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Abstract

The utilization of bio-hydrogen as a fuel source holds immense promise as a renewable energy option,
offering compelling economic and environmental advantages. This study investigates the economic and
environmental advantages of bio-hydrogen as a renewable energy source compared to fossil fuels, focusing
on the reduction of greenhouse gas emissions such as carbon dioxide and carbon monoxide. The enhance-
ment of anaerobic hydrogen production reactor capacity is explored through the application of a fuzzy
controller system. Numerical simulations demonstrate that the fuzzy controller outperforms other methods
in augmenting biological hydrogen production, effectively addressing the inherent non-linear characteristics
of the system. In contrast, limitations in robustness against system uncertainty are observed with the non-
linear controller. Exceptional tracking of desired values by the fuzzy controller, even in the presence of
model uncertainty, results in a lower integral of time multiplied by squared error (ITSE) performance
index compared to non-linear and proportional-integral controllers. Emphasizing the viability of the fuzzy
method for regulating hydrogen production processes, potential gains of up to 95% in biological hydrogen
production are indicated compared to open-loop configurations. This clean-burning fuel holds promise for
industrial applications, contributing to the reduction of harmful gas emissions. The findings underscore the
transformative potential of the fuzzy controller system in advancing sustainable hydrogen production and
its significant role in addressing environmental concerns.
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1 INTRODUCTION

The growing demand for energy, combined with the depletion of
conventional fossil fuel reserves, has compelled governments to
investigate alternative sources of energy [1-5]. Renewable ener-
gies, including biological energies, can be evaluated using a variety
of criteria, including their ability to ensure energy security, their
potential for renewable and sustainable production and their abil-
ity to protect environmental health and reduce carbon emissions.
Furthermore, these sources have the potential to replace fossil
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fuels [6-10]. Bioenergy comes in a variety of forms, including
bioethanol, biogas, biodiesel and bio hydrogen [11-13]. Biological
hydrogen is defined as hydrogen produced through biological
mechanisms and is widely recognized as a highly environmen-
tally friendly energy source [14, 15]. Bio-hydrogen has a high
energy density and produces only water vapor when combusted.
As a result, it has fewer negative environmental consequences
than conventional fuels [16, 17]. Many waste materials, such as
solid and industrial waste, urban sewage sludge and waste from
the livestock and poultry industries, have the potential to be
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converted into biological hydrogen. This process may help to
reduce a variety of environmental pollutants. The field of hydro-
gen production has received increased attention because of its
potential as a fuel source [18, 19]. However, a number of issues and
limitations preclude the use of hydrogen on an industrial scale.

Biological hydrogen is produced using a variety of processes
and microorganisms [20]. While non-biological techniques such
as water electrolysis, the use of fossil fuels with partial oxida-
tion of hydrocarbons and the gasification process can be used
to generate hydrogen, these methods have been shown to cause
environmental pollution and greenhouse gas emissions [21]. Fur-
thermore, they are not deemed economically feasible. Biolog-
ical hydrogen production techniques include light utilization,
anaerobic fermentation in both illuminated and dark conditions
and the use of microbial electrolysis cells [22]. The efficacy of
biophotolysis and photofermentation mechanisms is contingent
upon the presence of light. The processes of direct and indi-
rect photolysis yield hydrogen of higher purity compared to the
processes of fermentation in the dark and fermentation in the
light [23]. The biological hydrogen generated in the latter two
processes comprises not only hydrogen and carbon dioxide but
also other gases such as methane, carbon monoxide, hydrogen
sulfide and ammonia, albeit in smaller quantities [24]. Addition-
ally, there exist substances that necessitate elaborate purification
procedures. Photo bioreactors are utilized for light-dependent
processes, while fermentors are employed for dark-dependent
fermentation processes [25].

The two main barriers to the commercialization of biological
processes for hydrogen production are high production costs
and low reaction yields [26]. The operating conditions have a
significant impact on the response gain, which can be increased
by adjusting the operating conditions so that they are closest to
ideal. Substrate concentration is one of the most crucial operating
conditions in the production of anaerobic biological hydrogen. It
has been demonstrated through research that the concentration
of the substrate significantly affects the rate of hydrogen synthesis
[27]. Additionally, the concentration of the substrate in various
biological processes slightly boosts their efficiency.

The manual regulation of bioreactor operating conditions is a
laborious and expensive undertaking. Furthermore, the intrica-
cies of bioreactors not only result in operational conditions that
diverge from the optimal state, but also have the potential to
induce system instability [28, 29]. Consequently, it is imperative
to employ the suitable control strategy for the production of bio-
hydrogen on a large scale. The efficacy of the product derived
from a bioreactor is primarily contingent upon the utilization of a
control loop mechanism to oversee and regulate the proliferation
of microorganisms in accordance with the designated reference
input. In addition, unforeseen external or internal disruptions
within a reactor have the potential to lead to a breakdown of
the reactor. Consequently, the control methodology is typically
tailored to suit a particular bioreactor performance.

Using a model predictive control approach, Aceves-Lara et al.
[30] proposed a closed-loop optimization of the bio-hydrogen
production in continuous fermentation. The effectiveness of
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digital control used for stabilizing the biochemical process in
comparison to other Proportional-integral-derivative (PID)
controllers was studied [31]. A high gain controller has been
successfully used in the biological hydrogen production process
[32]. The concentration of hydrogen in the gas phase of the
liquid flow is measured in the aforementioned control system
to regulate chemical oxygen demand (COD). Lopez Pérez et al.
[33] implemented a controller to regulate the dynamic behavior
of a continuous bioreactor for biogenic hydrogen production. The
closed-loop performance of the bioreactor resulted in a significant
increase in hydrogen production.

This study contributes to the application of the fuzzy logic
method to regulate substrate concentration, addressing the inher-
ent non-linearity of the reactor system. This innovative approach
distinguishes our work from conventional methods. To ascer-
tain the effectiveness of our proposed controller, we conducted
a numerical simulation by comparing its performance with that
of a conventional proportional-integral (PI) controller and an
advanced non-linear controller (NC). By highlighting the distinc-
tive features of our fuzzy logic-based controller and its implica-
tions for increasing bioreactor capacity, this study significantly
advances the field toward sustainable and low-carbon hydrogen
technology.

2 MATERIALS AND METHODS

This section delves into the theoretical foundations and mathe-
matical background of the research, encompassing the modeling
of the biological system and the control system.

2.1 Bio-reactor model

The anaerobic fermentation process refers to the enzymatic break-
down of substrates by microorganisms in an oxygen-deprived
environment, resulting in the alteration of molecular composition
and the emergence of novel compounds. The aforementioned
procedure is executed on an industrial scale within a biological
reactor. Typically, in order to guarantee the appropriate quality
of the reactor feed, the mixture of the reaction is formulated
within a chamber that is equipped with a stirring mechanism.
In instances where light is required for fermentation, sunlight is
utilized, and in cases where insufficient light is available, LED
panels are employed as a substitute [34]. Figure 1 depicts the
schematic diagram of the fermentation process.

The production of bio-hydrogen fuel is dependent on the reac-
tion method employed, which utilizes a diverse array of substrates
and residues. The growth in population has led to a significant
challenge for urban communities, namely the proliferation and
accumulation of waste and residues. However, a potential solution
to this issue is the conversion of these waste materials into hydro-
gen, which not only mitigates the accumulation of waste but also
generates a valuable material. Moreover, a considerable number
of these sources exhibit high potential as substrates for biological
hydrogen production owing to their copious availability of nutri-
ents, including lipids, minerals and vitamins [35]. Lignocellulosic
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Figure 1. Bio-hydrogen production process with control system scheme.

biomass is considered one of the most easily accessible substrates
for hydrogen production. This has led to a significant amount of
attention being directed toward it, owing to its abundant nature,
renewability and potential for hydrogen production [36]. Lig-
nocellulosic sources, which are abundant in waste from forests,
agriculture and animal manure, are highly enriched. The ligno-
cellulosic masses are composed of three primary constituents,
namely cellulose (40%), hemicellulose (25%) and lignin (20%),
with the remaining (15%) being minute inorganic compounds
[37]. Plant-based products such as flax and hemp are known
to contain cellulose, a key component of plant cell structures.
However, in order to utilize these components, it is necessary to
undergo decomposition reactions to produce monomeric units.
This can be achieved through various methods including physical
(hydrothermolysis—steam pressure), chemical (acid and base)
and biological means. The utilization of lignocellulosic substrates
is a crucial aspect to consider, as the presence of lignin compounds
has the potential to impede enzyme activity and subsequently
reduce the efficacy of hydrogen production. Cellulose is a pre-
ferred substrate for hydrogen production in comparison to hemi-
cellulose and lignin [36]. Starch, being a high molecular weight
polymer, is unable to traverse the cell membrane in its poly-
merized form. As a result, it necessitates decomposition into its
constituent units, which can be achieved through the utilization
of enzymes and a variety of decomposition techniques, including
physical, thermal, biological or a combination thereof. Starch-rich
compounds, namely residues from potato factories, cow manure
and sludge, have been identified [38]. The utilization of agricul-
tural residues, encompassing plant commodities that are deemed
unsuitable for commercialization across various markets, in con-
junction with both simple and intricate carbohydrate polymers,
serves as a substrate for the generation of hydrogen. Moreover,
animal excreta and fertilizers harbor a plethora of microorgan-
isms capable of producing hydrogen and are deemed valuable
substrates owing to their renewable character and nutrient-rich

composition. Bioenergy can be generated and energy recovery
can be achieved through the utilization of diverse domestic and
industrial wastewaters [39]. Substrates required for hydrogen pro-
duction can be obtained from various sources such as wine and
beer factories, sugar processing and molasses, among others [35].
Simultaneous cultivation has been identified as a potential strat-
egy for enhancing hydrogen production. Rhodobacter sphaeroides,
a well-known non-sulfur purple bacteria, exhibits remarkable
potential for hydrogen production under anaerobic conditions
owing to its versatile substrate utilization and high enzymatic
activity. The present study focuses on the examination of starch as
the substrate of interest and R. sphaeroides as the microorganism
under scrutiny.

Initially, the concoction of the substrate and microorganism
is formulated within the blending vessel as part of the afore-
mentioned procedure. Subsequently, the reaction mixture is con-
sistently conveyed to the biological location. The reactor facili-
tates biological reactions by establishing optimal operating con-
ditions, including the regulation of substrate concentration and
light intensity. The reactor is outfitted with a stirrer, as it has been
demonstrated that the homogeneity of the reaction mixture has
a positive impact on the generation of hydrogen [40]. The efflu-
ent, which is abundant in hydrogen gas, is discharged from the
reactor in a continuous manner. The control valve affixed to the
feed stream regulates both the feed flow rate and the subsequent
dilution rate. Manipulating the placement of the aforementioned
control valve facilitates regulation of the substrate concentration
within the reactor. Equations 1 to 4 are derived to obtain the con-
trolled variable of mass balance for the purpose of process control.
The system under consideration encompasses several state vari-
ables, namely substrate concentration (S), biomass concentration
(K) and volume of hydrogen production (H).

ds 1

i D(Sin —S) — Y—XSM(S)X, (D
dx
Tl —DX + u(9)X, (2)

where S;, is the inlet substrate mass concentration and D is the
dilution rate, the concentration of the input substrate and the
coeflicient of biomass of the substrate. (S) is the cell growth rate
obtained from Monod’s equation. The reason for using Monod’s
equation to model cell growth is the greater compatibility of
this model with laboratory data compared to Michaelis—Menten’s
model [41-43].

S
S) = _—, 3
n(S) Mmasz-l—S (3)

The substrate saturation constant (Kg) represents the upper
limit of the cell growth rate in Equation 3. The Luedeking-Piret
equation (Equation 4) of the adjusted controller can be utilized to
determine the quantity of hydrogen generated, albeit solely in the
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Table 1. Bioreactor model parameter for hydrogen production
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Figure 2. The structure of fuzzy control system.
vicinity of the intended operational threshold.
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where y is constant. The values of the model parameters are
summarized in Table 1.

2.2 Design of fuzzy controller system

The implementation of fuzzy control logic utilizing linguistic
rules is reliant upon the expertise and past experiences of knowl-
edgeable individuals. The diagram presented in Figure 2 depicts
the configuration of fuzzy control logic.

The fuzzy controller is composed of three distinct components.
The three constituent elements comprise fuzzification, fuzzy rule
base and non-fuzzification [44]. The controller’s inputs consist of
errors and changes in errors, which are mathematically defined by
Equations 5 and 6.

e = SR — Sm

, 5)

p=d _Sm ©
dt dt

In the given equation, e represents the error, Sg denotes the
reference concentration and Sy, signifies the measured concen-
tration. The process of fuzzification involves the utilization of
five distinct membership functions for the error variable. The
membership functions are depicted in Figure 3.

The fuzzification of the error derivative is carried out by uti-
lizing three membership functions, as illustrated in Figure 4. The
application of varying substrate concentrations to a fermentation
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system is denoted by VL, L, M, H and VH, which represent very
low, low, medium, high and very high concentrations, respec-
tively. The membership functions associated with the aforemen-
tioned fuzzy sets are depicted in Figure 5.

The utilization of the weighted average technique is employed
for the purpose of de-fuzzification, with the aim of amalgamating
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the inference derived from the fuzzy rules (Equation 7). Q; output
and o; are expressed as a fuzzy set.

quzzy = % . (7)

i=

2.3 Numerical simulation

To evaluate the efficacy of the suggested controller, a closed-
loop simulation was conducted on the bio-hydrogen production
reactor that was outfitted with the controller. Figure 3 depicts
the block diagram of a biological reactor for hydrogen produc-
tion, which has been outfitted with a controller. The numerical
solution of the differential-algebraic equations (DAE) in Python
was utilized to simulate the process. The utilization of numeri-
cal differentiation formulas and the Adams-Bashforth-Moulton
algorithm is employed in the resolution of DAEs. The algorithm
that utilizes the variable step of variable order property is con-
sidered to be a highly appropriate solver for stiff systems and
DAE. The present study examined the efficacy of the algorithm
in terms of speed and accuracy through numerical simulation of
the system under consideration. Comparative analysis with alter-
native algorithms revealed superior performance of the algorithm
in question. The Adams-Bashforth-Moulton algorithm has been
selected as the simulation algorithm due to this rationale.

3 RESULTS AND DISCUSSION

This section presents an analysis of the outcomes obtained from
the simulation of the reactor under open-loop and closed-loop
modes. Additionally, a comparative evaluation of the various
controllers’ efficacy has been conducted.

3.1 Validation of the model

A comparison has been made between the results of the modeled
reactor’s biological hydrogen production and the results of
Sim et al. [45] in order to validate the current research model
(Figure 6). The hydrogen production rate comparison results
show that the current model closely matches the Sim et al. [45]
model. This is determined by comparing the results. It is necessary
to ensure that the root mean square error is equal to 3.21. As a
result, the current research model can be utilized in a variety of
settings and evaluated alongside other optimization strategies for
conducting additional investigations.

3.2 Open-loop simulation of bioreactor without
controller

Figure 7a depicts the Lag substrate’s initial concentration at 4.9.
During the startup phase, there is an initial increase in substrate
concentration, followed by a decline before stabilizing around
0.85 g/L. This behavior is attributed to the influx of substrate
initially surpassing efflux, resulting in limited biological activity.

40

—— Present Study — —

Sim et al. Study
30 A

10 +

Hydrogen Production Rate
8
1

Time (h)

Figure 6. A comparison of the hydrogen production rate between the present
study and Sim et al. [45] results.

Over time, as microorganisms proliferate and consume substrate,
biological activity increases, leading to a decline in substrate
concentration. Simultaneously, the initiation of microorganism
activity triggers material decomposition, ultimately resulting in
hydrogen generation (Figure 7b). The cumulative hydrogen pro-
duction after 150 hours in the open-loop configuration reaches
3350 ml, highlighting the dynamics of substrate utilization and
hydrogen generation in the absence of a controller. The nuanced
interplay between substrate concentration, microbial activity
and hydrogen generation underscores the complexities involved
in optimizing bioreactor performance for enhanced hydrogen
production.

3.3 Closed-loop simulation of bioreactor with
controller

In the closed-loop mode, the system engages a controller to reg-
ulate substrate concentration to a predetermined value, display-
ing the impact of modifying the equilibrium point on hydrogen
production augmentation. Figure 8 illustrates substrate concen-
tration changes under closed-loop conditions. The controller acti-
vates at the 40-hour mark, coinciding with microbial activity onset
and system equilibrium approach. After 40 hours, the controller
regulates substrate concentration to reach the optimal level.

This study utilizes the PI controller for comparison with the
fuzzy controller. The linearized controller adjusts parameters,
encompassing those of the PI controller. Performance comparison
involves the designed controller, PI controller and feedback NC
[33]. Equation 8 represents the controlling relationship, providing
a detailed exploration of the closed-loop system’s dynamics and
the efficacy of the PI controller in comparison to the designed
controller. The results shed light on the effectiveness of the closed-
loop control strategy in optimizing hydrogen production.

u = kpe + kg / edt. (8)
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Figure 7. The amount of (a) substrate concentration and (b) hydrogen produc-
tion in the open-loop system during the process.

The PI controller comprises two parameters, namely the pro-
portional and integral parameters, denoted by kp and ki, respec-
tively. Equation 9 represents the form of the relationship of the
NC.

u= kl (62 - kz) . (9)

Equations 8 and 9 denote the control error by the variable e.
Equation 9 has been selected as a NC on the grounds of ensuring
its stability, which is established through the application of the
Cauchy-Schwarz inequality. The exclusion of an integral term in
this controller leads to a sustained error. To optimize controller
performance, parameters, such as kp and ki, are configured. In
the PI controller, specific values were assigned, with kp set to 0.53
and kj to 0.12. These parameter selections are crucial for achiev-
ing effective control and minimizing errors in the closed-loop
system.

Figure 8b data highlights a notable rise in the hydrogen pro-
duction rate under the closed-loop system, evident from the
steeper curve slope. This emphasizes the pivotal role of process
control in augmenting productivity. The data indicate that after
160 hours, the reactor generates 5545 ml of hydrogen, a 90%
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Figure 8. The amount of (a) substrate concentration and (b) hydrogen produc-
tion in the closed-loop system by control system during the process.

increase from the open-loop condition in Figure 7b. The fuzzy
control method outperforms other control methods, displaying
its effectiveness in achieving higher hydrogen production lev-
els. These results substantiate the impact of closed-loop control
strategies on enhancing hydrogen production efficiency.

In Figure 9, when transitioning the control system to the
closed-loop mode from the initial value of 40, all three controllers
exhibit the capability to track the set value. Figure 8 depicts that
the time multiplied by squared error (ITSE) performance index
(Equation 10) associated with the NC controller consistently
increases, indicating a persistent but small error within the
controller. In contrast, the fuzzy controller displays superior
performance, reflected in a lower ITSE performance index
value. This superior efficacy in pursuing optimal set points
contributes to an increase in hydrogen production, highlighting
the advantages of the fuzzy controller in achieving precise control
and minimizing errors.

ming, k, ITSE = [{ te?dt
kp>0
ki >0

s.t. (10)
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Figure 10. The amount of substrate concentration based on parametric model
uncertainty.

3.4 Model uncertainty model on controller

This section explores the ramifications of model uncertainty on
controller efficacy. Establishing a precise mathematical model
that captures system behavior without any uncertainty proves
to be a formidable and potentially unattainable task. This study
recognizes two distinct categories of uncertainty, specifically para-
metric and structural. Parametric uncertainty, particularly con-
cerning the parameters of the kinetic model, introduces complex-
ity into the modeling process. Therefore, it becomes imperative
to assess the performance of controllers while accounting for
potential model uncertainties.

To address this challenge, all model parameters undergo a
uniform modification of 33%, introducing a controlled level of
uncertainty. Figure 10 visually presents the substrate concentra-
tion variations under parametric model uncertainty for three
distinct controller systems. Of note, a NC, specifically designed
to navigate the intricacies of complex and dynamic systems that
defy accurate representation by linear models, is employed.

This shows how controllers respond when confronted with
model uncertainties, emphasizing the adaptability and resilience

of non-linear control systems in handling intricate and dynamic
scenarios. The findings contribute valuable insights into the
robustness of controllers in real-world applications where
uncertainties are inherent and need to be effectively managed.

4 CONCLUSIONS

This study provides a comprehensive discussion on managing
substrate concentration in anaerobic hydrogen production reac-
tors through the innovative application of the fuzzy logic method.
Our numerical simulations reveal that effective process control
has a notable positive impact on the quantity of hydrogen gen-
erated, resulting in the displacement of the system’s equilibrium
point from its initial position in the open-loop state to a prede-
termined value. This newly achieved equilibrium point signifies
a pivotal juncture where the quantity of hydrogen generation
surpasses that of its antecedent state.

Significantly, our findings underscore the superior perfor-
mance of the fuzzy controller in augmenting biological hydrogen
production compared to both the NC and the PI controller. The
fuzzy controller demonstrates enhanced production performance
by effectively addressing the inherent non-linear behavior and
characteristics of the system. This contrasts with the observed
lack of robustness in the NC when faced with system uncertainty.
Notably, the fuzzy controller exhibits the ability to robustly track
desired values even in the presence of model uncertainty.

Furthermore, our evaluation using the ITSE performance index
reveals that the fuzzy controller outperforms the NC and PI
controller, with a comparatively lower ITSE value. This indicates
the effectiveness of the fuzzy method in regulating the hydrogen
production process.

Our study demonstrates that the fuzzy method presents a viable
approach to regulating the hydrogen production process, leading
to a substantial increase of up to 95% in biological hydrogen
production compared to the open-loop mode. This significant
enhancement in production represents a crucial step toward the
commercialization of hydrogen through this method. The appli-
cation of such technologies in industrial settings not only holds
promise for advancing environmentally friendly fuel production
but also contributes to mitigating ecological harm, including the
reduction of gases such as carbon dioxide and carbon monoxide
emissions into the atmosphere.
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