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Abstract: This paper explores the feasibility of flexible biogas production by co-digestion of food
waste and sewage sludge based on experiments and mathematical modeling. First, laboratory-scale
experiments were carried out in variable operating conditions in terms of organic loading rate and
feeding frequency to the digester. It is demonstrated that biogas production can achieve rapid
responses to arbitrary feedings through co-digestion, and the stability of the anaerobic digestion
process is not affected by the overloading of substrates. Compared with the conventional continuous
mode, the required biogas storage capacity in flexible feeding mode can be significantly reduced.
The optimum employed feeding organic loading rate (OLR) is identified, and how to adjust the
feeding scheme for flexible biogas production is also discussed. Finally, a simplified prediction
model for flexible biogas production is proposed and verified by experimental data, which could be
conveniently used for demand-oriented control. It is expected that this research could give some
theoretical basis for the enhancement of biogas utilization efficiency, thus expanding the applications
of bio-energy.
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1. Introduction

Bio-energy has the unique advantage that it can be stored and controlled according to a targeted
schedule; thus, it is applicable for compensating the differences between power demand and supply
that arise at peak times or when production bottlenecks occur [1–3]. In this context, demand-oriented
power supply through utilization of biogas from the anaerobic digestion process could be regarded as
an important mean to implement the “Complementary renewable energy supply” system for improved
stabilization and comparative advantages of renewable energies [4].

Flexible biogas production was proposed as an important pathway for realizing demand-oriented
biogas supply, which is operated by controlling the anaerobic digestion (AD) process in order
for just-in-time biogas production when power is needed [5–7]. Compared with the traditional
demand-oriented pathway by extension of biogas storage capacity, the additional investments,
operational costs and the risk caused by higher biogas storage capacity could be significantly reduced
via flexible biogas production [8,9].
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Some specific technologies of flexible biogas production have already been researched; for instance,
Linke et al. [10] and Lemmer et al. [6] focused their attention on the adaption of a two-stage systembiogas
plant configuration that generates liquid substrates with a high content of easily degradable organic
matter. This can be fed in variable amounts into fixed-bed digesters to increase the biogas production
instantly. However, adaption of configurations is expensive and difficult to implement, especially for
already-built biogas plants [11]. Another method for achieving flexible biogas production is targeted
variation of the feeding scheme, which can be manipulated by varying the substrate addition time and
intervals, in order to coordinate the actual variations of biogas production with the electricity demand
trend; related researches can be found in Mulat et al. [12] and Zealand et al. [13]. The most commonly
used flexible method is addition of easily degradable substrates for just-in-time biogas production.
In this field, Ahmed et al. [14] adopted sugar beet silage; Barchmann et al. [15] studied co-digested
cattle manure and corn silage; Laperrière et al. [16] used carrot, maize silage and glycerol; Nghiem et
al. [17] employed sewage sludge and crude glycerol;and Feng et al. [18] used the maize silage and
briquetted meadow grass as the targeted feeding substrates. These substrates’ fast biodegradability and
effectiveness for flexible biogas production demonstrate the technical feasibility for demand-oriented
biogas supply.

Current literatures have only taken a few agricultural by-products (mainlyconsistingof energy
crops and livestock manure) as the feeding substrates for flexible biogas production [19]. Some other
municipal bio-waste produced in large quantities, such as food waste, has potential for use as feeding
substrates since they arerich in easily degradable organic matter. However, they have been scarcely
discussed [20]. Compared with agricultural by-products, food waste is widely available in large
quantities, and holds promise for great environmental and social benefits if the embodied bio-energy
can be recovered [21,22]. Mono-digestion of food waste often leads to digester instability and even
failure at higher organic loading rates (OLR above 2.5 g volatile solid (VS) L−1 day−1) due to the
accumulation of volatile fatty acid (VFA) and insufficient buffering capability [23–25]. Co-digestion
with sewage sludge is an optimal choice for AD of food waste compared with other potential substrates
since sewage sludge can provide the alkalinity and micronutrients required for the AD process,
thus increasing the buffering ability against acidification of the AD system when the flexible biogas
production is implemented [26,27]. Co-digestion of food waste and sewage sludge is already a
consolidate technology, also in pilot and full-scale plants in some European countries, but only a few
plants have implemented the demand-oriented biogas supply mechanism; some already operating
demand-oriented plants only take the practice of adding gas storage and adding the extra digesters,
which can be switched on and off in order to balance the intermittent power production, while no
plant tries the practice of changing the feeding regimes for just-in-time flexible biogas production [28].
In this context, this research analyzed the feasibility of changing the feeding regime for realizing the
flexible biogas production by co-digestion of food waste and sewage sludge. Laboratory experiments
were conducted by feeding the excess sludge and food waste in variable operating conditions in terms
of organic loading rate (OLR), feeding frequency and interval to the digester. Whether the alteration
of feeding regimes could significantly benefit the flexibilization was further evaluated based on the
experimental results.

Variable feeding of flexible biogas production additionally raises the complexity of the reactor’s
response [29].A critical step for practical flexible operations will be attaining an effective method for
predicting the biogas production [30]. The effects of the feeding amounts of substrates on the biogas
production process can be simulated by the Anaerobic Digestion Model (ADM) No. 1; related researches
can be found in Löffler [31], Mendes et al. [32] and Nordlander et al. [33]. However, ADM1 needs
a variety of equations to describe the AD process and faces challenges when lacking more complex
data, like change of feedstock characteristic, shift of microbial populations and many more [34,35].
Some other possible prediction models have also been studied, for example Ahmed et al. [14] used
the Gaussian equation; Rieke et al. [35] employed the transfer function in Laplace domain; and
Hien et al. [36] designed the Biotool based on R software. But these models are inconvenient to
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simulate the biogas production responseto targeted variation of feedings. Therefore, this research
aims to establish a simpler, accurate model that can be used to predict biogas production in flexible
operating conditions.

It is expected that this research can give some theoretical basis for biogas engineers to improve
their organic waste valorization for energy recovery, thus promoting the diffusion of bioenergies and
helping to realize a more efficient sustainable energy utilization.

2. Experiment Description and Modeling Method

2.1. Experiment Overview and Substrates Characterization

The experiment was carried out at the Institute for Sanitary Engineering, Water Quality and
Solid Waste Management (ISWA), University of Stuttgart. A laboratory-scale 250 L continuous stirred
tank reactor (CSTR) with approximately 210 L liquid volume was used as the digester. During the
experiment, the digester was operated at the mesophilic condition of 35 ◦C, slightly pressurized with
the pressure of about 0.01 bar, with the hydraulic retention time fixed in 21 days. The produced
biogas was collected at the top of the reactor and guided into the CH4 sensor (Blue Sens gas sensor
GmbH, Herten, Germany) to measure the methane concentrations. Afterwards, the gas flow volume
was measured by a gas-flow meter (Ritter Apparatebau GmbH, Bochum, Germany). These data can
be recorded in the system’s data logger (Endress Hauser company with the type RSG10, Reinach,
Switzerland), which stores information about the amount and composition of biogas every 10 min.

Three groups of experiments were operated at organic loading rates (OLRs) of 600 g chemical
oxygen demand (COD) per day (2.86 g COD L−1 digester day−1), 400 g COD per day (1.90 g COD
L−1 digester day−1) and 200 g COD per day (0.95 g COD L−1 digester day−1), respectively; the three
weeks’ stabilization period were experienced prior to each group of experiment. The maximal OLR
is set according to the research of Yang et al. [35], who found that an OLR higher than 3 g COD L−1

digester day−1 will acidify the process and cause instability. The feedings in each group were further
split into different feeding regimes, i.e., feeding a given daily load in one portion or separating the
same amount into equal portions, which operated with feeding twice per day with 9 h, 7 h and 5 h
intervals, in order to simulate the need to cover high electricity demand peaks during a typical day.
Each round of experimentation lasted one week, with feeding for five workdays, which resembles
the biogas utilization period, while a feeding break during weekends for simulating a low demand
at the weekend or high electricity production by, e.g., wind or solar power. In order to ensure the
consistency of the feeding property during the whole experiments, and thus to facilitate the analysis
of the results, the feeding food wastewas prepared with noodle, soybean, edible oils and edible salt,
and their composition ratio was decided according to the typical characteristics of Chinese food waste
with 48% carbohydrate, 35% protein, 17% fat, and 11 g L−1 salt [37]. Food waste was then diluted
with sewage sludge obtained from the returned sludge tank in the sewage plant to 10 L for feeding.
The properties of the noodles, soy flour, oil and excess sludgeare shown in Table 1, and the addition
amounts were calculated based on Equation (1). Results are shown in the Appendix A.

OLRCOD
i =

∑ COD j×M j
ρ j

V
(1)

where CODj represents the chemical oxygen demand in g L−1 of the fresh material j, values are shown
in Table 1; Mj the mass in g of the feeding material j; ρ j the density of the fresh material j with unit g
L−1 fresh material; and V the volume of reactor, which is assigned for 210 L in this case.
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Table 1. Composition of the used feeding substrates.

Parameters
Substrates

Noodle Soybean Oil Excess Sludge

TS (%) 88.5 88 - 0.84
VS (%) 99 93.3 99.9 69.1

VS (g/kg fresh substance) 876.2 821.04 999 5.8
COD (gL−1) 283.5 1053.7 2384.2 8.77
ρ j (gL−1) 0.93 0.8 0.91 1

Protein (%) 12 58.6 - -
Fat (%) 1.2 2.1 100 -

Carbohydrate (%) 71 21.3 - -

2.2. Analytical Methods

To assess the stability of the anaerobic digestion system, process parameters like the pH of the
feeding substrates and effluent, the ammonia nitrogen content in the digester, the conductivity of the
salt concentration, the total solids (TS), the volatile solids (VS) of the effluent, and the ratio of volatile
organic acids to total inorganic carbon (expressed as FOS/TAC) were measured. During which the pH,
TS and VS were measured every day during the feeding period, while others were measured twice a
week. In the testing process, we collected three parallel samples from the digestate, and calculated the
average value of the tested parameters for three parallel samples as the final result in order to reduce
the measurement errors.

SCHOTT GERATE’s CG819 series pH meter was used for pH measurement. The determination
of TS and VS was determined according to the standards of DIN EN 15934 and DIN 15935.
Ammonia nitrogen was measured by an ammonia nitrogen analyzer (Merck KGaA, Darmstadt,
Germany). According to Hach Company© (2015), the FOS/TAC ratio was determined according to the
Nordmann criteria.

2.3. Prediction Model for Flexible Biogas Production

A novelty prediction model for biogas production in flexible operating conditions was developed
based on the first-order kinetics model, which was based on the microbial growth with a growth-limiting
substrate concentration [38,39]. Related parameter notations and basic hypotheses are made as follows:

Given the first feeding time t0 during a specific feeding period, and it is assumed that the ith
feeding will be arranged at time ti based on feeding schedule, when n times feedings have already
been passed. The accumulative biogas production after the ith feeding can be simulated by Equations
(2) and (3):

V(t) = V0(ti) + Vi
t (2)

Vi
t = vi

max ×
(
1− exp

(
−ki
× (t− ti)

))
(3)

where in Equation (2) V(t) represents the accumulated biogas production (mL biogas/L digester) in
feeding time t (min) from the arbitrary ith to (i + 1)th feeding during the biogas utilization period;
V0(ti) represents the accumulated biogas production volume from the first feeding to ith feeding,
which belongs to a measured parameter; and Vi

t is the biogas production generated specifically from
the ith feeding, and the value is calculated from the first-order kinetic model, expressed in Equation (3).
Parameter vi

max is the final specific methane produced (mL Biogas L−1 digester) at the end of the assay,
and ki is the first order decay constant (1 day−1).

vi
max = f

 i−1∑
n=1

X′n + OLRi

 (4)
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ki = g

 i−1∑
n=1

X′n + OLRi

 (5)

The parameters vi
max and ki are mainly determined by the organic matter in the digester, while

this amount consists of two parts: the undegraded organic matters left from previous feedings, as well
as the organic matters from the ith feeding. Thus, they can be expressed as the function of organic
matters in digesters, as show in the Equations (4) and (5), and the specific function formations can be
found by regression analysis seen in Section 5. The undegraded organic matters existed in digester Xi

t
left from ith feeding can be further calculated by Equation (6), which hypnoses the degradation of
organic subjects to the first-order kinetics. The OLR0 represents the feeding OLR at the initial time,
and the parameter m denotes the organic degradation rate, which can be obtained by the linearization
transformation given by Equation (7) using the reaction data.

Xi
t = OLR0 × e−mt (6)

ln
Xi

t
OLR0

= −mt (7)

3. Experimental Results and Discussion

3.1. Effects of Targeted Variation of Feeding Scheme on Biogas and Methane Production

Results of biogas production with feeding once per day are shown in Figure 1. The daily methane
production volume of each OLR group after transforming them into VS loading rate is 367 mL CH4 g−1

VS−1
added in OLR 2.86 g COD L−1 digester day−1, 285 mL CH4 g–1 VS−1

added for 1.90 g COD L−1 digester
day−1 and 277 mL CH4 g–1 VS−1

added for 0.95 g COD L−1 digester day−1, respectively. According to
the data summarized by Mehariya et al. [27], the VS loading rate obtained in existing researches of
co-digestion of food waste and sewage sludge ranged from 157 to 439 mL CH4 g–1 VS−1

added under
normal conditions; thus, the methane production obtained in our research can be regarded within
the normal ranges. It can also be found that the maximal biogas production rates in different OLRs
appears within 2 h, which indicates biogas production can respond quickly with variable time feedings
by co-digestion of food waste and sludge.

Biogas production rates responded to feedings in different OLR groups, showing a similar
variation trend that increase first and then decrease. The daily accumulative biogas production during
the five feeding days increased initially, but then decreased in the latter part of the feeding days; the
increment of biogas in the initial phase was caused by the accumulation of un-decomposed substrates
left by prior feeding substrates with daily feedings. As the daily feedings continues, the digestive
bacteria multiplied rapidly with the sufficient nutrient substance, thus the methane content began
to rebound. However, the feeding substrates were soon unable to meet the demand for bacterial
growth, the reactivity of bacteria then declined, which further led to decreasing biogas production. The
variation trend of CO2 content was roughly in the opposite trend with CH4 during the whole process.

The average daily biogas volume at 2.86 g COD L−1 digester day−1 was 1.357 L L−1 digester
day−1, which was 1.565 times that of the scenario of 1.9 g COD L−1 digester day−1 and 3.38 times the
0.95 g COD L−1 digester day−1. However, the CH4 content fell below 55% at 2.86 g COD L−1 digester
day−1 due to the acidification caused by the high feeding OLR [40]. Therefore, this scenario is not
recommended in operation because the low methane content will bring significant costs for methane
extracting and utilization [41]. The content of CH4 in feeding OLR 1.90 g COD L−1 digester day−1

was kept above 55% during the entire feeding period, which states no significant inhibitions occur on
anaerobic digestion reaction. In the scenario of feeding 0.95 g COD L−1 digester day−1, the methane
content was maintained around 60%, which manifests a high methanation efficiency in low feeding
OLR; however, the corresponding accumulative biogas production volume is critically low.
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Figure 1. Experimental results of biogas production with feeding once per day: (a) Feeding organic
loading rate (OLR) = 0.95g COD L−1 digester day−1; (b) feeding OLR = 1.90g COD L−1 digester day−1;
(c) feeding OLR = 2.86g COD L−1 digester day−1.

The results of feeding twice per day with feeding OLR 1.90 g COD L−1 digester day−1 and 0.95 g
COD L−1 digester day−1 are shown in Figures 2 and 3. It is obvious that two peaks have appeared
corresponding to the daily two feedings in both scenario. The daily accumulative biogas production
volumes were roughly the same with the scenario of feeding once per day, which indicates that the
accumulative biogas production volume will not appreciably be affected by arbitrary feeding behavior.
In the scenario of feeding OLR 1.90 g COD L−1 digester day−1 seen in Figure 3, with the shortening of
feeding intervals, the majority of biogas production was slightly shifted to the second half of the day
due to the increment of undecomposed substrates left by previous feedings. It could offer some basis
for designing the specific feeding scheme in real application, for instance the scenario with shorter
intervals can be used for the peak electricity demand that appears in the second half of the day. The
variation trends in feeding 0.95 g COD L−1 digester day−1 were similar to the former scenarios, the
only difference was that the biogas production volume of the first and second parts during one day
were approximately the same in the 9 h interval (seen in Figure 3a), which indicates that the first
feeding substrates with 0.1 kg COD can almost be decomposed completely within 9 h after feeding in
this scenario.
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3.2. Process Stability

The main digestive process parameters, pH and VS/TS of the effluent, are shown in Figure 4. The
pH fluctuated within 7.04 and 7.47, which shows an initial accumulation of VFA after feeding, but the
pH of the digestate was maintained within acceptable limits of 6.5 to 7.5 [42]. Other parameters all
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altered within acceptable ranges, i.e., ammonia-nitrogen varied between the value 100–1600 mg L−1

and a FOS/TAC ratio of 0.05–0.35 (not shown in the figure), which further proves that the long-term
stability was not negatively affected by flexible feeding. The variation trend of the VS/TS parameter
characterizes the content of organic matter in the digester, which showed an increasing trend with a
decrease in feeding OLRs. This would be subject to the reducing of the bacteria groups in the digester
caused by insufficient substrates when the OLR is reduced from 2.86 g COD L−1 digester day−1 to
0.95 g COD L−1 digester day−1, resulting in a lower decomposition rate of organic matter. Thus, some
conclusions can be drawn as follows: When feeding a high organic load (for instance 2.86 g COD L−1

digester day−1), the process of methanation was inhibited and the CO2 content then increased due to
the VFA accumulation, which reflected in the drop of the pH value from 7.28 to 7.04. However, when
the feeding OLR is low, the activity of the bacteria was reduced, which will result in the reducing of
the organic matter’s degradation rate, so that the embodied energy of the biomass cannot be fully
recovered. Therefore, the 1.90 g COD L−1 digester day−1 is recommended as the optimal feeding
scenario for real operations in this study.Energies 2020, 13, 818 8 of 13 
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4. Evaluation of the Flexibilization

The required biogas storage capacity was selected as the typical indicator for evaluating the
theoretical effects of the flexible mode compared to constant feeding. In order to demonstrate its
effects in a practical project, a biogas plant located in the Sichuan province, China, with a daily biogas
production of approximately 25,000 m3 day−1 was selected as a typical case example. The biogas plant
is operated with a CSTR reactor which feeds in an OLR of 2 kg COD m−3

·day−1. With the biogas
demand data collected from the plant’s operational report (as shown in Figure 5a), the flexible biogas
production for satisfying the demand was simulated by using the former experimental data under the
same total biogas volume level with the continuous operation mode.

The scenario of feeding twice per day with a 9 h interval was selected as the representative
scenario for a feeding strategy based on the consideration ofthe two peaks of biogas demand and
their occurring time interval. Due to the flexible biogas production, data were derived only from
laboratory experiments, and this research assumes that the laboratory-scale biogas production data can
be scaled-up to the practical-scale digester level based on the ratio of digesters. The result of required
biogas storage capacity is shown in Figure 5b, in which the storage volume was calculated by the
integration of the difference between biogas demand and actual biogas production amounts of the two
modes.From the calculation result, the biogas storage capacity in flexible mode could be reduced 40.3%
compared with the traditional mode, thereby a large number of operating costs could be saved.

Although the feasibility of flexible biogas production has been proved by the preliminary
assessment, new problems hint at the possibilities for its practical application. This raises the
uncertainty of whether the laboratory experimental results could be scaled up to practical-sized
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biogas plants. Further research is necessary to demonstrate flexibility in large-scale digesters through
repeating the trials in a typical biogas plant.
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5. Validation of the Proposed Biogas Prediction Model

For obtaining the functional expressions of parameters vi
max and ki with the organic loadings in

the reactor, the batch tests of one-time feeding from 0.95 g COD L−1 digester day−1 to 2.86 g COD
L−1 digester day−1 were firstly conducted for employing the values of vi

max and ki in different OLRs.
In each OLR scenario, the variation of biogas volume with time was fitted by first-order equations
using SPSS software. The obtained model parameters in each OLRs and fitting degrees are shown in
Table 2.

Table 2. Fitting results of first-order kinetics from batch tests.

Parameters

Feeding COD
(g COD L−1 Digester day−1)

vi
max

(mL BiogasL−1 Digester)
ki

(1 day−1)
Adjusted R2

0.95 686.799 0.001 0.993
1.42 792.004 0.001 0.997
1.90 1052.010 0.001 0.995
2.38 1358.809 0.00045 0.997
2.86 1484.287 0.001 0.997

It can be found that all the fitting degrees in different OLRs are more than 0.99, which proves that
biogas production can be well modeled by first-order kinetics. In addition, all the values of parameter
vi

max in different experimental groups showed linear relationships with the amounts of organic matters
in the digester, which can be supported by the high R2 (0.974) value via linear regression analysis, as
shown in Figure 6. With the regression equation of vi

max with organic matter in the digester (shown
in Figure 6), the value of vi

max can be determined as follows: Current OLRs in digesters should be
firstly calculated by Equation (6), and then by using the functional expressions; the parameter vi

max in
Equation (3) can be gained. While for the parameter ki, the values in different experimental groups
showed consistency at 0.001, indicating that the degradation rate barely fluctuates with OLRs. So, the
value of ki is assigned to 0.001 for the proposed prediction model.

The results of the prediction model can be seen in Figure 7, in which the simulated biogas
productions in different situations (i.e., different feeding OLRs in Figure 7a,b; different feeding regimes
in Figure 7b,c; different time periods in the same experimental group in Figure 7c,d; and different
feeding time intervals in Figure 7d,e) were taken for validating the model. All the errors between
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simulated results and real biogas production volume are below 10%, which validates the high accuracy
of the proposed model.
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twice per day with a 5 h time interval; (d) Later phase in feeding twice per day with a 5 h time interval;
(e) Feeding twice per day with a 9 h time interval.
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Compared with the conventional prediction model like ADM1, the proposed model needs only
two parameters (vi

max and ki) from batch tests; therefore, it is not necessary to collect a large number
of redundant data for the parameters. Apart from that, the model is valid for predicting the biogas
production responses to any arbitrary feedings, and the model’s simplified form makes it easy for
further simulating the biogas utilization strategies. However, there are still some uncertainties involved:
Whether the accumulative biogas production still remains as linear relations in higher OLRs lacks
the evidence from experiments due to the scope limits of this research; besides, for other types of
substrates (i.e., agro-crops and livestock manure) with different mixing ratios, whether the model is
still applicable needs further verification.

6. Conclusions

It is demonstrated that the highest biogas production rate appeared within 2 h after feeding in all
experimental groups, which proved the system’s fast response to the pulse feedings by co-digestion
of food waste and sewage sludge. Thus, the co-digested food waste and sewage sludge can be
regarded as suitable substrates for flexible biogas production. The feeding organic loading rate of
1.90 g COD L−1 digester day−1 was identified as the optimal feeding scheme for demand-oriented
operationsforensuring certain levels of biogas yield and methane concentrations. Methods foradjusting
the feeding intervals according to power demands werealso discussed. After transforming into a
flexible feeding regime, the required biogas storage capacitywas reduced by 40.3% compared with the
continuous biogas production mode. Finally, a prediction model for biogas production under flexible
operating conditions was established and verifiedbased on experimental data. This study is expected
to provide the theoretical bases for future engineering practices of urban sewage sludge and food
waste recycling, as well as improvingbiogas utilization efficiency.
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Appendix A

Table A1. Additional amounts of the used substrates in different OLRs.

Noodles
(g)

Soy Flour
(g)

Oil
(g)

Salt
(g)

2.86 g COD L−1 digester day−1 220 200 63 20
1.90 g COD L−1 digester day−1 136 127 39 12.87
0.95 g COD L−1 digester day−1 49 46 14 4.62
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