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Abstract

Introduction: This preliminary assessment of a grey-box model, was predicated on system
dynamics principles and developed using Vensim® DSS software. The purpose is to predict biogas
production under anaerobic conditions for energy utilization at the design stage.

Objective: To describe the process of a developed system dynamics model to predict biogas pro-
duction under anaerobic conditions.

Methods: This method involves two-stage kinetics of the biogas production process in anaerobic
conditions using the first-order and Gompertz functions. The model is depicted in two parts: cau-
sal loop diagram and stock—flow diagram. The causal loop diagram describes the anaerobic diges-
tion process a substrate undergoes for the production of biogas, while stock—flow diagram depicts
basic building blocks of the dynamic behavior of an anaerobic digestion process. Primary data is
from a laboratory-scale experiment of biogas production using vegetal wastes, while the secondary
one is from the literature on studies using similar substrates.

Results: Primary and secondary data are used to validate and stimulate the developed model.
The kinetic model shows the substrate being reduced exponentially with increasing time;
consumption of substrate and production of methane and carbon dioxide follows exponential
growth and decay pattern, with carbon dioxide production starting early compared to methane,
and was produced at a rate faster due to the strong and resilient characteristics of fermentative
microorganisms.
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Discussion: Comparing data from empirical and model simulation shows some close relationship,
though not too perfectly. Both results reflect signs of inhibitions occurring within the substrates in
the digester under anaerobic conditions explaining the low methane yield or instability.
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Introduction

A current trend of high dependence on biomass in Nigeria’s energy consumption could be
explored to reduce a considerable amount of waste generated from crop and livestock
sectors of the economy. This is because the use of biomass for energy generation is sustainable
and economical, viable financially, and benign to the environment.' The candidacy of biomass
presents the best option amongst all available renewable energy resources; it is the most easily
accessible source of energy with its unique environmentally friendly nature, constant supply,
wider availability, and ease of integration into existing infrastructure.”

Anaerobic digestion (AD), gasification, thermal depolymerization, pyrolysis, fermen-
tation, amongst others® are existing technologies through which biomass could be con-
verted for energy generation. AD is recognized as one of the best options for treating
biomass as it helps to avoid carbon dioxide (CO,) emissions and runoff of biomass.* ¢
It is a series of sequential natural processes, namely, hydrolysis, acidogenesis, acetogen-
esis, and methanogenesis>’*® in which bacteria convert organic materials into biogas and
fertilizer production in an environmentally friendly way. Though its underlying theory is
well established, to further increase its value, it is important to research how AD could be
optimized under diverse digestion conditions.” We posit that optimization through
computer-aided modeling of AD to examine the operating parameters to enhance its
deployment and process efficiency is possible. A study,'® for instance, presents a
dynamic model of biogas production systems based on system dynamics methodology
but based on equations from the Gompertz model. Similarly, Pham Van et al."!
studied the kinetic parameters of biogas production from co-digestion by batch mode
without considering the effect of inhibition. These gaps were identified, hence our
study on describing a developed system dynamics (SD) model to predict biogas produc-
tion in AD based on the Gompertz model. It also scaled up the empirical data of biogas
production to a pilot-scale biogas production taking into consideration the inhibitory ten-
dencies within the substrates used in the laboratory experiment.

SD is a computer-aided approach to policy analysis and design that applies to problems
arising in complex social, managerial, economic, or ecological systems.'* Biogas production
has both economic and ecological implications as it is one of the human demands for the pro-
visioning services from the ecosystem. There is the need to examine these systems in an inte-
grated manner to understand how trade-offs in their generation could be achieved.
Ecosystems provide a wide range of services that are of fundamental importance to the well-
being, health, subsistence, and survival of human beings.'* One of such impacts is the waste
generated by confined animals, which can degrade the ecosystem and reduce the services it
can supply.'*'® A major means of handling this menace in the ecosystem is to use the wastes
to generate energy in form of biogas. This approach means the production of energy from
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wastes as a provisioning service and, an ecosystem regulating service, as it mitigates undesir-
able effects in the environment.> SD model is characterized by interdependence, mutual
interaction, information feedback, and circular causality.'? They are built around a particular
problem, which in this study, is the effect of managing vegetal wastes in the economy and
ecological systems. The relevant variables are drawn around this problem and are included
in the model, to generate the model’s boundary. Being a preliminary assessment, the SD
model could be easily extended or revised to address additional questions as they arise.
The study then is a description of how the SD model was developed to predict biogas pro-
duction from vegetal wastes in anaerobic conditions. This preliminary assessment leveraged
three sources of information namely, numerical data, written database (publications and
operations manuals) of how the system works, as well as authors” expert knowledge.'?

The study objective is “to describe the process of a developed SD model of two-stage
kinetics for predicting biogas production from any digester operating under anaerobic
conditions.” The use of SD modeling is predicated on knowing that the approach is an
excellent tool to study the kinetics of biogas production in anaerobic conditions as a
closed-loop system. The anaerobic condition could be converted into information that
can be observed and acted upon to change the initial condition.'”

Literature review

Few kinds of research have been reported on the dynamic behavior of biogas production
systems in modeling and simulation. This has been attributed to the complexities and
complications involved in biogas production systems.'®'®'? In the context of this
study, few such kinds of research are reviewed as regards the mechanisms behind the
AD process. For instance, a study of augmented AD Model No. 1 (ADM1) as a standard
kinetic model of AD that is coupled to flux-balance-analysis (FBA) models of methano-
genic species.'® It describes steady-state results of coupled models, that could provide
detailed predictions on the intracellular activity of microbial species which are compat-
ible with experimental data on enzyme synthesis activity or abundance as obtained by
metatranscriptomics or metaproteomics. The study shows that by providing predictions
of intracellular fluxes of individual community members, the approach advanced the
simulation of microbial community-driven processes and provides a direct link to valida-
tion by state-of-the-art experimental techniques. Hamawand and Baillie'® describe a
simulation to test the capability of software to predict biogas potential for two different
anaerobic systems, namely, a laboratory-scale batch reactor and an industrial-scale anaer-
obic continuous lagoon digester. The software used data related to the operating condi-
tions, the reactor design parameters, and the chemical properties of influent
wastewater, with a sensitivity analysis done to identify the sensitivity of the most import-
ant default parameters in the software’s models. The results from the software show that it
could be used reliably to simulate both small-scale batch reactors and industrial-scale
digesters. Bala and Satter'® and Fang et al.*° report on the SD study of biogas production,
positing that SD is the simplest and quickest route to the understanding of dynamic
systems such as biogas production systems through models. It is capable of incorporating
inherent nonlinearity and time lag of the system.'®? In a similar vein, Gavala et al.? state
that kinetic models are useful tools to optimize the AD process in SD. It is also reported
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that the kinetic of biomethanation helps in understanding the mechanisms of the AD
process.>>** Pham Van et al.,>* Deepanray et al.,?> and Kythreotou et al.*® report research
that have deeply studied the influences of physical and chemical conditions on AD of a
substrate. These influences have been modeled by different kinds of kinetic models
including the kinetics of substrate degradation, growth kinetics, and kinetics of biogas
production.”**’ Kythreotou et al.’® and Nopharatana et al.>’ also report that the
kinetic model of biogas production was found to be the most important. Also, it is
noted that there are some examples of non-dynamic white-box models based on stoichio-
metry and applied only for calculating biogas production.”® These include models of
Amon et al.,>>3° Boyle,31 and Buswell and Mueller.>? These models are time-
independent models, relying on data for basic elements or components of organic sub-
strates. Such models become helpful for the estimation of values CH4 and COS,3

Models are either suitable for qualitative description or quantitative predictions.
terms of the quantitative description, biogas models can be categorized as theoretical and
experimental models.?® Theoretical models, also known as first-order models, explains
how a system works based on theoretical knowledge and predict system behavior.>>~°
On the other hand, experimental (empirical) models are models used to investigate the
relationship between different parameters by carrying out tests on them. Empirical
models are well known for validating a specific system for which it was developed
while first-order models are known for their high predictive power.>’

Further categorization of models is that they can be referred to as white-box, grey-box,
and black-box models, respectively.’®>° White-box models usually will be such that
would include the details needed in explaining the biochemical reactions in the AD
process and they are also deductive. On the flip side is that black-box models exclude
any prior information about the process and join the input with output inductively.
Grey-box models involve the calculation by estimation procedure of parameters with
physical interpretation and some approximation as well as simplification of the AD
process. It has been reported that most dynamic models have a grey-box structure.*’
The SD kinetic model described in this study is grey-box, based on the parameters of
the stock (biomass) used, the technology (AD), and the principle (SD) upon which the
model was developed.

28,34 In

Laboratory experimental setup

The details of the laboratory experiment scaled up in this study are reported by Momodu
et al.*! A brief description of the various steps employed during the laboratory experi-
ment, including materials, digester design, feedstock sample collection and analysis, pre-
paration of feedstock, digester setup, biogas collection, and analysis is here reported.

The materials include vegetal matter (vegetables and fruits), inoculum (cow rumen
fluid), three 20-liter (0.02 m>) water jars of dimension, six 5-liter (0.005 m’) kegs, %
inch polyvinyl chloride (PVC) pipe, % inch PVC pipe caps, length of tubes, funnel, cali-
brated cylinder for measurement, black polyethylene, paintbrush, clean water, glue, ther-
mometer, and hand gloves. The equipment used for this project were OHAUS Adventurer
Pro AV264 digital weigh balance, furnace, and Fourier transforms mid-infrared spectro-
scopy Shimadzu model (FTIR).
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Three portable digesters were fabricated by adapting and modifying a 20-liter plastic
container and using a 1-inch diameter PVC pipe. This was cut to 19.7 inches and placed
through the bored hole until about 2 inches from the base of the plastic container
(digester) and capped as the inlet pipe. A second hole was bored at the opposite side
of the inlet pipe where the %2-inch diameter PVC pipe was inserted and capped as the
outlet pipe through which samples were collected for pH analysis. The PVC pipes
were tightened using epoxy glue so as to prevent leakages. The inlet and outlet pipes posi-
tions were connected to the gas storage capacity of a dome-shaped biodigester because
the gas will be stored above the slurry.*?

A gas tube for the passage of gas was inserted into the neck of the biodigester by boring a
hole and tightened using epoxy glue. The digesters were subsequently wrapped with black
polyethylene to screen out light in order to avoid algae formation and to enhance methane
production. In the presence of algae, oxygen will be produced; the bacteria will respire aer-
obically and methane gas will not be produced. Therefore, it is necessary to wrap the digester
with black polyethylene to maintain the digester temperature. Water displacement method*?
was adopted for the gas collection by modifying the six 5-liter kegs as water tanks and col-
lectors, implying that the volume of water displaced equals to the volume of gas produced.
The digesters, water tanks, and water collectors were inter-connected using rubber hoses. A
mechanical stirrer was not included in the design so as to avoid the problem of gas leakages.
Stirring was done by shaking the biodigester to prevent thickening and settling of the slurry
which is referred to as the dead zone within the digester.**

In the framework of the experimental study, fruits and vegetable wastes were collected
from a local food market. It was basically composed of a fresh waste sample of vegetables
and fruits from various vegetable stalls at a market. The mixtures of vegetables and fruits
used were composed of watermelon, tomatoes, and oranges. After the collection process,
the vegetable and fruit wastes were grinded in order to increase the surface area. The con-
sidered inoculum was cow rumen fluid collected from a cow abattoir. Firstly, the cow
rumen fluid was packed into polyethylene bags and stored at room temperature for
four days before use so as to allow the production of more methanogens.*> Secondly,
the substrates were grinded using mortar and pestle to reduce and homogenize their
sizes. Thirdly, the prepared substrate with cow rumen fluid were mixed together. The
fourth step was to mix the slurry formed with water in the biodigester.*®

Total solid content, volatile solid (VS) content, biochemical methane potential was
determined in accordance with the standard methods.*’

Three identical biodigesters were set up. Fresh vegetal wastes (V) which contain an
equal volume of watermelons, tomatoes, and citrus were assigned to each biodigester,
respectively, and mixed with cow rumen fluid (R) and clean water (W) into different
V: W: R ratios; (1: 1: 0) control; (0.75:1:0.25); and (0.5:1:0.5) that correspond to 0%;
25%; 50% of rumen fluid, respectively (see Table 1). The retention time for each of
them was 30 days. The mode of feeding of the digester was batch feeding; that is,
loading the digester once and maintaining a closed environment throughout the retention
period. The digester setup is shown in Plate 1.

To improve the gas produced in the biodigester from the substrate, there was the addition
of inoculum. This involved the introduction of cow rumen fluid as inoculum to the substrate.
Other parameters that may affect this process such as ambient temperature, hydraulic
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Table 1. Conditions of the three different V:-W:R ratio contents used for model simulation.

Vegetal Woater Cow rumen
Biodigester V:W'R ratio matter (g) (mL) fluid (mL)
DI I:1:0 4000 2000 0
D2 0.75:1:0.25 3000 1500 1500
D3 0.5:1:0.5 5000 1000 3000

retention time (HRT), organic loading rate (OLR), particle size, and nutrients were kept con-
stant. The fruit and vegetable wastes were mixed in a carbon to nitrogen ratio of 1.4:1 under
the pH condition of 6-7.2. The substrate to inoculum ratio of the digesters was 1:0 for control;
0.75:0.25 and 0.5:0.5 that correspond to 0%; 25%; 50% of the inoculum.

The gas produced was accumulated in the upper part of the biodigester. Since the
water displacement method was adopted for the gas collection (Figure 1), the volume
of water displaced equals to the volume of gas produced.** The daily volume of
biogas produced was measured and recorded.

Methodology

The methodology took cognizance of these three critical parameters—the stock, the tech-
nology, and the principle—in developing the computer-aided model to assess an opti-
mized AD operational deployment and efficiency. These three parameters form the
basis of the development of the two-stage kinetic model. It was approached at two

>

| 4

Plate |. Laboratory experiment.
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Figure 1. Causal diagram for an experimental biogas production syst:em.I2

scales—Ilaboratory and field levels, respectively. Primary and secondary data were used
to first validate the model, after which it was simulated to ascertain its functionality. The
primary data were obtained from a laboratory experiment of biogas production using
vegetal wastes while the secondary data were obtained from the literature of the same
substrate types.

Future biogas plants would need to be designed to meet demand, through proactive
feeding management.*® This forms the basis of the design on which this simulation
model was developed, not minding the substrate supplied. Most biogas production simu-
lation processes are based on the complex ADM1, covering a large number of parameters
for all biochemical and physicochemical process steps. These steps are carefully adjusted
to represent the conditions of a respective full-scale biogas plant. However, reliable mea-
surement technology and process monitoring are currently deficient, being nearly none
available for full-scale plants. The laboratory experiment was conducted under three con-
ditions depicted as Digester 1 (D1), Digester 2 (D2), and Digester 3 (D3), respectively.
The conditions were based on fresh vegetal wastes (V) mixed with cow rumen fluid
(R), and clean water (W) in different V:W:R ratios. The temperature at the mesophilic
range was assumed to be constant in all three conditions for simulation purposes. The
two-stage kinetic model was developed based on SD principles using Vensim® software.

Conceptual framework of the model

As AD involves microbe growth processes, the concept of describing the study is that of
growth processes.*” Describing growth data usually resorts to 3-parameter families of
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curves, namely, the logistic, the Gompertz, the exponential, and the parabolic functions.>®
AD growth processes involving hydrolysis, acidogenesis, acetogenesis, and methanogen-
esis, are usually described using both the logistic and the Gompertz growth functions,
respectively.’’ Though the logistic has been more studied, it is the Gompertz growth
function that is described as being better to meet the features of some growth processes.>!
According to Vieira and Hoffmann,”" the equations describing each of these functions are
given as follows:

Logistic growth function, Z = a /[l +exp{ — (b + c1)}] N
where a, b, and c are parameters, a\gt 0 and c\gt 0, and
Gompertz growth function, Z = exp(a — bct) 2)

where a, b, and c are parameters, b>0 and O<c<1.

Both functions are monotonically increasing and lie between two asymptotes, which
are Z=0 and Z = a for function (1) and Z = 0 and Z = ea for function (2). Both func-
tions have points of inflection whose co-ordinates are t = —b/c and Z = Y2a for function
(1) and 7 = —logh/logc and Z = ¢“~' for function (2). However, the logistic growth
function has very peculiar features: for one, the location of the point of inflection is
exactly halfway between the two asymptotes, and secondly, there is a radial symmetry
with the point of inflection. According to Bain,>” the location of the point of inflection
of the logistic function is a drawback for some purposes, and according to Pearl and
Reed,” growth rates symmetric around the point of inflection are not realized in
many growth processes. On the other hand, the ordinate of the point of inflection of
the Gompertz growth function, although its value is also related to the asymptote, is
relatively smaller than that of the logistic growth function and there is no symmetry
involved. Thus, these features may better meet the characteristics of some growth pro-
cesses. The logistic and the Gompertz functions are not easy to fit satisfactorily to actual
data.”!

Of course, there are some crude methods of estimation for both functions. A popular
one consists of dividing the observed values into three equally sized groups, eliminating
one or two observations if their number is not divisible by 3, averaging them, and solving
the resulting three equations for the three parameters. According to Stevens,>* the esti-
mates obtained by this three-point method are consistent but very inefficient. An assump-
tion concerning the error term involving heteroscedasticity may dictate transforming the
function before estimating it. In the cases where the variances of logarithms of Z; are con-
stant, the Gompertz growth function should be fitted by the method proposed by
Stevens™* and the logistic growth function by the method proposed by Nelder.>
However, when the variances of Z; are constant, the logistic growth function should be
fitted by the method proposed by Oliver’® and the Gompertz growth function by the
method.”!

With this backdrop, knowing the models usually applied to capture the characteristics
of the AD process such as the first-order model, logistic model, and Gompertz model,l 1,57
the Gompertz model is considered as the best model.'' Gompertz’s model describes the
growth of animals and plants as well as the volume of bacteria. There are two main types
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of the Gompertz model. These models vary depending on the number of parameters in the
model. They include the four-parameter Gompertz, the Zwietering modification, the
Zweifel and Lasker re-parameterization, the Gompertz-Laird, and the Unified-
Gompertz.>® Gompertz-Laird is one of the more commonly used. The Gompertz
model describes the cumulative biogas production curve in batch digestion assuming
that substrate levels limit growth in a logarithmic relationship.’® The Gompertz model
is given in the following equation:

G =A xExp{—exp[’%Xp(l) -0+ 1“ 3)
where G, is the accumulative biogas yield at digestion time ¢ (Nml/g-VS), A is the
biogas yield potential of the substrates (Nml/g-VS), u,, is the maximum biogas produc-
tion rate (Nml/g-VS), A is the lag phase period or minimum time to produce biogas
(day), and ¢ is the digestion time (day). Also, when =0 then G(r=0) is always
more than zero, which means that this model always fails to describe at the starting
time.

Although, in the Gompertz model, the parameter of the lag phase period ([?]) was
proved as a mathematical constant and not a biological one. This also implies that
when time, 7 = 0, the Gompertz model will always fail to describe the starting time.**
Therefore, to overcome this limitation, a new biogas production kinetic (BPK) model
was proposed. This new model introduces meaningful parameters in biogas yield poten-
tial from substrates, these are u,, and f, where y,,, is the maximum biogas production rate
at 75 and 1, is the time when the gas production rate reaches the maximum value for simu-
lation of biogas production, respectively.’®>” This new model forms the basis for which
the SD model was developed for this study.

The mathematical equation of the model

This study was based on the BPK model. In this model, two-level variables were devel-
oped using kinetic expressions describing the anaerobic process of the substrate. The
first-level variable represents the first stage of the biogas production process, which is
hydrolysis—acidogenesis while the second level variable is the second stage of the
process, namely, acetogenesis—methanogenesis. The two stages of the biogas production
process are defined, theoretically, by the same first-order equation, with their unique con-
stants. The mathematical model is represented by the following equation?®:

% =(So — S)*xD + (g) r 4)

accumulation = input — output + reaction

where dS/dt is the accumulation rate (change of the substrate concentration over
change in time); D is the dilution rate (d_l); So is the initial substrate concentration; S
is the substrate concentration; and, r is the reaction rate.

The equation shows two parts to the biogas production process: a technical part or
mode of operation represented as (So—S)*D and a chemical part, depicted by
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—(dS / dt)r. The technical part is responsible for the transition phase, input and output
flows while the chemical part describes the dynamical change of the compound or
substrate.

Model formulation

The SD model formulation involves the following processes: problem definition, identi-
fication of key variables which leads to the causal diagram, development of the model
involving; reference mode development, and stock—flow diagram (SFD).60 The SD
model formulation is based on SD principles and developed on the Vensim DSS®
platform.

For the study, the problem definition involves the description of the kinetics of biogas
production. The model developed seeks to express the kinetics of biogas production
based on the SD approach. The two steps for SD model development are generating
the causal and SFDs of the system being examined.

Causal loop diagramming (CLD)

The causal diagram helps, first, to describe the concept of the system, which in this case is
the biogas production from the anaerobic process; and secondly, to identify the key vari-
ables that drive the system in the model. For this study, the process of generating the
causal diagram of the anaerobic process led to the identification of all relevant parameters
and influential variables used for this study. Figure 1 reflects the reviewed literature'® on
biogas production. This diagram describes the AD process that a substrate will normally
undergo for the production of biogas which includes: hydrolysis, acidogenesis, acetogen-
esis, and methanogenesis. The figure could also be used to explain the effect of inhibition
that may likely occur during an AD process.®'%*

An example of inhibition as related to Figure 1 is described in Plate 2. Sun et al.%?
report that the microbiology of the AD process is predicated on several

Substrate

Biog]as @

Hyd rglysis

Acidification

Maize silage
(Low nitrogen)

Acetate Propionate,
Butyrate, etc.

} Syntrophy

Ammonia, CO,+H,
inhibited Ammonia télerant

CH,+CO,
Biogas

Chicken manure

Digester
(High nitrogen)

Plate 2. Describing inhibition effect on biogas production in a digester.”?
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interdependencies permitting the conversion of a variety of complex organic materials
to methane through the processes of hydrolysis, acidogenesis, acetogenesis, hydroge-
nogenesis, and methanogenesis.®* According to Yangin-Gomec and Ozturk,®> high
protein content in the substrate releases ammonia when hydrolyzed, causing increased
buffering capacity of the AD process, but with reduced overall C/N ratio®®®” indicates
that this can lead to operational difficulties through inhibition of the methanogenic
microflora resulting from free ammonia accumulation in the digester (see Plate 1).
This inhibition is reported at a wide range of total ammonia nitrogen (TAN) concentra-
tions between 1500 and 7000 mg N L™".%* Sun et al.*’ stated that methanogenesis was
completely inhibited at TAN of 9 g N L™'. Digester failure due to ammonia inhibition is
usually a result of the accumulation of volatile fatty acids (VFAs) to a point where the
buffering capacity of the digester is broken and the pH falls to <6 with a corresponding
loss of methane production and a reduction in the methane content of any biogas pro-
duced.®®® The suggested means of dealing with this inhibition caused by nitrogen-rich
feedstock for AD include acclimatisation, trace element addition, dilution, and
ammonia stripping.’®""!

The causal diagram helps in the development of the reference mode in the model,® in
this case, data from the laboratory experiment, supporting the translation of the dynamic
behavior of the biogas production process into a graphical form. The dynamic behavior of
the variables in the model was referenced against the experimental data to validate the
model.

Stock—flow diagramming (SFD)

Stock and flow (or level and rate) diagrams are ways of representing the structure of a
system with more detailed information than is shown in a causal loop diagram.”
Stocks (levels) are fundamental to generating behavior in a system; flows (rates) cause
stocks to change. Stock and flow diagrams are the most common first step in building
a simulation model because they help define types of variables that are important in
causing the behavior. Levels are also known as stocks, accumulations, or state variables.
Levels change their values by accumulating or integrating rates. This means that the
values of levels change continuously over time even when the rates are changing discon-
tinuously. Rates, also known as flows, change the value of levels. The value of a rate is
not dependent on previous values of that rate; instead, the levels in a system, along with
exogenous influences, determine the values of rates. Intermediate concepts or calcula-
tions are known as auxiliaries and, like rates, can change immediately in response to
changes in levels of exogenous influences. When constructing a level and rate
diagram, consideration is given to what variables accumulate over some time. SFD is
constructed based on knowing what levels are needed. This is first constructed and
then the rates and auxiliaries are connected to it. It is important to note that model build-
ing is iterative. The rate has a single arrowhead, indicating the direction that material can
flow (the rate can only increase the level). The SFD is only a diagram; in a simulation
model, the equation governs the direction that material can flow (see Figure 2(a) and
(b)). However, the diagram is used to indicate whether the flow is intended to be one
way or two way.
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Figure 2. (a) Example of one-way stock—flow diagram and (b) example of two-way stock—flow
diagram.

Equation driving the model simulations

Having described the mathematical representation of the study and also that of the SFD,
this section focuses on the specific equations that govern the direction that materials
would flow to in the two-level variables. The two-level variables represent hydrolysis—
acidogenesis and acetogenesis—methanogenesis in the AD process. The level variable
hydrolysis—acidogenesis is characterized by the hydrolysis rate constant (k), hydrolyzable
rate of the substrate (a), expressed by the first-order kinetic model.

dc
—=k-(a-C 5
i (a-0O) ®)
where C is the initial solid carbon and k is the hydrolysis rate constant.
The first-order model (equation (5)) and the Gompertz model (equation (6))ll are
applied to simulate the kinetics of biogas production.

= |: A\
G_A{l—exp |(m— D(t_) 6)
0

where G, is the accumulative biogas yield at digestion time #; A is the biogas yield poten-
tial of substrates; m is an intermediate constant; #, is the time when the biogas rate reaches
a maximum.

The kinetic average rate constant which quantifies the rate of a chemical equation
could be obtained from the Gompertz model in equation (6).'" The kinetic average con-
stant, k is given as follows:

1
exp (m) - (1 —m) (7
fo

For this study, equation (6) was modified into a simple form by the following equation:

G =A-k ®)
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In the hydrolysis stage of an AD process, carbohydrates, fats, and proteins are all
broken down into smaller molecules by this initial step of the process.®® Acidogenic
bacteria degrade the products of hydrolysis into volatile fatty acids. Some hydrogen,
CO,, and acetic acid (CH3COOQOH), are also produced, which will skip the acetogenesis
stage.®*

In the hydrolysis—acidogenesis stage of biogas production, CO, and hydrolyzable
carbon are produced as indicated in the SDM. CO, is characterized by the kinetic
average specific rate of digestion (KC1) and CO, potential of fermentation (AC1)
while the hydrolyzable carbon which is characterized by hydrolysis rate constant, goes
into the acetogenesis—methanogenesis stage.

The acetogenesis—methanogenesis stage is expressed in the SDM as an integral part of
the output from hydrolyzable carbon.®® This stage is where the methane and CO, pro-
duced in the AD process are captured. The output methane is characterized by the
methane rate constant (km), methane potential (Am), and batch time while that of CO,
is characterized by the kinetic average specific rate of digestion (KC1), CO, potential
of fermentation (AC1), and CO, potential of methanogenesis (AC2). The total gas pro-
duced is the sum of the outputs (methane and CO,).

Results and discussion

The study objective is to describe the process of a developed SD model of two-stage
kinetics for predicting biogas production from any digester operating under anaerobic
conditions. The ensuing activities were to: generate a causal loop and SFDs that represent
the kinetics of the biogas production system, using SD principles to drive a Gompertz
model for the system. Following the development of the model was its validation and
then simulated to generate data that were compared with data obtained from the
laboratory-scale experiment. This section describes and discusses the results obtained
from the study.

Figure 3 describes the CLD generated from this study to show our understanding of
the AD process that substrate undergoes for biogas production as earlier indicated.

inoculum.

particle size\ water
temperature\‘ simple su 1s
. A mple suga carbondioxide
carbon-nitrogen g-substrate
ratio ammoma
total solid content .
hydrolysis acetic a

volatile solid acldot,eness cid

content
amino acids
\ / acetogenesis >/ methane
fatty acids

methanogenesis

nutrient content.

substrate typology’

&COZ
Hydrogen sulphide +
digestate other trace gases

Figure 3. Causal diagram of anaerobic digestion of substrate for biogas production.
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The figure contains 28 information links showing interconnection in a typical anaerobic
digestion system. The first eight links on the substrate represent the factors that affect it in
regards to biogas production in an anaerobic condition.°® The substrate links to the
hydrolysis stage which is the breaking down of the substrate into four different compo-
nents (water, simple sugars, amino acids, and fatty acids) as shown by the information
links in the diagram. This information link connects to the acidogenesis stage which is
the second stage where acidogenic bacteria act on the product of the hydrolysis stage
and convert them to CO,, ammonia, and HQS67 as shown in the diagram. These links
connect to the acetogenesis stage where CO,, NH3, and H,S are acted upon by the aceto-
genic bacteria to produce acetic acids which lead to the methanogenesis stage. In the
methanogenesis stage, methanogens metabolize the acetic acids into methane, CO,,
H,S, and other trace gases which are the last three information links.°® The description
of this process depicts an ideal anaerobic condition that is not inhibited.®®

Going back to Figure 1 as described earlier, where the anaerobic process exhibits two
phases, namely, “growth” and “death” in the system.'®’® The growth phase indicates a gen-
eration of positive feedback, which in the case of biogas production, could mean the absence
of inhibitors®' in the biogas production process. The generation of negative feedback or
counter-balancing effect implies attaining equilibrium in the system, which in respect to
biogas production, signifies the death/decay phase where there could be inhibition. The inhi-
bitors are principally ammonia and sulfate/sulfide.® During experimental research, the con-
dition (pH, non-evacuating the gas)’*’" in which the operated digester encouraged inhibition.
Inhibition could occur in the biodigester for the following reasons: single daily evacuation,
substrate exhibiting the presence of ammonia, sulfate, light metals, heavy metals, long-chain
fatty acids, organics, and halogenated inorganic compounds in the digester (e.g. see, Sun
et al,%® Yenigun and Demirel®’). The presence of inhibition affects the production of
biogas leading to low methane yield or instability.®* There are two major loops in
Figure 1 describing the effect of acid and methane-forming bacteria respectively in the AD
process. The two loops in the CLD represent two major phases in the biogas production
process namely: hydrolysis—acidogenesis and acetogenesis—methanogenesis. These are dis-
tinctly represented as level variables in the SD model shown in Figure 4.

kcl
o
COZ 02* —————»-total gas produced
Zp Hydrolysis
© g andy Acetogene51s and =Py

substrate in Acidogenesis hydrolyzablg  Methanogenesis

CH4
P carbon
initial solid carbon K f
k alpha

Inoculum kh batch time

Figure 4. System dynamics model (SDM) of biogas generation.
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Validation and simulation of the SD model

The SFD and equations for the kinetics of the biogas production model have been
described in the methodology section. This section describes the validation and simula-
tion of the model. As will be seen better in the analysis, the model was validated using
laboratory experimental data of biogas production obtained for 30-day retention time.
To predict the production of biogas from any substrate, it is necessary to make use of
the baseline information which are nutrient content, total and VSs content, chemical
and biological oxygen demand, carbon/nitrogen ratio, and the presence of inhibitory sub-
stances. Key kinetic constants obtained from calibration and validation are kK =0.22; KC1
= 0.18; Kh=0.22; and Km=0.039.

In terms of the hydrolysis—acidogenesis stage, the simulation result from the first-order
kinetic model exhibits an exponential reduction with progression in time,’* as shown in
Figure 5. The temperature has a significant influence on the production of biogas, with the
digester temperatures range generally varying between 30°C and 39°C for daily readings,
with an average of 36°C. This range conforms to the optimum range for mesophilic diges-
tion (between 25°C and 38°C).”” This is because, according to Donoso-Bravo et al.,” the
anaerobes are most active in this mesophilic range. However, the slight daily variations
noted in the readings could have contributed to inhibiting gas production as seen from the
inconsistency demonstrated from the graph shown in Figure 6 for the three digesters.
Temperature differences slow down the actions of methanogenic bacteria which are
responsible for the production of methane.

Hydrolysis and Acidogenesis

4000

2000
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n

10 15 20

]
(]
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=]

Time (Dav)

—— [D1]: Simulation [D2] : Simulation

[D3] : Simulation

Figure 5. Kinetics of hydrolysis—acidogenesis.
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The second aspect of the laboratory result of biogas production is that of the rumen. In
general, biogas production rate tends to obey sigmoid function (S curve) as generally
occurred in the batch growth curve. Biogas production is very slow at the beginning
and at the end period of observation. This is predicted due to the biogas production
rate in the batch condition is directly corresponding to a specific growth rate of methano-
genic bacteria in the biodigester. During the first 10 days of observation, biogas produc-
tion was very low or indeed do not produce due to the lag phase of microbial growth. In
the range of 12-27 days observation, biogas production is significantly increased due to
the exponential growth of microorganisms. After 27 days of observation, especially for
substrate without rumen fluid (D1), biogas production tends to decrease and this is a pre-
dicted trend due to the stationary phase of microbial growth. After 27 days of observation,
there was a tendency for an increase in biogas production for D2 and D3. This is predicted
that the carbons contained by all waste constituents are not equally degraded or converted
to biogas through AD. From Figure 6, it was observed that D2 and D3 exhibit higher
biogas production than D1. The same behavior was also shown in the average biogas pro-
duction curve. This result showed that the presence of liquid rumen in feed cause cumu-
lative biogas production more than twice fold in comparison to feed without liquid
rumen. This suggests that a high concentration of anaerobic bacteria content in liquid
rumen works effectively to degrade organic substrate. According to Aurora,’® rumen
of the ruminant animals contains highly anaerobic bacteria dominated by cellulolytic bac-
teria able to biodegrade cellulose material from manure.

Figure 7 shows simulated data for methane and CO, produced during the retention
time of 30 days. It could be observed that methane production of methane was higher
than that of CO,, even though CO, production is always ahead of methane in the biodi-
gester. It could therefore be deduced that CO, started early compared to methane and got
the maximum rate early because of the strong and resilient characteristics of fermentative
microorganisms.”’ Figure 8 however, shows that the consumption of substrate and
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production of biogas follows more of exponential growth and decay pattern.’* This situa-
tion depicts the characteristics of any dynamic process, involving accumulation and
delay, such as biogas production in anaerobic conditions, growth, and decay is orche-
strated through time. This growth and decay cause imbalances and cannot be explained
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Figure 8. Different gases were produced from the model simulation.
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solely by a causal link.”® Accumulations change according to their inflows and outflows.
Where the inflow is greater than the outflow the level will gradually rise, and where the
outflow is greater than the inflow then the level gradually falls. In a similar vein, where
the inflow and outflow are identical then the level remains constant. On the other hand,
we observed that the model simulation result shows biogas production rate rising expo-
nentially with progression in time, and after reaching a maximum point, and decreases
continuously. Comparing this to the data obtained from the experimental data, indicating
a significant lag phase or delay in biogas production occurred from between methanogen-
esis and fermentation stage as described by Boulanger et al.”® It could be thus deduced
that this lag phase or delay is orchestrated by the variation of dissolved organic carbon
(DOC), which in turn is a result of the combination of two main phenomena.79 The
first of the two phenomena are that the hydrolysis of waste would lead to an increase
in the DOC concentration, while the second is that the methanogenesis of acetate and
H,/CO,, directly or indirectly contribute to the decrease of DOC concentration. The
initial increase is attributed to the rapid hydrolysis of waste before the start of the
active methane production phase. As active methanogenesis takes place, the DOC con-
centration decreases indicating the transfer of the organic carbon from the dissolved
phase to the biogas. Consequently, methane production was slow and did not signifi-
cantly deplete the accumulating DOC.

The model was validated using data obtained from a laboratory-scale experiment to
produce biogas, depicted as Lab-Scale-Exp Data in the simulation of the SDM as
shown in Figure 9. Figure 9 are the results for both simulated and laboratory experimental
data of biogas produced. The laboratory experimental data used is that of D3 as shown in
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Figure 9. Simulated and laboratory experimental data of biogas produced.
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Figure 9, while the different conditions of D1, D2, and D3 were inputted into the model as
subscripted values of rates for simulation. In the case of the laboratory-scale experiment,
the effect of inhibition is clearly shown as the graph shows a lot of inconsistencies which
could be attributed to some factors that increased acetoclastic activity, suggesting aceto-
clastic methanogens (and not hydrogenotrophic). This is limiting for the onset of the
active methane production phase, causing the inhibition.®°

Anaerobic degradation is known to be a complex series/parallel reaction,®' usually
subjected to various factors, such as inhibition. Although acetoclastic methanogenesis
may not be the rate-limiting step in the anaerobic degradation of organics, especially
of suspended solids, it is fingered as an inhibitor in the whole process of biogas produc-
tion, because of the high fraction of COD (~70%) converted by the acetoclastic metha-
nogens.® This event is very likely to occur when an inhibitor is added to the digester feed
due to the high sensitivity of these methanogens to toxicants on the active biomass, par-
ticularly to halogenated organics.

Conditions of the substrate of data for the model simulation follow that used in the
laboratory experiment (see Plate 1) as presented in Table 1. The temperature was
assumed to be the same in all digesters when readings were taken.

Conclusions

The study conducted an assessment for predicting biogas production in anaerobic condi-
tions. The approach is premised on first-order and Gompertz growth functions, respec-
tively. These were built into SD-based model and developed using Vensim DSS®
software. The developed model is a grey-box model. The first was to develop the CLD
to describe the process of an ideal anaerobic condition that is not exhibiting inhibitory
tendencies, and secondly, the SFD that explains the dynamics of the process, incorporat-
ing both first-order and Gompertz functions in two-level variables. The third step was to
validate the developed model using data obtained from biogas produced from a
laboratory-scale experiment. The fourth step was a simulation, which shows results com-
paring data obtained from laboratory-scale experiments and that generated from simulat-
ing the modeling. The results exhibited differences, which could be adduced to inhibitory
tendencies within the laboratory experimental data that affected the production of biogas
leading to low methane yield or instability. This observation could be attributed to some
factors that increased acetoclastic activity, suggest that acetoclastic methanogens (and not
hydrogenotrophic) are limiting for the onset of the active methane production phase,
causing the inhibition. However, these may need to be examined further, though,
despite its grey behavior, there is the feasibility of using the BPK model to simulate
the evolution of CO, and CH,4. Also, the model provided some vital information on
the biogas production process, as it serves as a stepping stone to bridging the theoretical
gap in BPK.
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Appendix |

AC1 = 60.1; units: Nml/gVS

AC2 = 111.5; units: Nml/gVS

Acetogenesis and methanogenesis [inoculum = INTEG (hydrolyzable carbon [inocu-
lum]—CHy [inoculum]—COsa [inoculum], hydrolyzable carbon [inoculum]); units: Dmnl

Alpha = 0.839; units: Dmnl

Am = 257.2; units: Nml/gVS

Batch time = 7; units: **undefined**

CH, [inoculum = DELAY?3 (acetogenesis and methanogenesis [inoculum]/(Am*km),
batch time); units: Nml/gVS

DELAY N (hydrolyzable carbon, (Am*km), batch time, 7)

CO,; [inoculum] = hydrolysis [inoculum]/(kC1*AC1I); units: Nml/gVS

CO,, [inoculum] = acetogenesis and methanogenesis [inoculum]/(kC1*(AC1 +
AC2)); units: Nml/gVS

Hydrolysis [inoculum] = INTEG (alpha*Substrate in[inoculum]—CO,[inoculum]
—hydrolyzable carbon[inoculum], Initial solid state of carbon [inoculum]); units: Dmnl

Hydrolysable carbon[inoculum] = hydrolysis[inoculum]* K#A; units: Dmnl

Initial solid state of carbon [inoculum] =0.588*100; units: g

k=0.22; units: Dmnl

KC1 = 0.18; units: Dmnl

Kh=0.22; units: **undefined**

Km =0.039; units: Dmnl

Ratio CO, to CHy[inoculum] = CHy[inoculum]/CO,,[inoculum]; units: **undefined**
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*Substrate in [inoculum] = (initial solid state of carbon[inoculum] + the inoculum[i-
noculum])*k; units: g

The inoculum [inoculum] = 0, 0.25, 0.5; units: **undefined**

where D1, D2, and D3 represent the percentage of inoculum to be added to the sub-
strate in each digester, that is, 0%, 25%, and 50%, respectively. Inoculum used: cow
rumen fluid.
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