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ARTICLE INFO ABSTRACT

Keywords: This study aimed at developing a sustainable waste management from poultry farm by integrating
M.iC‘joalga.e microalgae cultivation with the anaerobic digestion effluent of chicken wastes (ADECy). The
Biofilm microalgae analysis was focused on system performance, resource recovery and environmental impact of
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microalgal biomass-derived added value products. Laboratory-scale of three different systems, i.e.
suspended microalgae, biofilm microalgae and the control as no microalgae seed added, was
conducted under outdoor climatic conditions in Thailand. The results clearly showed that
microalgae system was successfully developed with high treatment performance and potential
renewable energy production for the ADECy. Compared to the control, it was demonstrated that
most removals of nutrient and organic pollutants were achieved through microalgal assimilation.
Biofilm microalgal system was capable for removing NH4-N, PO3-P and dissolved COD of 97 %,
93 % and 75 %, respectively at the cultivation time of 14 days, while for suspended microalgal
system these were 92 %, 87 % and 68 %, respectively. Biofilm microalgal system also showed
advantages of higher biomass production and simple harvesting of biomass, due to it tightly
attached on supporting material by the matrix of extracellular polymeric substances (EPS).
Moreover, the analysis of potential electricity generation and environmental impact highlighted
the promising sustainability of microalgae-based poultry wastes treatment as microalgae pro-
vided significant potentials for electricity generation and CO; reduction. The analysis showed that
with nationwide egg-laying hen farms in Thailand, the total electricity generation can be as high
as 72 GWh/year with the total CO, reduction capacity of 99 kton CO»/year, while CO2 emission
from electricity generated by microalgal biomass is at least 29 % lower than conventional fuels.
The study offers a promising waste management alternative with great potential to achieve
efficient treatment and valuable resource recovery for poultry farms in the future.

Abbreviations: AD, anaerobic digestion; ADE, anaerobic digestion effluent; ADECy, anaerobic digestion effluent of chicken wastes; COD,
chemical oxygen demand; DW, dry weight; EPS, extracellular polymeric substances; N, nitrogen; NHJ-N, ammonium-nitrogen; P, phosphorus; PO3-
P, phosphate-phosphorus; SEM, scanning electron microscopy.
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1. Introduction

The continued increase of global population, which will approach 8.5 billion by 2030 and 10.4 billion by 2100, leads to a sig-
nificant demand for food production including poultry products as high-quality protein sources [1,2]. Chickens are among the most
widely distributed poultry worldwide, with the global annual production of chicken meat and egg in 2022 of 102 million tons and 1627
billion eggs, respectively [3,4]. Likewise, according to the USDA reported, Thailand becomes the top ten of global chicken products
producers and top five of global exporters, and moreover continue to be key players in both domestic and international markets [5]. In
2022, there were over 8000 standardized chicken farms in Thailand with the total production of 3.3 million tons chicken meat and 15.6
billion chicken eggs, while is forecast a growing rate of more than 4 % annually [6,7].

Such high current and future expanded numbers of chicken farms will subsequently result in high production and accumulation of
substantial quantities of chicken wastes comprised mainly of chicken manure, litter (e.g. straw bedding, sawdust and rice husks) and
process-generated wastewater (e.g. from floor cleaning and gutter flushing) [8]. These chicken farm wastes generally contain high
amounts of solids, organic pollutants and nutrients including nitrogen (N) and phosphorus (P), as well as potential source of oppor-
tunistic pathogens. Therefore, chicken wastes are not allowed to discharge directly into the receiving environment as can lead to severe
problems, in particular the spread of pathogens, obnoxious odor, emission of greenhouse gases, deoxygenation and eutrophication of
water bodies [9-11]. As environmental regulations becoming more stringent, appropriate management of chicken wastes treatment
and disposal is required to maintain compliance. In recent decades, the treatment of chicken wastes by anaerobic digestion (AD) for the
production of electricity has been successfully applied and continually developed in commercial application [12,13]. Although the AD
of animal wastes is favored because of its advantages on the effectiveness of high-strength organic degradation, destruction of
pathogens, recovery of renewable energy and sludge reduction, a post-treatment of anaerobic digestion effluent (ADE) is required to
further remove organic pollutants and excess nutrients before discharging into the environment [14,15]. However, due to the potential
high nutrients contained in the ADE of animal wastes, the concept of ADE treatment has shifted from being considered a waste to
becoming valuable resources. Recently, the utilization of ADE of animal wastes including from chicken farm wastes as a rich alter-
native nutrient source for microalgal growth has been reported [11,16-19].

The microalgae-based wastewater treatment has gained significant attention as an economical and sustainable solution due to its
efficient treatment, high growth rate, simple construction, easy and low-cost operation, CO, emission reduction and valuable resource
recovery [20-22]. Theoretically, microalgae generally utilize inorganic N and P from wastewater in the forms of ammonium (NHZ)
and orthophosphate (as PO3 ") by assimilating these nutrients into microalgal biomass [23]. Moreover, the commonly used systems for
microalgae cultivation are suspended and non-suspended with the alternatives of open or closed environment. Although suspended
microalgal system is widely used for convenient treatment of wastewater, the cost of microalgal biomass harvesting is high and thus
poses a challenge for real-world application. While in non-suspended or biofilm system, a microalgal layer is formed on the supporting
material, resulting in easy and low-cost for biomass harvesting prior to discharge [22]. In addition, previous studies reported that
biofilm microalgal system was successfully treated different wastewaters varied from low nutrients content as used for treating do-
mestic wastewater and polishing domestic wastewater effluent to high nutrients content of such as livestock wastes [24-26].

Until now, although there is overwhelming interest in the treatment of animal wastes by microalgae cultivation, limited infor-
mation can be found on the integration of both efficient treatment and resource recovery perspectives for sustainable waste man-
agement of poultry farm. Especially, biofilm microalgal system has received little attention as post-treatment for ADE of chicken wastes
with the results that the treatment performance, resource recovery potential and environmental impact of biofilm microalgae are
unknown. Moreover, designs of the reactor and proper harvesting time to obtain optimal performance needs urgent attention for using
the ADE of chicken wastes as microalgae growth medium. Therefore, this study aimed to investigate the treatment performance, as
well as the potential of resource recovery and environmental impact of cultivating microalgae in the anaerobic digestion effluent of
chicken wastes (ADECy) with subsequently utilized microalgal biomass for added value products. Two different microalgal reactors
were cultivated with the ADECy in outdoor climatic conditions of the dry season in northern of Thailand, where the removals of
nutrient and organic pollutants with the biomass production were evaluated and compared with the control. Finally, the potential
electricity generation from microalgal biomass and environmental impact of CO, reduction by microalgae and CO, emission factor for
electricity generation were analyzed. The results obtained will be used to develop an integrated efficient and sustainable waste
management from poultry farm, and also take advantage of valuable resource recovery from the microalgae-based treatment system.

Table 1

Chemical-physical characteristics of the anaerobic digestion effluent of chicken wastes.
Parameters Unit Value/Concentration
pH - 7.80 (0.09)
TKN-N mg N/L 286 (15)
NH}-N mg N/L 207 (6)
PO3-P mg P/L 72 (3)
Total COD mg COD/L 379 (23)
Dissolved COD mg COD/L 316 (12)
Total suspended solids mg/L 179 (18)
Volatile suspended solids mg/L 73 (4)

Note: Data are shown as the average of 3 samples with standard deviations in brackets.
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2. Materials and methods
2.1. Characteristics of the anaerobic digestion effluent of chicken wastes

The anaerobically digested effluent of chicken wastes was collected from a local egg-laying hen farm in Chiang Mai, Thailand. This
egg-laying hen farm was medium-scale poultry egg producers, which had 35000 laying hens and sold more than 10.2 million eggs
annually. In total, 60 m® of the ADECy was produced daily. In this study, microalgae were cultivated using the undiluted ADECy. The
characteristics of the ADECy are shown in Table 1.

2.2. Microalgae seed culture

A mixed-species of microalgae seed was obtained from the polishing pond at the egg-laying hen farm where the ADECy was taken.
Compared to single-species culture, the mixed-species microalgae reported advantages of higher nutrients assimilation and biomass
production [27]. In this study, the collected microalgae seed was first concentrated by gravity settling to achieve 9.4 4+ 0.1 g dry weight
biomass/L before use [26].

2.3. Cultivation of microalgae

Mixed-species of microalgae-based treatment of the ADECy using two different cultivation systems, i.e. (1) suspended and (2)
biofilm, was compared with the control system for their treatment performances, potential of resource recovery and environmental
impact. Each suspended microalgae, biofilm microalgae and the control system were cultivated using the ADECy in an open outdoor
photobioreactor in the dry season during December to January at Rajamangala University of Technology Lanna, Chiang Mai, Thailand
(18°48'34.8'N, 98°57'10.2"E). The photobioreactors with a working volume of 40 L and had dimensions of 60 cm x 25 cm x 45 c¢m (top
diameter x height x bottom diameter) were used in experiments, and were mixed continuously by an electro-magnetic air pump
connected with a porous air diffuser. In suspended and biofilm microalgal systems, the mixed-species of microalgae seed with 1 % v/v
was added and cultivated for 14 days, as used in the study of Khiewwijit et al. (2019) [26]. While the control system, no microalgae
seed was added. For suspended system, the microalgae seed was directly added into the reactor and let the microalgal cells moved
freely inside the culture area. Whereas for biofilm system, the microalgae seed was poured onto a flat patterned sheet, which was used
as the supporting material for biofilm formation that could grow under approximately 2 cm-depth of water surface. This patterned
sheet had a total area of 0.16 m? (40 cm length x 40 cm width) and placed at the center of the photobioreactor. Moreover, the
patterned sheet comprised of three layers. A high-density polyethylene knitted shade net (90 % black) was used for the top and bottom
layers, while a coarse scouring pad was used for the middle layer, as illustrated in Fig. 1.

All experiments were performed in triplicate. In addition, the removal efficiencies (RE in %) of nutrients and COD from the ADECy
by suspended microalgae, biofilm microalgae and the control system were calculated using Eq. (1) [28]:

RE, (0/0) = [(Cx,in - x.out) /Cx.in} x 100% )

where RE, is the removal efficiency of compound x (%), Cy i is the concentration of compound x in the influent (mg/L) and Cy o is the
concentration of compound x after the treatment (mg/L). In this study, compound x refers to NH4-N, PO3-P and dissolved COD.

2.4. Morphological characterization of microalgae

The production of microalgal cells after 14 days of cultivation both in suspended and biofilm microalgal systems were observed
using a compound light microscope (Olympus CX23, Japan) for their morphological features, and moreover, the cells were further
studied using a scanning electron microscopy (SEM) (Prisma E, Thermo Scientific, USA). Through a compound light microscope, the
samples were prepared by simple wet mount method. In addition, prior to carrying out the observation under SEM, the samples were

Fig. 1. Scheme of patterned sheet used for microalgae cultivation in biofilm system.
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sputter-coated with gold/palladium for 45 s and 18-20 mA using an SC7620 mini-sputter coater (Quorum Technologies Ltd., UK) to
decrease charging effects during observation.

2.5. Potential electricity generation and environmental impact analysis

In this study, the potential electricity generated by anaerobic microalgal biomass digestion was calculated using the model pa-
rameters given in the study of Mu et al. (2014) [29]. Moreover, the total CO; reduction capacity was also analyzed. The CO2 reduction
capacity was calculated from the mass flow and specific CO5 uptake through the photosynthesis of microalgae for biomass production,
which was 1.83 kg CO,/kg dry weight of microalgal biomass [30].

Additionally, to further explore the environmental impact of CO3 emission from the microalgal biomass power plant compared to
other conventional fuels, CO5 emission factor (CO, EF) was evaluated. The CO, EF was determined based on the 2006 IPCC guidelines
for national greenhouse gas inventories, which expressed by Eq. (2) [31]:

CO, EF=(C/NCV) x (F) x (44 /12) )

where CO,, EF is the CO5 emission factor (Ton COy/TJ), C is the ratio of carbon content of fuel source (%), NCV is the net calorific value
(TJ/Mg of fuel), Fis the carbon oxidation factor and 44/12 is the molecular weight ratio to convert kg of carbon to kg of CO,. This study
assumed a complete combustion process, which thereby the carbon oxidation factor was assumed to be 1. Moreover, 50 % carbon by
dry weight of microalgal biomass was used [32].

2.6. Analytical methods

Samples from suspended microalgae, biofilm microalgae and the control system were collected and measured pH by pH electrode
(OHAUS Starter ST5000-B Bench pH Meter, USA). After that, the samples were centrifuged for 15 min at 2000 rpm and the con-
centrations of NHZ-N, PO3-P and COD were analyzed from the supernatant. Parameters of PO3-P and dissolved COD were measured
using APHA standard methods [33], and NHZ-N was analyzed using Spectroquant test kit (Merck, Germany) with a detection range of
0.01-3.00 mg/L. Moreover, the yields of biomass production were analyzed with the same method used in the study of Boelee (2013)
[34]. For suspended microalgae and the control, the biomass dry weight was measured at the beginning and the end of the experiment
by filtration of the samples through pre-weighed glass fiber filters (Whatman GF/F, UK), followed by drying in a 105 °C oven at least
24 h. For the microalgal biofilm was scraped at the end of the experiment from the patterned sheet using plastic spoon and then blew
off with air nozzle to ensure the entire biofilm formation was harvested. After that, the harvested microalgae were dried in a 105 °C
oven at least 24 h for determining biomass dry weight.

3. Results and discussion
3.1. pH during microalgae cultivation
In this study, pH changes were monitored and used as a preliminary indicator of microalgal growth throughout the experiments.

The pH usually increases during the growth of microalgae, which due to the photosynthetic CO5 assimilation and consequently leading
to accumulation of free hydroxide ions [21,35,36]. Fig. 2 shows the average pH during the cultivation in suspended and biofilm
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Fig. 2. pH during microalgae cultivation in suspended and biofilm systems compared to the control.
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microalgal systems compared to the control.

As shown in Fig. 2, in the first 2 days of cultivation, the pH was slightly decreased for all three systems. This was likely due to the lag
phase of microalgae where they adapted to the environment and the growth of heterotrophic bacterial populations in the ADECy,
which resulted in less utilization of CO by microalgae and release of CO2 by bacteria [23,37]. Thereafter, for suspended and biofilm
microalgal systems, the pH was increased gradually and reached the average pH of 8.57 at day 7 of cultivation for suspended
microalgal system and 8.66 at day 9 for biofilm microalgal system. Similar results reported by Kumar et al. (2021) [38] also showed
that pH values during the microalgae cultivation were increased with the increased photosynthetic activity of microalgae for biomass
production. However, it was found that after day 7-13 of cultivation the pH in suspended microalgal system remained almost stable
and then decreased to the average pH of 8.40 at day 14. Whereas for biofilm microalgal system, the pH was remained stable after day 9
until the end of experiment and the average pH reached 8.91 at day 14 of cultivation. These remaining or slightly decreasing pH values
could occur when microalgae reached to the stationary and death phase due to a variety of environmental stresses, which will also
explain later [39]. In contrast, in the control system, the pH was continually decreased from the beginning (average pH 7.80) to day 8
of cultivation (average pH 5.75) and then remained stable to day 12. After that the pH tended to increase, which probably caused by
the presence microalgae in the ADECy were growing, and ended up with the average pH of 6.19 at day 14 of cultivation. The
decreasing pH observed in the control system confirmed the growth of heterotrophic bacteria in the ADECy;, which known to reduce
pH caused by the release of CO5 from aerobic oxidation of organic matter [21].

3.2. Removal of nutrient pollutants from the anaerobic digestion effluent of chicken wastes

As shown in Fig. 3A and B, both suspended and biofilm microalgal systems could effectively remove nutrient pollutants from the
ADECy. After the lag phase of microalgal growth in the first 2 days, the concentrations of NH-N and PO3-P were continually
decreased both for suspended and biofilm microalgal systems. For suspended microalgal system, the average concentrations of NH4-N
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Fig. 3. The change of (A) NH4-N, (B) PO?{-P and (C) dissolved COD concentrations during microalgae cultivation in suspended and biofilm systems
compared to the control.
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were significantly decreased from 204 mg/L at day 2 of cultivation to 44 mg/L at day 8 and then slightly decreased to 16 mg/L at day
14, which corresponded to the NHZ-N removal efficiency of 92 %. A similar trend was also found for the PO3-P removal. The average
concentrations of PO3 -P were continually decreased from day 2 (69 mg/L) to day 8 of cultivation (16 mg/L) and followed by a slight
decrease to 9 mg/L at day 14, resulting to 87 % removal efficiency of PO3-P. While for biofilm microalgal system, the average
concentrations of NHZ-N were significantly decreased from 210 mg/L at day 2 of cultivation to 17 mg/L at day 10 and followed by a
slight decrease to 6 mg/L at day 14, which corresponded to the PO -P removal efficiency of 97 %. Besides, the average PO3-P
concentrations were decreased from 72 to 7 mg/L at day 2 to day 10 of cultivation, respectively, after that remained almost stable and
reached 5 mg/L at day 14, which translated to the PO3-P removal efficiency of 93 %. The N and P decreased through microalgae
cultivation is caused by the photosynthetic activity and microalgal growth. Nitrogen is an essential element for microalgal growth and
plays a fundamental role in the synthesis of proteins, lipids and carbohydrates. Whereas phosphorus is nutrient required for various
mechanisms, for example energy transport, biosynthesis of nucleic acids and DNA [23]. In this study, the higher removal efficiencies of
NHZ-N and PO3-P achieved in biofilm system is due to the optimal utilization of light and CO, for the microalgae growth and
minimization of cell washouts in biofilm microalgal system [22,24,25].

In contrast, the control system showed much less removal efficiencies of both NH-N and POZ-P. The NHZ-N removal efficiency of
37 % was achieved with the average concentration of 131 mg/L in the effluent at day 14 of cultivation, while the removal efficiency of
PO} -P was 35 % with the average concentration of 47 mg/L in the effluent. These N and P are also essential nutrients for the growth
and metabolism of heterotrophic bacteria [37].

3.3. Removal of organic pollutants from the anaerobic digestion effluent of chicken wastes

The dissolved COD concentrations was monitored during microalgae cultivation both in suspended and biofilm systems, and
compared to that of in the control system. Presumably, the capacity of heterotrophic microalgae to use organic carbon as carbon and
energy source, as well as, the presence of heterotrophic bacterial populations in the ADECy could be attributed to decrease in the
dissolved organic pollutants for their growth of biomass [20,39].

As illustrated in Fig. 3C, after seeding the mixed species of microalgae into each cultivation system, the average concentrations of
dissolved COD were increased within the first 2 days which reached to 320 mg/L for suspended microalgal system and 336 mg/L for
biofilm microalgal system. The slight increase in COD concentrations may due to the accumulation of biodegradable organic matter
related to cell death of microalgae seed as they could not adapt to changes during the lag phase. After that, as expected, the con-
centrations of dissolved COD were significantly decreased both in suspended and biofilm microalgal systems. For suspended micro-
algal system, dissolved COD was continually reduced during the cultivation from day 2 to day 12, which decreased to the average
dissolved COD concentration of 89 mg/L at day 12 of cultivation. While thereafter, the average concentration of dissolved COD was
increased and reached 102 mg/L at day 14 of cultivation, resulting in the removal efficiency of 68 %. These fluctuations of dissolved
COD concentrations during the microalgae cultivation could be occurred when the cultures reach the death phase, which caused by
various factors such as nutrient depletion, toxicity and cellular senescence [23,39]. Thus, a slight increase in dissolved COD con-
centration after day 12 of cultivation could be explained by the released of organic matter from dead microalgae back into the system,
which coincided with decreasing in pH values at the end of cultivation in suspended microalgal system (Fig. 2). Similar results were
observed by Nguyen et al. (2020) [40] in which the increasing COD in medium was found when microalgal cells reached the death
phase. These results indicated that a harvesting frequency of every 14 days seems insufficient to remain the optimal microalgae growth
in suspended system when using the ADECy as a source of nutrients.

On the other hand, for biofilm microalgal system, the average concentrations of dissolved COD from day 2 to day 10 of cultivation
were significantly decreased and then remained stable to the end of cultivation. At day 14 of cultivation, the average dissolved COD
concentration was 80 mg/L, which translated to the COD removal efficiency of 75 %. These findings demonstrate the potential benefits
from cultivating microalgae both in suspended and biofilm systems for the removal of organic pollutants from the ADECy. The results
are consistent with Rajagopal et al. (2021) [11], who found the COD removal efficiency of nearly 45 % when using microalgae Chlorella

Table 2
Comparison of overall treatment performance and efficiency treating the ADECy by microalgae cultivation compared to the control.
Cultivation system Removal efficiency (%) Concentrations after treating (mg/L)
Average Standard deviation

1. Suspended microalgae

NH;-N 92 16 3
PO;-P 87 9 1
Dissolved COD 68 102

2. Biofilm microalgae

NH;-N 97 6 1
PO3-P 93 5 0.4
Dissolved COD 75 80 7
3. Control

NH;-N 37 131 8
PO3-P 35 47

Dissolved COD 40 189 11
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vulgaris treating the ADE of chicken manure. Whereas for the control system, the average dissolved COD concentrations were gradually
decreased from the beginning (316 mg/L) to 189 mg/L at day 14 of cultivation, resulting to the removal efficiency of 40 %. These
organic carbon pollutants were used as an energy and carbon source for the formation of new biomass by heterotrophic bacteria [37].

In order to summarize the performance of using microalgae for the treatment of ADECy, Table 2 provides an overall treatment
performance of nutrient and organic pollutants by microalgae cultivation compared to the control system. The results clearly showed
that microalgae could be used for efficient treatment from the ADECy, in particular biofilm microalgal system. In the present study,
biofilm microalgae can successfully cultivate in the ADEGyy, which able to achieve efficient treatment of 97 % NHZ-N, 93 % PO3-P and
75 % dissolved COD removals at the cultivation time of 14 days. While suspended microalgal system gave the removal efficiencies of
NHJ-N, PO?{—P and dissolved COD of 92 %, 87 % and 68 %, respectively. Compared with the use of microalgae, much lower treatment
efficiencies of 37 % NH{-N, 35 % PO} -P and 40 % dissolved COD were obtained by the control system with no microalgae seed added.
However, the contribution of nutrient and organic pollutants removal through microalgal assimilation or bacterial metabolism should
be further explored and more fundamental knowledge about the integration of microalgae-bacteria consortium on the ADECyy is
needed. In addition, although there are currently no effluent standard limits that regulate the treated effluent discharges from poultry
farm in Thailand, such high nutrient and organic pollutants removals especially in biofilm microalgal system provided good effluent
quality that could directly discharge into the environment as compared to the agro-industrial effluent standard limits [41].

3.4. Biomass production

Table 3 shows the results of biomass production in terms of net dry weight (DW) yield from suspended and biofilm microalgal
systems compared to the control. As demonstrated by the data in Table 3, the results clearly showed that after 14 days of cultivation,
both suspended and biofilm microalgal systems gave a higher biomass yield compared to the control. The average net DW biomass
yields were 1383 and 1521 mg DW/L for biofilm microalgal system and suspended microalgal system, respectively. Besides, the control
was obtained 115 g DW/L of the average net DW biomass yield. The higher biomass yield corresponded to higher nutrients uptake that
potential increased the photosynthetic activity of microalgae for biomass production, which coincides with the results of the previous
study [27]. However, it should be noted that the biomass harvested from suspended microalgal system was a mixture of microalgae
and bacteria, which may result in difficulties for the resource utilization of harvested microalgae [35], whereas the biomass of attached
microalgae was harvested from biofilm system.

In addition to the higher biomass production, biofilm microalgal system also has additional advantage of reducing the cost for
biomass harvesting, as a simple harvesting method such as scraping could be used and no separation of microalgal biomass production
required before discharging the treated effluent [22,25]. On the other hand, for suspended microalgal system, the production of
biomass and treated effluent must be separated and thereby resulted in a higher operating cost for biomass harvesting. Examples of
common separation methods for harvesting microalgae from aqueous solution are centrifugation, coagulation and flocculation,
filtration and flotation [20,42]. Furthermore, as suggested by Boelee (2013) [34], it is essential to determine the suitable period for
harvesting microalgal biomass that can maintain microalgae in the growth phase to ensure optimal nutrients uptake capacity, as well
as to reduce cell death that would lead to the release of organic matter and nutrients from cell decomposition. The frequency of
microalgal biomass harvesting is generally dependent on the biomass production rate, which most varies with the availability of light
and nutrient concentrations [43]. Based on all the results obtained in this study, a harvesting frequency of 14 days for biofilm
microalgal system was promising to maintain the optimal treatment for the ADECy. Whereas, the results of the decreased pH and
increased dissolved COD at the end of the experiment in suspended microalgal system (Figs. 2 and 3) indicated that the suspended
biomass should be harvested before 14 days, which suggested for example every 12 days.

3.5. Morphological identification via light and scanning electron microscopy

The microalgal suspended and biofilm grown on the ADECy after 14 days of cultivation were observed under a compound light
microscope (Fig. 4A-D) and SEM (Fig. 4E-H). Both suspended and biofilm systems showed a similar diversity of microalgae species and
likely dominated by Chlorella sp. and Scenedesmus sp., which in accordance with other previous studies that proven capability of
growing both microalgae species in the ADE of poultry wastes including from chicken farms [11,18,19]. Additionally, the results of

Table 3
Biomass production from suspended and biofilm microalgal systems compared to
the control.

Cultivation system Biomass production (mg DW/L)
Suspended microalgae® 1383 (93)

Biofilm microalgae” 1521 (78)

Control” 115 (9)

Note: Results are the average values with standard deviations in brackets.

# Net dry weight (DW) biomass yield = Final biomass density at the end - Initial
biomass density.

> Net DW biomass yield was harvested microalgal biomass grown on the
patterned sheet at the end of cultivation.
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Fig. 4. Morphological images of microalgal production after 14 days of cultivation observed by a compound light microscope with 1000x
magnification both in (A) suspended system and (B, C, D) biofilm system, and by a scanning electron microscopy (SEM) with white line indicating
the size in pm both in (E, F) suspended system and (G, H) biofilm system. Arrows point at the EPS matrix in microalgal biofilm system.

microscopic images of microalgal biofilm compared to suspended system evidently demonstrates that microalgae were held together
by extracellular polymeric substances (EPS) matrix (Fig. 4C, D, 4H). This finding is consistent with the previous studies, wherein the
synthesis of EPS in biofilm formation could enhance the adhesion of microalgal cells or microalgae-bacteria consortium [34,44]. The
production of EPS mainly comprises of polysaccharides and proteins, and other components like lipids, humic acids and nucleic acids.
The EPS in biofilm has diverse functions, including as a glue-like substance to tightly attach microorganisms to the surface and the
abilities to enhance settleability of biomass, as well as to bind metal ions that could potentially increase the removal of heavy metals
from wastewater [45,46].

3.6. Potential electricity generation and environmental impact

In recent years, microalgae have attracted considerable attention worldwide because of the potential use of microalgal biomass for
promising renewable energy sources and high-value bioproducts such as biogas, biofuels, biopolymer, electricity, animal feed and
natural pigments [47], as well as a feasibility of CO, reduction capacity through the photosynthesis by microalgae [30]. Using the total
number of laying hens nationwide in Thailand and expected annual growth from year 2019-2032 as an example [7,48], the potential
electricity generation and total CO5 reduction capacity utilizing the biomass from microalgal biofilm system cultivated with the
ADECy were presented in Fig. 5A. Furthermore, Fig. 5B reviews the CO, emission factor for electricity generation produced from
microalgal biomass and compared to other conventional fuels.

As shown in Fig. 5A, utilizing the resources in the ADE of laying hen wastes nationwide in Thailand it is possible to cultivate 50 kton
DW/year of microalgal biomass in 2023, which consequently could generate a total potential electricity of 66 GWh/year. Furthermore,
the total potential electricity generation tended to increase yearly due to continually growing nationwide demand. In 2030, the total
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Fig. 5. The potential electricity generation and environmental impact utilizing microalgal biofilm biomass for the treatment of ADECy: (A) po-
tential electricity generation and total CO, reduction capacity and (B) CO, emission factor for electricity generation from microalgal biomass
compared to conventional fuels.

electricity generation is forecasted to reach as high as 72 GWh/year, which results in an annual benefit of over 7.4 million USD/year
[49]. Although the potential electricity generated by laying hens nationwide accounted for less than 1 % of the total electricity demand
in Thailand (197,271 GWh/year in 2022) [50], this provided a good starting point for substituting fossil fuels for electricity generation
by renewable resources as well as electricity cost savings in egg production for poultry farms. These results indicated that the
microalgae-based wastewater treatment is becoming attractive for sustainable development and circular economy concept by
enhancing the utilization of renewable resources with innovative technology and thereby offers a further opportunity for achieving the
Sustainable Development Goals (SDGs) at the global level [51,52].

Additionally, as further illustrated in Fig. 5A, microalgae cultivating using the ADE of laying hen wastes could reach the total CO»
reduction capacity through the photosynthesis of 91 kton COy/year in 2023 and possible to reach as high as 99 kton CO,/year by 2030,
which equal to the CO2 emission per capita for nearly 27000 people [50]. The results clearly showed that the treatment of poultry
wastes by microalgae was a sustainable alternative to reduce the effect of global warming and climate change through the capability of
CO4 sequestration via photosynthesis process [30,53]. Besides, microalgae provide a positive environmental benefit to reduce the CO5
emission when using microalgal biomass as energy substrate for electricity production compared to other conventional fuels. Fig. 5B
shows that the CO, emission factor for electricity from microalgal biomass was 77 Ton CO5/TJ, which lower than that of industrial
wastes, lignite, solid biomass and municipal wastes by 85 %, 31 %, 29 % and 29 %, respectively (IPCC, 2006) [31].

4. Conclusions

This study provides evidence that the use of integrating microalgae cultivation with the ADECy is an efficient and sustainable
technology for poultry waste management. In particular, biofilm microalgal system has successfully developed with a high treatment
performance, which gave average removal efficiencies of NHj-N, PO -P and dissolved COD of 97 %, 93 % and 75 %, respectively, at
the cultivation time of 14 days. Whereas suspended microalgae system removed 92 % NHZ-N, 87 % PO3-P and 68 % dissolved COD.
Compared to suspended microalgal system, biofilm system provides advantages of simple harvesting and high biomass production that
implies substantial potential to use as sustainable source for value-added products and shows the positive environmental impact on
CO4 emission. The next step forward is to further explore and optimize electricity generation and CO reduction utilizing the biomass
from suspended and biofilm microalgal systems cultivated with the ADECy for a practical implementation. This study shows that
microalgal biofilm-based treatment of poultry wastes exhibited promising potentials for electricity generation and CO; reduction
capacity through CO, sequestration and low electricity CO2 emission factor. The study offers a promising alternative for the efficient
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treatment and valuable resource recovery of poultry wastes, which beneficial for poultry farmers and other stakeholders to improve
sustainability of the waste management in the future.
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