

can be described by the linear equation 3, where S0 represents the overall organic matter content 

of the substrate, v0 is the maximum degradation rate and 4a the kinetic parameter representing 

the proportionality constant between degradation rate and time for the methanogenic step. 

                       (3) 

The second group, containing mainly volatile fatty acids with more than three carbon atoms 

and ethanol, is degraded more slowly of the easily digestible fraction, according to Eq. 4. S1 

represents the residual organic matter content of the substrate, once the easily degradable 

compounds have been removed. At this point, the degradation rate is v1 which is indicated by an 

inflection in the plot of rate against time at t = t1. 

                           (4) 

The degradation of the last group constituted of recalcitrant complex biopolymers, is 

controlled by hydrolysis rate. The slowest degradation step is described by equation 5 

   

  
    

        

 
         (5) 

The equations 5 is applied for t2 < t < t3 where S2 represents the residual organic matter 

content of the substrate, once the soluble degradable compounds have been removed. At this 

point, the degradation rate is v2 producing an inflection in the rate curve at t = t2. At the end of 
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this period, the degradation rate (denoted as v3) corresponds to the hydrolysis of most 

recalcitrant organic matter (equation 6). 

  

  
             (6) 

The parameters of the models were estimated using the linear regressions, minimizing sum 

of square differences between the predicted and experimental values in each point. For each 

data series were determined the parameter that minimize the error and, later, average value and 

standard deviation were calculated for each operational condition.  

The regression coefficients (R
2
), together with the average lack of fit, expressed as the 

average square differences between the real and the model predicted values, have been used to 

test the best fitting model considering the overall data 

An analysis of variance (ANOVA) test was then applied on parameters of model 

considering the three operational conditions. The Duncan mean test was used to compare the 

means and evaluate if the observed differences are significant 

3. Results and discussion 

3.1 Anaerobic digestion processes performances 

The first tested condition is HRT of 23 d (RUN1), corresponding to a hydraulic flow rate of 

10 L/d. At steady state, the average pH was 7.46 and total alkalinity stabilized to 2,248 

mgCaCO3/L. Low level of sCOD (360 mg/L) indicated the complete removal of readily 

biodegradable fraction present in WL. About 40-50% of residual sCOD was due to volatile fatty 

acids: acetic acid was the dominant (52% of total VFAs) while propionic acid was the second 

most abundant with 12% of VFAs. The process, in this condition, was able to remove 76% of 

total COD. Total solids and pCOD concentrations reduced with time down to average values of 

24 gTS/kg, with 58% volatile solids, and 640 mg COD/g TS (Table 2). Most of the biogas 

production derived from degradation of soluble compounds and the solid fraction was partially 

degraded. For this reason, total and volatile solids removal were 28% and 40%, respectively.  
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Table 2 Average and standard deviation of characteristics of digestates from process working with 23 (16 

samples) and 40 days (10 samples) of HRT. 

Nutrients concentrations generally reduced until steady values were reached (37 mgN/g TS 

and 9 mg P-PO4
3-

/g TS). Ammonium concentration stabilized around 400 mgN-NH4
+
/L: 

considering negligible ammonium nitrogen concentration in inlet substrates (less than 1% of 

total nitrogen in the feed is due to ammonium ion), it is possible to observe that about 30% of 

organic nitrogen was converted in soluble form. As reported by Owamah et al. (2014), digestate 

contains more readily available nutrients than the undigested products which make it better for 

crops fertilization. Biogas production scattered a lot, depending on the type of WL in the inlet 

mixture: average biogas production was 0.386 m
3
/kg CODfed with 64-73% of methane.  

In the RUN2 (HRT 40 d) the flow rate has reduced to 5.75 L/d and HRT increased to 40 d. 

Flow rate decreased without changing the organic loading rate, in fact, only the amount of water 

reduced in the feeding mixture. The TS concentration of substrates mixture increased from 3% 

to 5%. Change in operational conditions caused a transient period of about one HRT, defined by 

an increased ammonium concentration and alkalinity. As reported in Table 2 the stability 

parameters were in optimal range for AD: pH was 7.51, similar than the previous period, while 

alkalinity increased to 3,332 mgCaCO3/L because of higher concentration of ammonium (638 

mgN-NH4
+
/L). The concentration of sCOD was around 349 mg/L and VFA contributed for less 

than 50 mg/L. Acetic acid was the only VFA detected during this period. The different VFAs 

concentration and distribution could be due to the effect of HRT. In fact, long HRT allows for 

higher content of acetoclastic methanogens bacteria, characterized by lower growth rate than 

bacteria degrading other organic compounds (Amani et al., 2012; Metcalf and Eddy, 1980). 

Moreover longer HRT increased the methanogenic population and promoted the efficient 

propionate and butyrate oxidation (Schmidt and Ahring, 1995), consequently reduced the total 

VFA concentration. 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

TS concentration increased from 24 to 33 gTS/kg due to higher solid concentration in the 

inlet mixture. Percentage of volatile to total solids was about 61% and pCOD was 752 mg/g TS. 

These values were slightly higher than those observed during RUN1, but the difference was not 

significant and it was probably due to substrates variation. In fact, also the mass balance on TS, 

VS and COD basis showed similar removal performances (22%, 36% and 78% respectively). 

Nitrogen fate didn't change increasing HRT, in fact, the same amount of organic nitrogen was 

converted into ammonium form (28% of total nitrogen) and the higher concentration in the 

second condition was due to minor dilution. Considering average and standard deviation of 

phosphorus concentration, no significant difference for this parameter can be detected in the two 

periods. Biogas production yield (0.378 m
3
/kg COD) was like the previous trial, with a methane 

content of 65%.  

3.2 Kinetic study 

Comparing mass balances and SGP between RUN1 and RUN2(Table 2), it is evident that 

HRT did not affect the degradation efficiency but reduced the effluent sCOD concentration. The 

higher concentration of solids and minor flow rate could reduce the downstream volume to be 

disposed of and consequently the management costs. 

On the other hand, some interesting differences were observed in cumulative biogas 

production curves (Fig.1). In both the conditions the curves could be separated into three parts, 

corresponding with different slopes and GPR values (Fig.2). These trends of GPR were 

comparable to those observed in several studies Cecchi et al. (1997) describing AD of organic 

fraction of municipal solid waste  (Cecchi et al., 1997; Pavan et al., 2000).The higher GPR 

values correspond to the conversion of readily biodegradable carbon source (rbCOD) to biogas. 

These compounds were transformed into biogas in few hours and the complete consumption 

was highlighted by a sharp change in the slope. During the next 6-10 hours, degradation of 

ethanol and VFAs became important. This group of compounds could be defined as easily 

hydrolysed COD fraction (rhCOD), a term borrowed by wastewater COD fractionation (Cokgor 
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et al., 2009; Fall et al., 2012). It is composed by biodegradable sCOD that is quickly converted 

to volatile fatty acids. The amount of rhCOD fraction was the same in the two processes and 

contributed for the similar percentage to daily biogas production (37% and 42% in RUN1 and 

RUN2 respectively). Otherwise, the higher GPR observed in Run 2 caused faster consumption 

of rhCOD fraction. 

Figure 1 Cumulative biogas production plotted against the time between two consecutive feeds in RUN1 

and RUN2 

Figure 2 Biogas production rates detected in RUN1 and RUN2 between two consecutive feeds 

Another sharp change in gas production rates indicated consumption of rhCOD and start of 

slowly biodegradable substrate (sbCOD) degradation (Fig. 2). In RUN1 GPR suddenly reduced 

from 1.0 to less than 0.5 m
3
/(m

3
reactord) after 14 hours from feeding, while in Run 2 biogas 

production rate decreased from 2.0 to 0.3 m
3
/(m

3
reactord) around the 11

th
 hour from feeding. 

SbCOD was linked to particulate matter, then hydrolysis and solubilization steps controlled its 

degradation. Consumption of particulate organic matter was carried out during the whole day 

because the substrate for these biological reactions was never limiting but it became the 

bottleneck step of the whole process when the other groups of compounds were totally 

consumed. 

The behaviors of the reactors during the two tested conditions were qualitatively similar and 

the different slopes were probably due to biomass concentration. The biomass production (Px) 

was proportional to flow rate (Q) and COD removal (S0 - S), where S0 and S are influent and 

effluent COD concentrations (Eq. 7). In this equation parameters Y,  b and SRT indicate 

respectively the specific biomass yield, the decay coefficient and the SRT, that in a system 

without recirculation corresponds to HRT. 

    
          

         
         (7) 
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The organic loading rate was the same in both processes hence also the biomass growth can 

be considered equal. However, the higher HRT determined minor withdrawn of microorganisms 

and higher biomass concentration in the reactor. The biomass concentration (X) can be 

calculated with equation 8, where Vr stands for reactor volume. The mass is expressed as 

concentration of suspended volatile solids (kgVSS/m
3
). 

  
      

  
          (8) 

The calculated biomass concentrations were 2.60 and 3.82 kg VSS//m
3
 and allowed to 

determine the maximum specific GPRs (m
3
/(kg VSS d)) for the three group of compounds. As 

resumed in Table 3, the specific biogas production rate (sGPR) related to rbCOD was 

significantly higher in RUN2 than in RUN1 (at p ≤ 0.05, Duncan test); while for rhCOD and 

sbCOD were similar. Longer HRT didn't promote the growth of biomass able to hydrolyse the 

substrates, neither didn't improve the process yields. 

Table 3 Absolute and specific biogas production rate for rbCOD, rhCOD and sbCOD fractions, 

determined on basis of active biomass concentration (VSS). Average and standard deviation calculated on 7 

replicates. Average value in a row followed by the same letter are not significantly different at p≤0.05 (Duncan 

test). 

In both the processes appeared clear that biogas production was not continuous during the 

day and became negligible when rhCOD was totally consumed. Theoretically, a higher organic 

load could be treated by the AD process without accumulation of intermediate metabolites. The 

OLR can be increased feeding more substrate once a day or feeding the reactor more frequently: 

when the rhCOD was completely removed. In the first case the concentration of COD and 

VFAs in the reactor, just after the feeding, could reach inhibiting concentration for 

methanogens. Overloading due to higher OLR application was also reported by Da Ros et al. 

(2014) that worked with OLR of 4.5 kg COD/(m
3

reactord). Increase of feeding frequency allowed 

to high the organic load and reduce the flow rate. On the other hand, decrease of HRT could 

affect the microorganism concentration in the reactor and the degradative rates, as observed in 

Table 3. 
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The choice of the moment for the next feed is crucial and the kinetic study can help to 

decide the best moment for the feeding. In fact, the sharp GPR reduction, corresponding to 

rbCOD and rhCOD consumption, could be used as a signal to feed the reactor. Considering this 

approach biogas flow rate has been used as the control variable for the development of an 

automatic control system.  

Several researchers have used methane or biogas production as an inner-loop variable for 

AD process control because it shows a faster response to perturbation compared with liquid 

phase variables. Otherwise, the existing studies considered the GPR as a stability parameter and 

combined this information with a secondary variable (Chynoweth et al., 1994; García-Diéguez 

et al., 2011; Liu et al., 2004). They have never considered the instantaneous biogas production 

rate as a consequence of process kinetics and as the sole control variable. 

3.3 Automatic feeding system 

An automatic feeding system was set-up on basis of GPR variable: the feeding pump was 

automatically activated when biogas production rate was lower than a fixed set point. Set point 

was chosen on basis of previous kinetic results (RUN1 and RUN2). In particular, it was 

observed that GPR decreased from 1.1 -2 m
3
/(m

3
reactord) to 0.11-0.14 m

3
/(m

3
reactord) after 11-14 

hours. For this reason, biogas production rate of 0.4 m
3
/(m

3
reactord), corresponding to production 

of 1 l every 15 min for the employed reactor, was chosen as a set point. The data-logger 

received a digital signal every liters of biogas produced and the pump activated if after 15 

minutes no signal was detected. 

In order to avoid excessive reduction of HRT and to make the comparison easier, in RUN3 

the characteristics of substrates mixture and volume for each feed were similar to RUN2. The 

reactor worked for more than 90 d operating with this feeding mode. The automatic control fed 

5.75 L of substrate every 14.4 h in average, corresponding to OLR of 6.2 kg COD/(m
3
reactor d) 

and HRT of 21 d. Some fluctuations of stability parameters were observed, but they were more 

affected by substrates variability than by the different feeding mode. pH values were quite 
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constant as reported in Table 4, while alkalinity increased according to ammonium 

concentration and biogas production (higher solubility of CO2 in the liquid phase). Although the 

higher nitrogen load, the ammonium concentration did not reach inhibiting values (Table 4). 

Table 4 Characteristics of digestates from automatic fed process (12 samples) 

Lower influent dilution caused solid concentration of the effluent higher than previous trials 

(50 g TS/kg). VS/TS ratio (60%) and pCOD concentration (693 mg/g TS) indicated that 

stabilization of organic matter was at the same degree of those reached under other conditions. 

On the other hand, the sCOD was about 1,803 mg/L but the high value is not due to VFAs 

accumulation.  

The biogas production reached a mean value of 0.457 m
3
/kgCODfed with 60% of methane. 

The TS and VS removal were respectively 24% and 35%, while the COD conversion was 69%, 

value lower than RUN1 and RUN2 because of low methane content in the biogas. 

Also in this trial, the three fractions of COD were well identified by different biogas 

production rates. At steady state the degradation rates were constant: 7.61 ± 0.27, 3.21 ± 0.17 

and 0.74 ± 0.98 m
3
/(m

3
reactord) for rbCOD, rhCOD and sbCOD. The absolute degradation rates 

were higher than previous trials because greater biomass concentration (4.41 kgVSS/m
3
). In 

fact, the biomass was proportional to consumed substrates (Eq. 7) that in RUN3 was almost the 

double of other RUNs. 

Considering active biomass concentration, the specific biogas production rate associated 

with rbCOD and rhCOD were 1.99 ± 0.07  and 0.84±  0.05 m
3
/(kgVSS d), values significantly 

higher than the others Runs (p≤0.05, Duncan test). While the SGPR of sbCOD improved to 0.19 

± 0.26 but due to its high variance it was considered comparable to the others RUNs (Fig. 3). 

SGPR for rhCOD and sbCOD increased to 67% and 75% compared with the trial operating with 

HRT of 23d, of 35% and 93% compared with results of trials with 40 d of HRT. 

Figure 3 Average and standard deviation of SGPR, related to rbCOD, rhCOD and sbCOD, determined in 

RUN1, RUN2 and RUN3. 
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3.4 Kinetic models application 

In order to describe and compare the three RUNs, two different linear models were applied: 

first-order and step-diffusional models. Values of COD concentrations inside the reactor and 

degradation rates between one fed and the next one were considered for application of the 

models. 

As can be seen from Table 5 the fit of the first-order model could be satisfactory (R
2
 

between 0.97 and 0.99) but this model cannot describe the sharp changes in biogas production 

rates because it had one sole parameter. Anyway the values of parameter model emphasized the 

increasing degradative capacity at longer HRT and higher OLR: kinetic constant increased from 

1.33 to 2.28 d
-1

 with HRT of 23 and 40 d (OLR 3.2 kgCOD/(m
3

reactord)), respectively, and 

reached 2.85 d
-1

 with HRT of 21 d and OLR of 6.2 kgCOD/(m
3
reactord). As a final remark, it can 

be pointed out that biomass concentration became the limiting factor when the substrate 

concentration in the reactor was very high and the substrate to microorganism ratio was 

elevated. In fact, few hours after feed the curve reached a plateau corresponding to maximum 

degradation rate and this part should be described by zero-order reaction (Cecchi et al., 1997). 

Table 5 Linear regression parameter applying first order model. Average and standard deviation 

calculated on 7 replicates. Average value in a row followed by the same letter are not significantly different at 

p≤0.05 (Duncan test). 

The step-diffusional model introduced different kinetics parameters for  three groups of 

compounds, in particular for each COD fraction the maximum degradation velocities (v0, v1 and 

v2) and diffusional rate (4a, 4b and 4c) were identified (Cecchi et al., 1997, 1990b).  

The velocities increased according to longer HRT and higher OLR applied (Table 6) and 

were positively affected by concentrations of active biomass involved into COD fraction 

degradation. ANOVA and Duncan tests indicated that all the velocities of RUN3 had 

significantly higher mean values (p≤0.05) than RUN1. RUN2 differed from RUN3 only for the 

velocities related to soluble fraction (v0 and v1) while v2 values were comparable  (Table 6). 

Comparison of velocity values determined in this study and those reported by Da Ros et al. 
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(2014) showed similar results operating with comparable operational conditions. Da Ros et al. 

(2014) reported that using HRT of 21 d the velocities v0, v1 and v2 were 4.11, 1.17 and 0.45 

mgCOD/(L min), and in RUN1, they are 4.62, 1.33 and 0.40mgCOD/(L min). 

Table 6 Regression parameter applying the step-diffusional model. Average and standard deviation 

calculated on 7 replicates. Average value in a row followed by the same letter are not significantly different at 

p≤0.05 (Duncan test). 

Comparing the values of v0, v1 and v2 (Fig. 4) with SGPR reported in Fig. 3, the same trend 

could be observed and the step-diffusional model confirmed the results obtained by the 

preliminary kinetic study. 

Increasing OLR from 3.2 to 6.2 kgCOD/(m
3

reactord) and maintaining similar HRT (23 and 21 

d), all the velocity became higher. The proposed feeding system is promising because it should 

allow to increase OLR and consequently biogas production in the existing biogas plant; this 

means that the payback period could reduce. On the other hand design of new plants using this 

approach would reduce the digester volume and consequently the investment costs. 

Figure 4 Degradation rates obtained applying step-diffusional model in the process operating with HRT of 

23 and 40 d (RUN1 and RUN2) and HRT of 21 (RUN3) 

The direct application of the model to the data caused the determination of the wrong value 

of the diffusional rate of acetate throughout the cell (4a); in fact, considering the physical 

meaning of this parameter, it should have positive value. Its calculation was affected by the 

slow increase of velocity just after the feed and the parameters in this condition assumed 

negative values (Table 6). On the other hand, if this initial period of time was not considered, 

the available points where velocity decreased due to consumption of rbCOD, were not enough 

for the parameter estimation. In RUN3 the maximum velocity was reached in minor time, 

probably due to the high concentration of biomass and to higher feeding frequency, and all the 

parameters 4a, 4b and 4c had positive values. These values had the same magnitude than those 

reported in the literature (Cecchi et al., 1991; Da Ros et al., 2014). The values are slightly higher 

than those derived from OFMSW anaerobic digestion indicating that diffusion of soluble 
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compounds and of extracellular enzymes was less limiting than with other substrates. Although 

the model limits described above, the correlation coefficients were higher than those of the first-

order model, they ranged from 0.97 and >0.99. 

4. Conclusions 

Application of long HRT to AD of winery waste didn't affect the specific biogas production 

but increased microbial biomass concentration, and consequently improved the observed 

degradation rates. The behavior of biogas production rate between a reactor feed and the next 

one was considered and a negligible production after 11-14 hours was observed due to complete 

consumption of soluble biodegradable COD. Consequently, the feeding frequency was 

increased through a control system able to feed the reactor automatically when GPR reduced 

below 0.4 m
3
/(m

3
reactord). The proposed approach allowed to increase the OLR from 3.2 to 6.2 

kgCOD/(m
3

reactord), without any stability problems. The average GPR increased from to 1.1 to 

2.8 m
3
/(m

3
reactord), mainly due to a higher OLR and stimulation of degradation of all COD 

fractions. Two kinetic models were used to describe the process: first order and step-diffusional 

models. Step-diffusional model described better the trend of degradation rates (R
2
 0.97-1.00) 

Step diffusional model showed how the diffusion of substrates and enzymes through the 

bacteria membrane has a minor effect in AD of winery waste than of OFMSW, because of high 

biodegradability of WL and to microbial community selection.  

AD process, fed with WAS and WL, allowed to set-up a promising control system that has a 

local validity at the moment. Its general applicability has to be confirmed by experimentation on 

other processes. 
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Figure 1 Cumulative biogas production plotted against the time between two consecutive feeds in RUN1 and RUN2 
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Figure 2 Biogas production rates detected in RUN1 and RUN2 between two consecutive feeds 
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Figure 3 Average and standard deviation of SGPR, related to rbCOD, rhCOD and sbCOD, determined in RUN1, RUN2 and RUN3. 
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Figure 4 Degradation rates obtained applying step-diffusional model in the process operating with HRT of 23 and 40 d (RUN1 and RUN2) and HRT 

of 21 (RUN3) 



Table 1 Average and standard deviation of waste activated sludge (25 samples) and wine lees 

characteristics (74 samples). nd: not detected 

Parameter Unit Waste Activated Sludge Wine Lees 

TS gTS/kg 158.9 ± 49.3 62.0 ±27.9 

VS gVS/kg 143.5 ±41.6 33.6 ± 15.1 

VS/TS % 88% ± 3% 57% ±13% 

pCOD mg/g TS 868 ± 69.4 559 ± 151 

sCOD g/l nd 167 ± 45 

TKN mg N-NH4
+
/g TS 52.7±16.3 30.3 ±12.7 

NH4
+
 mg N NH4

+
/L nd 33.9±22.7 

Ptot mg P-PO4
3-

/g TS 7.3 ±2.0 6.2 ±2.9 

  

Table



Table 2 Average and standard deviation of characteristics of digestates from process working with 23 

(16 samples) and 40 days (10 samples) of HRT 

Parameter Unit Run 1 Run 2 

HRT d 23 40 

TS gTS/kg 24.3 ± 2.9 33.4 ± 2,43 

VS gVS/kg 14.2 ± 1.7 21.7 ± 1.1 

pCOD mg/gTS 640 ± 46 752 ± 73 

sCOD mg COD/L 360 ± 152 349 ± 74 

TKN mg N-NH4
+
/gTS 36.3 ± 4.5 52.8 ± 3.3 

N-NH4
+
 mg N-NH4

+
/L 400 ± 56 638 ± 49 

Ptot mg P-PO4
3-

/gTS 8.8 ± 1.6 8.4 ± 0.8 

pH - 7.46 ± 0.19 7.51 ± 0.07 

Total Alkalinity mg CaCO3/L 2248 ± 200 3,332 ± 124 

Polyphenols mgGAE/L 26 ± 7 56 ± 26 

SGP m
3
/kgCOD 0.386± 0.049 0.378 ± 0.036 

TS removal % 28% 22% 

VS removal % 40% 36% 

COD removal % 76% 78% 

 

  



Table 3 Absolute and specific biogas production rate for rbCOD, rhCOD and sbCOD fractions, 

determined on basis of active biomass concentration (VSS). Average and standard deviation calculated 

on 7 replicates. Average value in a row followed by the same letter are not significantly different at 

p≤0.05 (Duncan test). 

Parameter Unit Run 1 Run 2 

HRT d 23 40 

GPR 

rbCOD m
3
/m

3
reactord 4.70

a
±0.16 6.31

b
±0.39 

rhCOD m
3
/m

3
reactord 1.21

 a
 ±0.14 1.92

 a
 ±0.25 

sbCOD m
3
/m

3
reactord 0.14

 a
 ±0.07 0.13

 a
 ±0.03 

VSS g/l 2.60 3.82 

SGPR 

rbCOD m
3
/(kgVSS d) 1.81

 a
 ± 0.06 1.65±0.10 

rhCOD m
3
/(kgVSS d) 0.47

 a
 ±0.05 0.50

 a
 ±0.07 

sbCOD m
3
/(kgVSS d) 0.05

 a
 ± 0.03 0.03

 a
 ±0.01 

 

  



Table 4 Characteristics of digestates from automatic fed process (12 samples) 

Parameter Unit Run 3 

HRT d 21 

TS gTS/kg 50.0 ± 5.1 

VS gVS/kg 30.0 ± 1.8 

pCOD mg/gTS 693 ± 73 

sCOD mg COD/L 1803 ± 931 

TKN mg N-NH4
+
/gTS 62.0 ± 7.3 

N-NH4
+
 mg N-NH4

+
/L 818 ± 83 

Ptot mg P-PO4
3-

/gTS 8.8 

pH - 7.38± 0.14 

Total Alkalinity mg CaCO3/L 3775 ± 202 

Polyphenols mgGAE/L nd 

SGP m
3
/kgCOD 0.457 ± 0.041 

TS removal % 24% 

VS removal % 35% 

COD removal % 69% 

Polyphenols removal % nd 

 

  



Table 5 Linear regression parameter applying first order model. Model parameters were calculated 

considering 7 replicates for each tested condition. Average and standard deviation calculated on 7 

replicates. Average value in a row followed by the same letter are not significantly different at p≤0.05 

(Duncan test). 

  Run 1 Run 2 Run 3 

First-order model 

k d
-1

 1.33
 a
 ±0.11 2.28

 b
 ±0.43 2.85

 c
 ±0.14 

R
2
  0.98 0.97 0.89 

Average lack of fit   19.98 16.65 5.82 

  



Table 6 Regression parameter applying step-diffusional model. Average and standard deviation calculated on 

7 replicates. Average value in a row followed by the same letter are not significantly different at p≤0.05 

(Duncan test).  

  Run 1 Run 2 Run 3 

Step diffusional model 

v0 mgCOD/L min 4.62
 a
 ±0.30 5.87

 b
 ±0.61 8.52

 c
 ±0.47 

v1 mgCOD/L min 1.33
 a
 ±0.18 2.30

 b
 ±0.28 4.10

 c
 ±0.20 

v2 mgCOD/L min 0.40
 a
 ±0.18 0.31

 a
 ±0.10 1.03

 b
 ±0.35 

4a mgCOD/L min
2
 -0.0163

 
±0.0060 -0.0342±0.0130 0.0046±0.054 

4b mgCOD/L min
2
 0.0005±0.0004 0.0022±0.0023 0.0064±0.0021 

4c mgCOD/L min
2
 0.0045±0.0037 0.0006±0.0005 0.0116±0.0065 

R
2
  0.99 0.97 1.00* 

Average lack of fit  6.60 11.70 0.56 

*value > 0.995 




