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Abstract
In tropical regions, the viability of outdoor photo-fermentative biohydrogen production faces challenges
arising from elevated temperatures and varying light intensity. This research aimed to explore how high
temperatures and outdoor environments impact both biohydrogen production and the growth of purple
non-sulfur bacteria. The findings revealed the potential of Rhodopseudomonas spp. as a robust outdoor
hydrogen-producing bacteria, demonstrating its capacity to thrive and generate biohydrogen even at 40°C
and under fluctuating outdoor conditions. Notably, Rhodopseudomonas pentothenatexigens KKU-SN1/1
exhibited the highest cumulative biohydrogen production of 400 mL/L under outdoor conditions. In
addition, the outdoor enhancement of biohydrogen production was achieved through the utilization of a
cluster of ten bioreactors system. The outcomes demonstrated a notable improvement in biohydrogen
production efficiency, marked the highest daily biohydrogen production was 493 mL/L/day. Significantly,
the highest biohydrogen production rate was noted to be 17 times greater than that observed in
conventional batch production methods. This study is the first report represents the inaugural utilization
of R. pentothenatexigens for sustained biohydrogen production in the outdoor conditions, facilitated by
the cluster of ten bioreactors system over an extended operational period.

Introduction
Currently, both demands for energy sources and greenhouse gas emissions are increasing due to the
growth of industry [1]. The primary energy source is fossil fuels, which is regarded as non-renewable. The
use of fossil fuels contributes to carbon dioxide emissions which are harmful to the environment, thereby
contributing to global warming [2]. As a result, it is vital to explore possible renewable energy sources as
an alternative to fossil fuel consumption. Hydrogen is an enticing alternative energy carrier that has a
high energy content of about 142 kJ/g [3]. It is considered a form of clean energy because it releases only
water when burned and consequently has a low impact on the environment, making it widely regarded as
the most environmentally friendly fuel [4]. In addition, hydrogen energy has a wide range of possible
applications, including the generation of heat, electricity, backup power, and vehicle power [5]. Therefore,
hydrogen production has previously been considered; however, the production cost was high, especially
by industrial methods [6]. Low-cost hydrogen production would, then, be of great interest.

The biological hydrogen production process is more environmentally friendly and utilizes less energy
than other technologies of hydrogen production [7]. In addition, its moderate operating condition makes
biological hydrogen production a cost-effective and environmentally benign option-offering great
efficiency and the possibility to utilize renewable biomass sources [8]. Numerous bacteria can produce
hydrogen by microbial enzymatic activity at the optimal pressure and temperature, with various
processes according to microbe type [9]. Among the biological hydrogen production processes, the photo-
fermentative hydrogen production of photosynthetic bacteria theoretically produces large amounts of
hydrogen [10]. Therefore, biohydrogen production by purple non-sulfur bacteria (PNSB) has been of
interest. PNSB are phototrophic microorganisms whose metabolism is unique in that it can grow in
different modes [11], making them a popular choice for hydrogen production. Under anaerobic-light
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conditions, PNSB can convert organic acid produced from the consumption of organic material into
hydrogen and carbon dioxide [12]. The advantages of using PNSB for photo-fermentative hydrogen
production include an anaerobic function that prevents oxygen from inhibiting nitrogenase activity, a
broad spectrum of light, the ability to utilize a diverse range of raw materials, and a high substrate
conversion efficiency [13].

Temperature and light are important factors for the biohydrogen production of PNSB. Temperature is
important for metabolic processes and hydrogen production of photosynthetic bacteria. The optimum
temperature for hydrogen production of PNSB is 30–36°C [14–17]. High temperatures may inhibit both
enzyme activity and the proteins involved in bacterial cell growth and hydrogen production [18]. At
temperatures of 33°C and 37°C, biohydrogen production and bacterial cell growth of wild-type strain and
mutant strain of PNSB are reduced [19]. In addition, light is essential for the photo-fermentative hydrogen
production of PNSB because the reaction, electron transport, ATP synthesis, and hydrogen production all
require light energy [20]. However, the light source requires electricity, the main cost of photo-fermentative
hydrogen production. Natural light is an attractive alternative to reduce the costs of photo-fermentative
hydrogen production. However, the use of natural light sources under outdoor conditions may lead to
problems with photo-fermentative biohydrogen production by PNSB, which is related to light and
temperature, as follows: (I) the overexposed state during the midday hours reduces the efficiency of light
energy conversion to biohydrogen production of PNSB, (II) the fluctuations of light intensity and
temperature throughout the day and night negatively affects bacterial cell growth and the photo-
fermentative hydrogen production of PNSB, and (III) the presence of rain and clouds and the cycle of day
and night, resulting in a drop in light intensity and a change in temperature, negatively affects photo-
fermentative hydrogen production, with little or no hydrogen production seen during the night, and
bacterial activity only restored in the presence of light [21–23]. In addition, Thailand is close to the
equator and has a tropical climate. The average ambient temperature is extremely high, and the hot
season is quite lengthy. Therefore, the ability of microorganisms to tolerate high temperatures and
adaptability during the day is particularly important when performing photo-fermentative hydrogen
production under outdoor conditions. Some reports have demonstrated that certain PNSB can survive
and produce hydrogen at high temperatures. R. pentothenatexigens and R. harwoodiae are mesophilic
bacteria capable of growing in a wide temperature range; the optimum range temperatures for R.
pentothenatexigens and R. harwoodiae growth are 25–50°C and 25–40°C, respectively [24, 25]. Previous
research by our team reported that the biohydrogen production of R. pentothenatexigens KKU-SN1/1 at
high temperatures (40°C) was greater than at ambient temperature (26–29°C) and was identified as a
thermo-tolerant photosynthetic biohydrogen producing bacteria capable of producing hydrogen at high
temperatures [26]. Biohydrogen production of R. harwoodiae NM3/1–2, 2M, 14M and KK(NM)3 − 2 at
ambient temperature (27 ± 2°C) was higher than under outdoor conditions [27]. In addition, R.
pentothenatexigens and R. harwoodiae have rarely been reported on for hydrogen production.

The aim of this study was to improve the capacity of biohydrogen production by PNSB under outdoor
conditions using the cluster of ten bioreactors system (CTBS) for continuous productivity and a reduction
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in production costs. The effect of high temperatures and outdoor conditions on the biohydrogen
production and bacterial cell growth of Rhodopseudomonas spp. was also investigated.

Materials and methods
Microorganisms and culture conditions

Five strains of PNSB, R. pentothenatexigens KKU-SN1/1, R. harwoodiae NM3/1–2, R. harwoodiae 2M, R.
harwoodiae 14M and R. harwoodiae KK(NM)3–21 isolated from environmental samples from areas in
the northeast of Thailand [26, 27], were obtained from Hydrogen-Enzyme Laboratory, Department of
Microbiology, Faculty of Science, Khon Kaen University, Thailand, and used in this research. PNSB were
cultured in modified Ormerod’s medium [26, 28], containing K2HPO4 (0.9 g/L), KH2PO4 (0.6 g/L),
MgSO4·7H2O (0.2 g/L), CaCl2·2H2O (0.075 g/L), FeSO4·7H2O (0.0118 g/L), EDTA∙2Na (0.02 g/L), p-
aminobenzoic acid (0.001 g/L), thiamine HCl (0.001 g/L), nicotinic acid (0.001 g/L), malic acid (7.6 g/L)
as a carbon source and glutamic acid (11.0 g/L) as a nitrogen source. The initial pH of the medium was
adjusted to 6.7 using 1M sodium hydroxide before autoclaving at 121°C for 20 min. Nitrogen gas was
employed to create anaerobic conditions. The starer culture was incubated at ambient temperature (30–
40°C) under an illumination of 10,000 Lux using warm white LED lamps.

Simple bioreactor

The simple bioreactor was made from polyethylene terephthalate (PET) bioreactor with a working volume
of 300 mL (diameter = 55 mm, height = 150 mm) and 1,500 mL (diameter = 85 mm, height = 300 mm).
The bottle was cleaned with 70% ethyl alcohol and dried before being used for biohydrogen production.
The starter culture (10%, initial OD660nm ≈ 0.4) was inoculated in the sterilized simple bioreactor
containing modified Ormerod’s broth (90%) and sealed by a sterilized silicone rubber stopper puncture
with a sterilized needle. The top of a sterilized needle was connected to the hose through a 0.45 µm pore
filter. The other end of the hose was connected to a measuring cylinder to record the volume of gas
production from the water replacement method [29].

Biohydrogen production at high temperature

PNSB were cultured in a 300 mL working volume simple bioreactor and incubated under an illumination
of 10,000 Lux using warm white LED lamps. The simple bioreactor was placed in a clear glass water bath
controlled at 40°C. The experiments were carried out for 20 days. Samples were collected every 24 h for
investigation of bacterial cell growth, pH value during fermentation, and biohydrogen production.

Biohydrogen production under outdoor conditions

PNSB were cultured in 300 mL and 1,500 mL working volume of simple bioreactor. The cultures were
incubated under natural light, without control over light intensity throughout the experiment. The simple
bioreactor was situated inside a clear glass water bath characterized by dimensions of 300 mm in height,
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1,200 mm in length, and 300 mm in width. The water within the bath was filled to a volume 80% of the
height of bioreactor, serving the purpose of temperature regulation to prevent it from exceeding 40°C. The
experiments were conducted from January to February under natural conditions in Khon Kaen, Thailand.
The daytime ambient temperature was in a range of 21–40°C. The night-time ambient temperature was
in a range of 21–30°C. The average light intensity in the daytime was approximately 89,820 Lux. The
highest light intensity in the daytime was around 182,000 Lux at 1 p.m. The experiment was exposed to
natural light daily from around 6 a.m.–6 p.m. Samples were collected every day at 4 p.m. to investigate
bacterial cell growth, pH value during fermentation, and biohydrogen production for 20 days.

Biohydrogen production by CTBS

CTBS consists of several 1,500 mL simple bioreactors as in previously experiment which are separated
from each other, a gas pipeline, a gas storage section, and a light source (Fig. 1). CTBS consists of 3
phases of operation: the start phase as the new starter cultures and new media are added by simple
bioreactor replenishment every 2 days (Fig. 1a), causing overlapping biohydrogen production, the
complete phase as the system completes 10 bioreactors (Fig. 1b), and the continuous phase such as the
No. 1 simple bioreactor on day 20, where no hydrogen production is removed from the system, and a new
simple bioreactor is added in its place (Fig. 1c), resulting in continuous exposure to hydrogen production.

Analytical methods

Bacterial cell growth was measured by spectrophotometer at the wavelength of 660 nm (Double beam
UV/Vis spectrophotometer OPTIZEN 3220UV, Mecasys, Korea) and converted to dry cell weight with a
standard curve constructed by harvesting bacterial cell and drying at 70°C until constant weight. The pH
meter was used to measure the pH of liquid samples (Eutech pH 700, Eytech Instruments Pte Ltd,
Singapore). The volume of gas production was observed from the replacement of gas accumulated in the
measuring cylinder. Gas chromatography (model GC-2014, Shimazu Corp., Japan) was used to determine
the purity of biohydrogen from the headspace of the simple bioreactor by using a thermal conductivity
detector and a molecular sieve 5A column. The injector temperature was maintained at 180°C. The
detector temperature was set to 180°C. The carrier gas was argon at a flow rate of 25 mL/min. The oven
temperature was maintained at 130°C. The temperature was measured using a thermometer. A lux meter
measured light intensity.

Statistical analysis
All experiments were replicated three times and error bars are included in the figures. Microsoft Excel was
used to calculate mean and standard deviations. The IBM SPSS version 28.0.1.0 (142) was used for One-
Way ANOVA analysis.

Results and discussions
Effect of high temperature on growth and biohydrogen production
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PNSB were cultured in a 300 mL simple bioreactor in batch mode to examine the capability of
biohydrogen production and bacterial cell growth at 40°C in anaerobic-light conditions. The results
showed that biohydrogen production of PNSB began after 1 day of cultivation (Fig. 2). Biohydrogen
production from KKU-SN1/1, KK(NM)3–21, and 14M were detected from day 1 to day 7 and ended on day
8. Biohydrogen production from NM3/1–2 and 2M were detected from day 1 to day 9 and ended on
entering day 10. The highest cumulative biohydrogen production was 223 mL/L by NM3/1–2, followed
by 2M, KK(NM)3–21, KKU-SN1/1 and 14M were 182 mL/L, 172 mL/L, 143 mL/L, and 132 mL/L,
respectively. The highest maximum biohydrogen production rate was 1.81 mL/L/h from KKU-SN1/1 and
KK(NM)3–21 on day 6 and day 3, respectively. The maximum biohydrogen production rate of NM3/1–2
was 1.67 mL/L/h on day 4. The maximum biohydrogen production rate of 14M was 1.39 mL/L/h on day
3. The maximum biohydrogen production rate of 2M was 1.34 mL/L/h on day 5.

Bacterial cell growth of PNSB showed similar trends in Fig. 3. From day 0 to day 3, bacterial cell growth
increased dramatically. After day 3, cell concentration gradually increased. From day 9 to day 20, cell
concentrations increased slightly. At the end of photo-fermentation, KKU-SN1/1 had the highest average
dry cell weight of 3.07 g/L, followed by 2M, 14M, NM3/1–2 and KK(NM)3–21 had an average dry cell
weight of 2.65 g/L, 2.54 g/L, 2.46 g/L, and 2.01 g/L, respectively. PNSB were cultured in modified
Ormerod’s broth that had initial pH of 6.7. The increasing pH during biohydrogen production of PNSB at
40°C were similar in Fig. 4. The maximum pH of KKU-SN1/1, NM3/1–2, 2M, 14M, and KK(NM)3–21
cultures were 8.47, 8.3, 8.59, 8.34, and 8.26, respectively. The pH increased from the initial value along
with the bacterial cell growth and biohydrogen production of PNSB. Between day 7 and day 10 of photo-
fermentation, biohydrogen of PNSB declined, while pH rose to more than 8.

The cultivation temperature had an effect on hydrogen production as well as cell growth and substrate
degradation efficiency [20, 30]. Several reports have found that temperatures at 40°C have a negative
effect on the hydrogen production and bacterial cell growth of Rhodovulum sulfidophilum P5 in both
wild-type strains and mutants, Rhodobactor capsulatus MX01 and the wild type of strain Rhodobactor
capsulatus SB1003, and Rhodopseudomonas palustris CQK 01 [19, 31, 32]. On the other hand, some
reports have found thermotolerant PNSB capable of both producing hydrogen and growing at high
temperatures. Rubrivivax gelatinosus SB24 had potential for hydrogen production at 40°C [33, 34].
Rhodopseudomonas palustris ATH 2.1.37 has been acclimated to high temperatures, enabling enhanced
hydrogen production under elevated temperature conditions [35]. Previous research by our team found
that 14 isolates of thermotolerant photosynthetic biohydrogen producing bacteria could produce
hydrogen at 40°C [26].

Growth and biohydrogen production under outdoor conditions

PNSB were cultured in a 300 mL simple bioreactor under outdoor conditions for 20 days to examine
photo-fermentation ability for biohydrogen production and bacterial cell growth under natural light.
Biohydrogen production of Rhodopseudomonas spp. was observed after day 2 until the end of the photo-
fermentative biohydrogen production in Fig. 5. The highest cumulative biohydrogen production was 400
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mL/L by KKU-SN1/1 followed by 2M, NM3/1–2, 14M, and KK(NM)3–21 were 324 mL/L, 212 mL/L, 187
mL/L, and 173 mL/L, respectively. The highest maximum biohydrogen production rate was obtained
from KKU-SN1/1, 3.84 mL/L/h on day 5. The maximum biohydrogen production rate of 2M and NM3/1–
2 were 1.94 mL/L/h and 1.20 mL/L/h on day 20. The maximum biohydrogen production rate of 14M and
KK(NM)3–21 were 1.02 mL/L/h and 0.83 mL/L/h, respectively, on day 5. Compared to the indoor
conditions, NM3/1–2 showed the highest biohydrogen production under indoor conditions as yielded 92
mL/L of cumulative biohydrogen production on day 10 of fermentation, which was 2.4 times lower than
the indoor conditions yield. However, by the final day of fermentation, the overall biohydrogen production
was nearly identical. Meanwhile, KKUSN1/1 demonstrated a cumulative biohydrogen production that was
1.5 times higher than on day 8 (216 mL/L) and 2.8 times greater than on the final day of fermentation
(Fig. 2). This demonstrates that Rhodopseudomonas spp., as thermotolerant bacteria, showcased their
ability to produce hydrogen in outdoor conditions, even in the face of daytime temperatures reaching as
high as 40°C. These findings align with previous experiments.

The bacterial cell growth of PNSB under natural light showed a similar trend (Fig. 6). KKU-SN1/1 and
KK(NM)/3–21 growth increased rapidly from the beginning until the end of the experiments. The growth
of NM3/1–2, 2M, and 14M quickly increased between day 1 to day 6, after that growing steadily until the
end of fermentation. On day 20, KKU-SN1/1 had the highest average dry cell weight of 3.48 g/L, followed
by 2M, 14M, KK(NM)3–21 and NM3/1–2, which were 2.43 g/L, 1.98 g/L, 1.81 g/L, and 1.78 g/L,
respectively. pH rose during the cultivation of PNSB under outdoor conditions, increasing from 8.0 to 8.8
(Fig. 7). The maximum pH during culture of KKU-SN1/1, NM3/1–2, 2M, 14M, and KK(NM)3–21 were 8.78,
8.51, 8.22, 8.43, and 8.05, respectively; these values were found at the end of the experiments. The higher
pH during the culture of R. pentothenatexigens KKU-SN1/1 was matched by increased levels of bacterial
cell growth and biohydrogen production, which remained detectable at the end of the experiment. At the
same time, the fermentation of R. hawoodiae entered the pH 8 range near the end of the fermentation,
which was slower than in the previous experiment. Thus, biohydrogen production was detected to occur
until the end of the experiment.

Temperature variations throughout the day are an obstacle to the hydrogen production of PNSB in
outdoor conditions. These fluctuations cause the inhibition of physiological activities, intracellular
enzyme activities, and cellular metabolism, resulting in reduced hydrogen production and substrate
conversion efficiency [20]. A sustained increase in cell growth may indicate that Rhodopseudomonas spp.
could be adaptable to unstable temperatures and light conditions. In addition, bacterial cell growth and
hydrogen production depend on the intensity of sunlight received in outdoor operation [36]. Previous
research reported that light intensity above 5,000 Lux led to lower hydrogen production due to the
inhibition of light saturation [37, 38]. This suggests that the biohydrogen production of
Rhodopseudomonas spp. especially KKUSN1/1 is not negatively impacted by variations in light intensity
during the day. Furthermore, Rhodopseudomonas spp. demonstrated resilience in the face of fluctuating
temperature and light intensity conditions. The biohydrogen production of Rhodopseudomonas spp.
under natural light conditions proves conducive to commercial applications. This approach minimizes
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energy expenditures by eliminating the need for a cooling system and utilizing natural light in the process
of biohydrogen production through a light fermentation system.

Scale-up biohydrogen production under outdoor conditions

PNSB were cultured in a 1,500 mL simple bioreactor under outdoor conditions for 20 days. This
experiment evaluated the feasibility of scaling up biohydrogen production reactor to improve photo-
fermentative biohydrogen production and bacterial cell growth under natural light. The results showed
that biohydrogen production of Rhodopseudomonas spp. tended to be like that of previous results in
Fig. 8. The highest cumulative biohydrogen production was 376 mL/L by KKU-SN1/1 followed by
NM3/1–2, KK(NM)3–21, 2M and 14M were 274 mL/L, 273 mL/L, 197 mL/L, and 138 mL/L, respectively.
The highest maximum biohydrogen production rate was 1.19 mL/L/h by KKU-SN1/1 on day 3. The
maximum biohydrogen production rate of KK(NM)3–21 and NM3/1–2 were 1.06 mL/L/h and 0.98
mL/L/h, respectively, on day 3. The maximum biohydrogen production rate of 14M was 0.70 mL/L/h in
day 10. The maximum biohydrogen production rate of 2M was 0.87 mL/L/h on day 18. This indicates
that photo-fermentative biohydrogen production by Rhodopseudomonas spp. can be successfully
expanded for greater capacity.

Bacterial cell growth of Rhodopseudomonas spp. which was cultured in a 1,500 mL simple bioreactor
under outdoor conditions, behaved similarly to a 300 mL simple bioreactor under outdoor conditions
(Fig. 9). Bacterial cell growth of KKU-SN1/1 increased rapidly from day 1 to day 7, steadily from day 10 to
the end of fermentation. Bacterial cell growth of NM3/1–2, 2M, 14M, and KK(NM)3–21 increased steadily
from day 1 until day 20. At the end of fermentation, KKU-SN1/1 had the highest average dry cell weight of
3.20 g/L, followed by NM3/1–2, KK(NM)3–21, 2M, and 14M, with average dry cell weights of 1.95 g/L,
1.64 g/L, 1.61 g/L, and 1.47 g/L, respectively.

Expansion of hydrogen production via photo-fermentation resulted in decreased output of hydrogen due
to the difficulty of maintaining a balance of temperature, light distribution, and mixing between medium
and bacterial cells in the bioreactor [5]. In the above-described experiments, expanding the simple
bioreactor capacity from 300 mL to 1,500 mL working volume promoted photo-fermentative biohydrogen
production under outdoor conditions. In addition, R. pentothenatexigens KKU-SN1/1 is an attractive
option for photo-fermentative biohydrogen production under outdoor conditions.

Biohydrogen production by CTBS

This study presents the development and implementation of a novel CTBS designed to enhance
biohydrogen production efficiency under natural light conditions. The CTBS employs the prolific
hydrogen-producing bacteria, R. pentothenatexigens KKU-SN1/1, which significantly surpasses
laboratory-based biohydrogen production yields and exhibits continuous biohydrogen generation for up
to 20 days. Continuous or semi-continuous cultivation techniques are often used to overcome the
limitations of batch production time of conventional methods. While these approaches offer potential,
challenges arise with large-scale implementation, including increased susceptibility to contamination and
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complexities in process control. Additionally, bacteria subjected to numerous fermentation cycles may
experience a gradual decline in their efficiency. The CTBS overcomes these limitations by employing a
semi-continuous fermentation approach with a crucial modification: the incorporation of multiple
bioreactors. This system operates on the principle of continuously adding new bioreactors and removing
bioreactors with diminishing yields. This ensures sustained and optimal biohydrogen production rates. By
leveraging a model derived from single-batch fermentation data, the CTBS achieves a maximum
biohydrogen production rate of 353 mL/L/day on day 20 produced with a 1,500 ml simple bioreactor set
of 10 bioreactors (Fig. 10). The production cycle consists of the start phase: 18 days (bioreactor 1 to 10
added sequentially every 2 days), the complete phase: day 20 onwards, and the continuous phase: the
first bioreactor replaced with a new one every 2 days.

When the CTBS was operated under outdoor conditions, biohydrogen could be produced continuously for
38 days in the cluster of 10 bioreactors (Fig. 11). The average daily biohydrogen production was 401
mL/L/day from day 12 to 24 and was continuously stable when using the CTBS. The highest daily
biohydrogen production was 493 mL/L/day on day 21. Biohydrogen production decreased after 21 days
of cultivation because a new bioreactor was not added and the oldest one was removed. Rain, and low
light intensity during day 27 led to a significant decrease in biohydrogen production. This indicates that
daily weather conditions have a large effect on biohydrogen production under outdoor conditions.

Several studies have shown that the semi-continuous mode is more suitable for hydrogen production by
photo-fermentation than other modes due to reduced loss of bacteria and nutrient sources, good system
stability, high substrate conversion efficiency, and continuous hydrogen production [39–41]. These
findings are supported by our results; the CTBS provides various advantages. It enhances biohydrogen
production by eliminating constraints associated with batch production times, resulting in an increased
overall biohydrogen yield. Improved efficiency is realized through the continuous rotation of bioreactors,
mitigating contamination risks, and facilitating effective troubleshooting. The system is scalable,
allowing for the seamless addition of clusters to enhance production capacity as necessary. Its cost-
effectiveness is evident, utilizing small bioreactors to optimize light penetration and reduce
implementation costs, rendering it suitable for resource-constrained settings. Furthermore, the
sustainable design of the CTBS operates effectively under natural light conditions, obviating the
requirement for energy-intensive cooling systems.

Conclusions
A PET plastic drinking water bottle can be used as a simple bioreactor for photo-fermentative
biohydrogen production. R. pentothenatexigens KKU-SN1/1, R. harwoodiae NM3/1–2, R. harwoodiae 2M,
R. harwoodiae 14M, and R. harwoodiae KK(NM)3–21 were able to grow and produce biohydrogen at 40°C
and outdoor conditions with high efficiency. With the ability to tolerate high temperatures and produce
biohydrogen under outdoor conditions, Rhodopseudomonas spp. has the potential to be used for
biohydrogen production under outdoor conditions in tropical countries. This is the first report in which R.
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harwoodiae and R. pentothenatexigens were used to produce biohydrogen at high temperatures and
under outdoor conditions in long-term operation.

The CTBS demonstrated the capability to enhance the photo-fermentation of R. pentothenatexigens KKU-
SN1/1 for biohydrogen production under outdoor conditions, achieving a cumulative biohydrogen
production of 9,084 mL over a 38-day period. Notably, the biohydrogen production rate was observed to
be 17 times higher compared to traditional batch production methods. The installation of the simple
bioreactor within a transparent glass bath filled with water effectively regulates temperature fluctuations,
ensuring ideal conditions for biohydrogen generation. The CTBS represents a significant advancement in
biohydrogen production technology, especially for developing countries. Its simplicity, affordability, and
sustainability make it a viable solution for promoting clean energy solutions in resource-limited
environments. Additionally, the ability of the system to leverage natural light and minimize energy
consumption aligns with global sustainability goals. This research paves the way for further
investigations into optimizing CTBS design and performance, ultimately contributing to the development
of a more sustainable and equitable energy future.
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Figure 1

Biohydrogen production by cluster of ten bioreactors system (CTBS) consists of 3 phases of operation:
the start phase (a), the complete phase (b), and the continuous phase (c)
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Figure 2

Cumulative biohydrogen production by Rhodopseudomonas spp. in a 300 mL modified Ormerod’s
medium incubated under an illumination of 10,000 Lux at 40 °C. Error bars represent the standard error of
the means for replicates
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Figure 3

Bacterial cell growth during photo-fermentation of Rhodopseudomonas spp. in a 300 mL modified
Ormerod’s medium incubated under an illumination of 10,000 Lux at 40 °C. Error bars represent the
standard error of the means for replicates

Figure 4
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The pH during photo-fermentation of Rhodopseudomonas spp. in a 300 mL modified Ormerod’s medium
incubated under an illumination of 10,000 Lux at 40 °C. Error bars represent the standard error of the
means for replicates

Figure 5

Cumulative biohydrogen production by Rhodopseudomonas spp. in a 300 mL modified Ormerod’s
medium incubated under outdoor conditions. Error bars represent the standard error of the means for
replicates
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Figure 6

Bacterial cell growth of Rhodopseudomonas spp. in 300 mL modified Ormerod’s medium incubated
under outdoor conditions. Error bars represent the standard error of the means for replicates

Figure 7
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The pH during fermentation of Rhodopseudomonas spp. in 300 mL modified Ormerod’s medium
incubated under outdoor conditions. Error bars represent the standard error of the means for replicates

Figure 8

Cumulative biohydrogen production by Rhodopseudomonas spp. in a 1,500 mL modified Ormerod’s
medium incubated under outdoor conditions. Error bars represent the standard error of the means for
replicates



Page 20/22

Figure 9

Bacterial cell growth of Rhodopseudomonas spp. in 1,500 mL modified Ormerod’s medium incubated
under outdoor conditions. Error bars represent the standard error of the means for replicates



Page 21/22

Figure 10

Simulating daily biohydrogen production involves continuous simulations using CTBS from the start
phase to continuous phase (○) and the simulation of daily biohydrogen production using a cluster of 10
bioreactor systems over a 38-day period from the start phase to stop phase (●)
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Figure 11

Daily biohydrogen production by R. pentothenatexigensKKU-SN1/1 by CTBS incubated under outdoor
conditions for 38 days (♦). Error bars represent the standard error of the means for replicates


