Evaluation by Kinetic Models of Anaerobe Digestion Performances
for Various Substrates and Co-substrates

ADRIAN EUGEN CIOABLA!, GABRIELA ALINA DUMITREL?*, IOANA IONEL*
! University Politehnica of Timisoara, Mechanical Engineering Faculty, 1 Mihai Viteazu Blvd., 300222, Timisoara, Romania
2University Politehnica of Timisoara, Faculty of Industrial Chemistry and Environmental Engineering, 6 Vasile Parvan Blvd.,

300223, Timisoara, Romania

Anaerobic digestion is a complex process that allows the conversion of organic wastes into biogas with
minimal costs and benefits for the environment. The goal of this study is to evaluate the anaerobic digestion
potential of two common agricultural biomass wastes (degraded corn and degraded wheat) used as single
substrates or as co-substrates together with wastewater from a waste water treatment plant. The results
reveal that the co-digestion is an improved solution, both in terms of biogas amount produced and its
methane concentration. Two kinetic models (modified Gompertz model and logistical growth model) were
applied to study the methane production. For each case, the kinetic parameters were estimated. One
demonstrates that the modified Gompertz model fitted very well the measured methane potential, for all

studied cases.
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According to the National Institute of Statistics, 61.3%
of the Romanian territory is covered with agricultural lands
(arable, orchards and vineyards, pasture and meadows)
[1]. Due to this fact, agricultural biomass (such as animal
and vegetable wastes) is produced in a significant amount.
According to the Romanian Association of Biomass and
Biogas (ARBIO), in 2014, Romania produces 200 million
tons of wastes. However, biomass and biogas have a share
of only 0.62% of the total energy source generated in the
country [2].

In the past few years, Romania has been supported by
the European Union to build wastewater treatment plants.
From this process results sludge, waste which is a valuable
raw material for anaerobic digestion. In Romania, only 2%
of sludge from wastewater treatment plants (estimated
at a total of approximately 171 086 t/year) is used in
agriculture and the rest is disposed to landfills or stored
inside the plants [3]. These options are not sustainable to
be applied further as they do not fit to sustainable
development option; neither are allowed by European
regulations. Anaerobic digestion of sludge can thus be a
valuable solution and option to contribute efficiently to the
decrease of organic waste deposits and to the production
of biogas [4-7], as a country specific renewable resource.

It is fully attested that Romania has a considerable
biomass reserve - formed mainly from wood waste,
agricultural waste, domestic waste and energy crops -
that can represent a valuable renewable energy resource.

Anaerobic digestion is a capitalization alternative of
these organic wastes. By using this technique, the organic
wastes are converted to biogas, a fuel mainly composed
by methane and carbon dioxide [8-11].

Mathematical modeling is a valuable tool used to predict
methane production during anaerobic digestion. It allow
to investigate the influence of different parameters on
biogas quantity and quality and thus to optimize the process
without performing expensive and time-consuming
experiments. In the literature are found different types of
mathematical models [12-17].

The aim of this study was to investigate the anaerobic
digestion biogas potential of two common agricultural
biomasses used as single substrates or as co-substrates
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together with wastewater from a treatment plant. Based
on experimental data obtained in the pilot plant, a series of
kinetic models were developed in order to predict the
methane production of investigated substrates in batch
anaerobic digesters under mesophilic conditions.

Experimental part
Substrates

Two agricultural biomasses (degraded corn - C and
degraded wheat - W) were tested for their biogas
production - as single substrates or as co-substrates with
wastewater from treatment plant (WTP) - in a pilot plant
anaerobic digestion system.

Description of the Pilot Plant

The pilot plant anaerobic digestion system used for the
studies is presented in figure 1. The operation of the plant
is describe in previous articles [18].
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Fig. 1. Pilot plant anaerobic digestion system

where: 1- tank for biomass suspension preparation; 2-
pump; 3 - fermentation batch reactors; 4 - tank with pH
correction agent; 5 -filter for H,S removal, 6 - CO, retention
system; 8 -pipes; 9- system for digestate download; 10 -
system for neutralization of digestate solid fraction; 11-
temperature controllers; 12 - bubbling system; 13- tank for
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biogas collection.

The reactors were operated under mesophilic
temperature conditions. 75 kg of dry biomass and 2000
Liter water were used to prepare the suspension for
anaerobic digestion. The quantity of biogas produced was
measured daily. The temperature was measured with J
thermocouple continuously, controlled with temperature
controllers (AD-025V2DS-C). The pH value was detected
and controlled by a pH sensor (HI 1210) and a pH controller
(BL 981411).

Mathematical models

The mathematical models used to calculate and
compare the methane production during anaerobic
digestion of different substrates are [19]:

a)Logistical growth model

M= Mp,/(1+b=exp(—k=t)) )

where: M is the cumulative equivalent methane yield at
time t, in m3, M, is the methane production potential in m?,
b is a dimensionless constant, k is kinetic hydrolysis
reaction rate constant, day?, t is the time, expressed in
days of the process, and exp(1) is 2.7183.

b)The modified Gompertz model [16]:

M = M, * exp(— e.\:p(Rm «exp(1)/M, = (A —t) + 1]} )

where: M is the cumulative equivalent methane yield at
time t, m*, M, is the methane production potential, m®, R _
is the maximum methane production rate, m¥days, A is
the period of lag phase, days, t is the time expressed in
days of the process, and exp(1) =2.7183.

The parameters of the model were calculated by non-
linear unconstrained optimization method, using the
Nelder-Mead algorithm, which minimizes a scalar-valued
nonlinear function of nreal variables, by using only function
values [20, 21].

One applied Matlab R2008b (version 7.7.0.741) software
in order to determine the mentioned parameters. The
quality and appropriation of the model were first evaluated
graphically and further, the Pearson correlation coefficient
() and the root mean square deviation (RMSD) were
calculated.

Results and discussions

The cumulative biogas production during anaerobic
digestion of the substrates investigated is presented in
figure 2.

According to data presented in figure 2, the biogas
production for degraded corn mixed with wastewater from
treatment plant (CWTP) and degraded wheat mixed with
wastewater from treatment plant (WWTP) started very
quickly, already in the second day of the digestion process.
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Fig. 2. Cumulative biogas production during anaerobic digestion
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The CWTP and WWTP showed a low biogas production
until day 9, when both digestion reactors reached a
cumulative biogas production of 2 m3, After day 9, the biogas
production from CWTP and WWTP digesters increased
slowly and reached by day 45 a value of 14.5 m® biogas for
CWTP and, respectively, 18.5 m® of biogas for WWTP By
comparative analyzing the fermentation process of
degraded corn (C) and degraded wheat (W), one notices
that the biogas production started very late (in the 9" day
of the process). The degraded wheat digestion (W)
reached a cumulative biogas production of 2 m* by day 19,
while for the degraded corn (C) 38 days were needed ,to
reacf; a cumulative biogas production of the same amount
(2 md).

The amount of biogas generated after 45 days of
anaerobic digestion varies with the substrate used, in the
following order (from high to low): WWTPR, CWTR W, C.

The methane content of biogas produced during
anaerobic digestion of investigated substrates is presented
in figure 3.

90.0

80.0

R 70.0

@
=
[=

50.0

ane content, %

IS
S
=]

300

Meth

20.0
10.0

0.0
0 10 20 30 40 50
Time, days

——W —=WWTP —-C ——CWTP
Fig. 3. Methane content of biogas produced during anaerobic
digestion

The methane content of biogas increased rapidly for
CWTP and WWTP until day 22, when it reached the
maximum value of 79 % from biogas content. Concerning
the other substrates (C and W), the methane content in
the biogas had a slowly evolution. The lowest
concentration of methane was found in biogas produced
from anaerobic digestion of degraded corn. The methane
concentration in the biogas produced from anaerobic
digestion of degraded wheat was a little bit higher that in
the case when the biogas was generated by the degraded
corn digestion.

In order to calculate and compare the methane
production during anaerobic digestion of investigated
substrates, two mathematical models were used: logistical
growth model and modified Gompertz model [16,19].

The results of logistical growth models together with
the experimental results are presented in figure 4. The
model parameters and the values of model performances
are presented in table 1.

By analyzing figure 4 and table 1 it is noticed that the
logistical growth model describes very well the methane
production during anaerobic digestion of degraded wheat
(W) and degraded wheat mixed with wastewater from a
water treatment plant (WWTP). The methane production
potential for these two co-substrates (W and WWTP) is
closed to the experimental quantity of the produced
methane. The kinetic hydrolysis reaction rate constant is
higher for the case when using WWTP than for W. In
reference to the other two co-substrates (C and CWTP),
the experimental data showed inferior agreements with
the model results.

The results of modified Gompertz models, as well the
experimental results are presented in figure 5. The model
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Fig. 4. Experimental data (different markers) and logistical growth
models (solid lines) for methane production during anaerobic
digestion of investigated substrates

parameters and the values of model performances are
presented in table 2.

Figure 5 and table 2 highlight that the highest methane
production potential is exhibited by degraded wheat mixed
with wastewater from a WWTP Further, the production is
attested, at lower quantities, by using degraded corn mixed
with wastewater (CWTP), degraded wheat (W) and
degraded corn (C), in this order. The maximum methane
rate (R ) is revealed in the case of anaerobic digestion of
degraded wheat mixed with wastewater from treatment
plant (WWTP). The largest lag phase (A) was observed
for degraded corn (C). Thus, one suggests that the soluble
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Fig. 5. Experimental data (different markers) and associated
modified Gompertz models (solid lines) for methane production
during anaerobic digestion of investigated substrates

30

degradable materials are not available and the initial
microbiological composition of this sample is not adequate
for anaerobic digestion. The use of wastewater from water
treatment plant influenced that situation and the shorter
lag phase was exhibited by the action of CWTP  These
model results are in agreement with the experimental data
(r = 0.9967 - 0.9996, RMSD = 0.0008 - 0.0858).

Based on the kinetic results and the values of statistical
indicators one states that the modified Gompertz model is
the best suitable model to fit the methane yields for the
tested substrates.

Model parameters
Substrate used TG 3 3 © | RMSD? Table 1
B us () PARAMETERS FOR
(day™) THE LOGISTICAL
GROWTH
Com (C) 74834 | 182165107 | 0.1696 | 0.9806 | 0.0283 MATHEMATICAL
MODEL AND THE
Wheat (W) 4136 | &075343 | 0.1778 | 00087 | 0.0034 VALUES OF THE
OBTAINED MODEL
Com + wastewater from treatment plant (CWTE) 77000 [ S1BL3000 | 05000 [ 09898 | 01874 PERFORMANCES
Wheat + wastewater from freztment plant (W W LE) 118770 | 3060134 | 030531 | 0.0095 | 0.0342
¢ Pearson correlation cogfficient; © the root mean square deviation [15]
WModel parameters
Substrate used r RMSDP Table 2
Mz (m7) | B (m¥day) | & (days) PARAMETERS OF
- THE MODIFIED
Com (C) 30881 04343 379405 | 00080 | 00024 GOMPERTZ
MATHEMATICAL
h 3 EW T
TWheat (W) 44748 0.1600 JLI0RT | 0.0008 | 0.0008 MODEL AND THE
Tomn T wastewater Trom a waler Treatmaen plant TESTT | OB | TZ8W3 [ 0967 | 0O7es | e
(CWTP) PERFORMANCES
Wheat + wastewater fom a water treatment plant 121739 U.5683 153295 | 09955 | LLUE3E
(WWTPF)
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Pearson correlmtion coefficient; = the root mean square deviation [16]
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Conclusions

The results demonstrate that the co-digestion of
degraded corn and degraded wheat with wastewater from
treatment plant enhance the anaerobic digestion process
and the achieved biogas production, respectively. By far,
the most suitable co-substrate for anaerobic digestion is
the mixture of degraded wheat and wastewater from
treatment plant. One found out that, after 45 days of this
co-substrate digestion process, the biogas production was
increased by 68%, compared to situation when the
fermentation of degraded wheat occurred alone. The
methane concentration of biogas was clearly superior,
showing a large potential of using this fuel for renewable
energy and heat production.

The kinetic study of methane production proved that
there are different evolution patterns of digestion
processes, due to substrate characteristics. The modified
Gompertz model was found to be the best model for
predicting of the methane potential for all investigated
substrates.

Acknowledgment: This work was supported by a grant of the Romanian
National Authority for Scientific Research and Innovation, CNCS -
UEFISCDI, project number PN-I-RU-TE-2014-4-1043.

References

1. BALAN, E., Global Economic Observer, 3, no.1, 2015, p. 118.

2. *** ERD Center (Factor Regional Development), Biofuels (Biogas,
Biomass, Biodiesel) Sector In Romania, 2015.

3.MINISTRY OF REGIONAL DEVELOPMENT AND PUBLIC
ADMINISTRATION, Regional Operational Programme, 2013.

4. NIELFA, A., CANO, R., FDZ-POLANCO, M., Biotechnol. Reports, 5,
2015, p. 14.

REV.CHIM.(Bucharest)¢ 68¢ No. 11 ¢ 2017

5. NEAMT, I., IONEL, I., Rev. Chim. (Bucharest), 65, no.9, 2014, p.
1117.

6. NEAMT, I., IONEL, I., FLORESCU, C., Rev. Chim. (Bucharest), 63,
no. 7, 2012, p. 739.

7. MARKOV, Z., DIMITROVSKI, D., JOVANOSKI, I., NENCHEV, A., J.
Environ. Prot. Ecol., 14, no. 3, 2013, p. 1014.

8. APPELS, L., LAUWERS, J., DEGREVE, J., HELSEN, L., LIEVENS, B.,
WILLEMS, K., IMPE, J.V,, DEWIL, R., Renew. Sustain. Energy Rev. 15,
2011, p. 4295.

9. CECCHI, F, CAVINATO, C., Waste Manage. Res., 33, 2015, p. 429.
10. MALOLLARI, 1., KOTORI, P, HOXHA, P, LICI, L., LAJQI, V., BARUTI,
B., CANI, XH., BUZO, R., J. Environ. Prot. Ecol., 17, no.1, 2016, p. 323.
11. ZHANGA, Q., HUA, J., LEE, D.-J., Renew. Energ., 98, 2016, p. 108.
12. RAJENDRAN, K., KANKANALA H. R., LUNDIN, M., TAHERZADEH,
M. J., Biores. Technol., 168, 2014, p. 7.

13. GARCIA-GEN, S., SOUSBIE, P, RANGARAJ, G., LEMA, J. M.,
RODRIGUEZ, J., STEYER, J.-P, TORRIJOS, M., Waste Manag., 35, 2015,
p. 96.

14. ADL, M., SHENG, K., GHARIBI, A., Energy Proc., 75, 2015, p. 748.
15. OPPONG, G., MONTAGUE, G. A., ELAINE, B., OBE FRENG, M.,
IFAC Proceedings Volumes, 46, no. 32, 2013, p.684.

16. KRISHNA KAFLE, G., CHEN L., Waste Manag., 48, 2016, p. 492.
17. KYTHREOTOU, N., FLORIDES, G., TASSOU, S. A., Renew. Energ.,
71, 2014, p. 701.

18. CIOABLA, A.E., IONEL, I., DUMITREL, G.-A., NEGREA, P, PODE, V.,
Rev. Chim. (Bucharest), 63, no. 6, 2012, p. 629.

19. LATINWO, G. K., AGARRY, S. E., Int J Renew Energy Develop., 4,
no. 1, 2015, p. 55.

20. LAGARIAS J. C., REEDS J. A., WRIGHT M. H., WRIGHT P.E., SIAM J.
Optimiz., 9, 1998, p. 112

21.DUMITREL, G.A., CIOABLA, A.E., IONEL, I., VARGA, L.A., Rev. Chim.
(Bucharest), 68, no. 6, 2017, p. 1294

Manuscript received: 26.03.2017

http://www.revistadechimie.ro 2617



