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Abstract: Gasification has been considered a promising approach to converting
biomass into useful gaseous products. Downdraft gasifiers are famous for
engine applications and used for thermal applications. The product gas has to
meet the individual requirements of different end users or applications. The
downdraft gasifier based on open core throat less design has been developed
according to its suitability for small-sized biomass. The preliminary experiment
investigated gasifying characteristics by studying the temperature distribution
within the gasifier. This study used three kinds of biomass: Eucalyptus wood
chip, Mimosa wood twig, and wood pellet. The results showed that the
temperature distribution within the gasifier for each zone corresponds with the
character of the gasifying process within the downdraft gasifier. Moreover, the
temperature profiles for a gasifying process for all three biomass tests were in
the same pattern. The maximum temperature was in the combustion zone (Ts).
The maximum temperature at the combustion zone for the Eucalyptus wood
chip is the highest compared with the maximum temperature at the
combustion zone of the Mimosa wood twig and wood pellet. The temperature
at the combustion zone (Ts) of the Eucalyptus wood chip, Mimosa wood twig,
and the wood pellet were 838, 783, and 620 °C, respectively. The temperature at
the combustion zone results in the temperature at the reduction zone. The
average temperature at the reduction zone for gasifying all three biomass feeds
ranges from 470-514 °C. While the temperature at the pyrolysis zone and the
gas exit are not significantly different for all three biomass feeds. These results
showed that the reaction within the gasifier could carry out continuously with
a suitable temperature in each zone as per the design.

Keywords: Gasification; Open Core Throat Less; Downdraft; Preliminary Experimental;
Temperature Distribution.

1. Introduction

Biomass is one of the most potent organic materials on the earth,
produced by photosynthesis reaction in green plants in the presence of
sunlight. It stores solar energy in its chemical bond as chemical energy [1],
which can be further evolved by breaking down the bonds [2]. However, the
bulky and inconvenient form of biomass is a major barrier to its wide
applications. This motivates the conversion of solid biomass into liquid and the
conversion process [3]. Thermochemical conversion, including combustion,
gasification, and pyrolysis, can break down the chemical bond in biomass to
release the stored energy. Combustion can directly release energy by the
primary bond breaking of biomass. At the same time, gasification and
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pyrolysis can transfer the energy into secondary products, which are likely ideal for fueling the furnace and
the engine [4]. Gasification is one of the thermochemical conversion processes that has been considered a
promising approach to converting biomass into useful gaseous products. Based on the advantages of energy
efficiency and ease of application, gasification is the best choice for exploding energy from biomass [5]. The
biomass gasification process converts biomass into producer gas consisting of methane, hydrogen, carbon
monoxide, carbon dioxide, nitrogen, and other minor components. Although gasification technologies have
been developed over a century, their commercial successes on a large scale are still limited [6]. A biomass
gasification plant's economic and technological successes depend on the trouble-free operation of all system
components over long periods [3]. The key success factors for the gasification process depend on several
factors, such as fuel properties, gasifier design, operation, and gas cleaning. The main biomass property was
considered an energy source, such as moisture content, calorific value, fixed carbon and volatiles
proportions, ash content, alkali metal content, and cellulose/lignin ratio [7]. Gasification and combustion are
closely related to thermochemical processes but have an important difference. Gasification packs energy into
chemical bonds in the product gas; combustion breaks those bonds to release the energy. The gasification
process adds hydrogen to and strips carbon away from the hydrocarbon feedstock to produce gases with a
higher hydrogen-to-carbon ratio. At the same time, combustion oxidizes the hydrogen and carbon into the
water and carbon dioxide, respectively. A typical biomass gasification process may include the following
steps: drying, thermal decomposition or pyrolysis, partial combustion of some gases, vapors, and char, and
gasification of decomposed products. Gasification requires a gasifying medium such as air, oxygen, or steam
to rearrange the molecular structure of the feedstock to convert the solid feedstock into gases or liquids.
Biomass is first heated (dried) and then undergoes thermal degradation or pyrolysis. The pyrolysis products
(i.e., gas, solid, and liquid) react among themselves and with the gasifying medium to form the final
gasification product. The thermal energy necessary for drying, pyrolysis, and endothermic reactions comes
from a certain amount of exothermic combustion reactions allowed in the gasifier. Gasifiers are classified
mainly based on their gas-solid contacting mode and gasifying medium. Based on the gas-solid contacting
mode, gasifiers are divided into three principal types: fixed bed, fluidized bed, and entrained flow bed.
There is an appropriate range of applications for each: the fixed bed type is used for smaller units (< 10
MWnh); the fluidized bed type is more appropriate for intermediate units (5-100 MWw); entrained flow
reactors are used for large capacity units (> 50 MWwu) [8]. The fixed bed gasifier has been the traditional

process used for gasification, operated at temperatures around 1000 degree Celsius. Depending on the
airflow direction, the fixed bed gasifiers are classified as updraft, downdraft, or cross draft [9]. Downdraft
gasifiers are characterized by a co-current air or gas and fuel flow. In downdraft, with or without a throat
gasifier, tar and other products off pyrolysis pass through the high-temperature oxidation zone of the
reactor, where they are subsequently burnt or cracked. Thus, the producer gas from a downdraft gasifier
contains very less tar (less than 1 % [10]. Therefore, downdraft gasifiers are also popular for engine
applications and thermal applications. However, these gasifiers are highly fuel specific [11-14]. There are
various methods for using producer gas produced from the gasification process. However, the product gas
has to meet the individual requirements of different end users or applications. The end use of the gas
determines the degree of clean-up required and can be achieved by either hot or cold gas cleaning. The
benefit of hot gas cleaning is that more energy is gained from the gas. Still, the process poses significant
technical simpler and produces wastewater contaminated with tar, likely posing a disposal problem [10].
Applying the product gas directly through the combustion process to produce heat for cooking or drying
generally does not use a gas cleaning system. However, using a gasifier with no gas cleaning system for
cooking if it still has tar or particulate in the product gas makes the pot dirty with the suit and causes a
barrier for using a gasifier. Thus, primary treatments such as optimizing biomass feedstock properties and
designing and operating the gasifier [15] are first implemented to remove unwanted products and
contaminants in the product gas. Secondary treatments, such as a downstream cleaning system based on
physical (scrubber, filters) or catalytic strategies, must be incorporated for end applications and
environmental regulations [16]. Although mostly, the gasifier sizing will be designed based on suggestion
information from the previous inventors. Thus, the new gasifiers that have been developed need to
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investigate the results based on the references from the theoretical review before using gasifiers. Thus, this
paper aims to investigate the temperature distribution within the gasifier to confirm that the reaction within
the gasifier can carry out continuously with a suitable temperature in each zone.

2. Materials and Methods

2.1 Downdraft Gasifier

The Gasifier system developed and presented in this paper was designed based on the downdraft
gasification process. The design and calculation of the gasifier have followed the design methodology for
sizing the Imbert-type downdraft gasifier. The Imbert gasifier is the most used type of downdraft gasifier.
The downdraft gasifier based on open core throat less design has been developed according to its suitability
for small-sized biomass [17-19]. The main objective of developing this gasifier is to produce the producer gas
that is cleaner for cooking applications to solve the disadvantage of using producer gas for cooking the
particle or soot attached to the pot. The gas cleaning system, in conjunction with the gasifier, was developed.
Thus, the gasifier system has been developed and comprises three main parts; gasifier, gas cleaning system,
and cooking gas stove.

The gasifier was designed based on an open core throat less downdraft gasifier with biomass fuel
feeding in batches. The maximum biomass fuel consumption rate is 15 kg/hr. Based on the function of each
part within the gasifier, the gasifier can divide into three parts: fuel hopper, reaction chamber, and ash pit.
The fuel hopper contains and fills biomass fuel; it lies at the top of the gasifier. The maximum fuel loading is
about 15 kg/batch. The reaction chamber was designed with a diameter of 234 millimeters and an inner
height of 356 millimeters. The reaction chamber was fabricated with 2 millimeter-thick steel plate. The ash
pit is the part for collecting the ash from the reaction process within the reaction chamber. A pictorial
drawing of an open core throat less downdraft gasifier showed in Figure 1.

SECTIOMNMN B B
Figure 1. Open core throat less downdraft gasifier

A gas cleaning system has been developed to clean the producer gas produced from gasification. The
main objective of developing the open core throat less gasifier is to use it for cooking applications. Thus the



4 ASEAN ]. Sci. Tech. Report. 2023, 26(1), 1-10.

gas cleaning equipment will be suitable for eliminating particles and tar in the producer gas. The producer
gas will pass through four steps of the gas cleaning equipment in series. Four gas cleaning steps comprise
cyclone, venturi scrubber, coarse bag house filter, and fine bag house filter. The producer gas from the
gasifier will pass through the cyclone to separate the solid particle from the gaseous stream by vortex
separation. After the gaseous stream passes through the cyclone, it will pass through the venturi scrubber to
separate the tar and particles from the gaseous stream and reduce the producer gas's temperature. Then the
gaseous stream will pass through two bag house filters in series, coarse bag house filter and fine bag house
filter, to make cleaner producer gas before use—bag house filter made by filling with sawdust. Fine bag
house filter will fill with sawdust denser than filling in the coarse bag house filter. The pictorial drawing of
the downdraft gasifier system showed in Figure 2.
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Figure 2. The pictorial drawing of the downdraft gasifier system

2.2 Biomass
The woody biomass fuels used in this study comprise Eucalyptus wood chips, Mimosa wood twigs,
and wood pellets. The photographs of the sample biomass used here are shown in Figure 3.
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(a) Eucalyptus wood chip (b) Mimosa wood twig (c) wood pellet

Figure 3. Biomass fuels were used in this study.

2.3 Experimental setup

The preliminary experimental test was conducted to study the characteristic of temperature
distribution during the gasification process within the gasifier. Based on the principle of downdraft gasifier,
thus, to study the characteristic of the gasification process, we installed a thermocouple within the gasifier
with four ports. Four thermocouples were fixed in the gasifier along the vertical reactor to measure the
temperature at different positions. The thermocouples Ti, T2, and Ts were fixed in the gasifier with a 100-
millimeter gap, while T4+ was fixed with a 117.7-millimeter hole from the grate. All thermocouples were
connected to a data logger and computer to acquire data. Figure 4 shows the position installed thermocouple
along the vertical reactor.

—1
4
T3 | . - . |
T2
T
N
~ <-p
R
L it o

Figure 4. The temperature measurement within the gasifier.



6 ASEAN ]. Sci. Tech. Report. 2023, 26(1), 1-10.

3. Results and Discussion

3.1 Temperature distribution within the gasifier during gasified with Eucalyptus wood chip

The temperature distribution within the gasifier during the gasifying process of the Eucalyptus
woodchip showed in Figure 1. The analysis results found that the temperature is highest at the thermocouple T3
port, as obvious according to the air supplied at this zone; thus, the combustion process has occurred. The
temperature at the combustion zone is 789-983 °C, while the average temperature is 827 °C. At the zone
underneath the combustion zone, the thermocouple T2 was installed. The recorded temperature is 461-636 °C,
while the average temperature in this zone is 514 °C. Based on the theoretical review, this implies that this zone is
a reduction zone. At the zone adjoining the higher combustion zone, the thermocouple T4 was installed. The
temperature at this zone is 132-318 °C while the average temperature is 178 °C. This implies that this zone is the
pyrolysis zone. At the zone underneath the reduction zone, the thermocouple Ti was installed. The results
showed that the temperature in this zone is 95-159 °C while the average temperature is 123 °C. The graphical
temperature distribution within the gasifier during gasification with Eucalyptus wood chip showed in Figure 5.

1200

T1 T2 T3 —e—T4

1000

800

600

Temperature ( Celsius)

200

0 10 20 30 40 50 60
Time ( min )

Figure 5. The graphical of temperature distribution within the gasifier during gasified with Eucalyptus wood chip

3.2 Temperature distribution within the gasifier during gasified with Mimosa wood twig

Figure 6 shows the downdraft gasifier's temperature distribution during Mimosa wood twig gasification.
The analysis results of the temperature recorded and temperature distribution characteristics within the gasifier at
each point showed the following results. The results showed that the temperature from every port would take
around -3-5 minutes to reach a steady state. This means that the reaction within the gasifier has completely
occurred. According to the basic principle of a downdraft gasifier, the combustion process will appear at the
supply air zone. Heat and the combustion products from this zone will transfer to the biomass fuel, which lies
next to each other in the combustion zone. Thus the author will start considering the temperature distribution
from this zone. At the thermocouple Ts port, The temperature is highest, as obvious. The results showed that the
temperature was 772-1044 °C while the average was 783 °C. This implies that this zone is a combustion zone. At
the zone underneath the combustion zone, the thermocouple T>was installed. The temperature at this zone is 450-
590 °C while the average temperature is 501 °C. Based on the theoretical review, this implies that this zone is a
reduction zone. At the zone adjoining higher with the combustion zone, the thermocouple Ts was installed. The
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temperature at this zone ranges from 125-492 °C while the average temperature is 174 °C. This implies that this
zone is the pyrolysis zone. At the thermocouple T1 port, this zone underneath the reduction zone, the producer
gas will exit from the gasifier at this zone. The results showed that temperature is almost steady over time.
The temperature ranges from 125-130 °C while the average temperature is 120 °C. The graphical temperature
distribution within the gasifier during gasification with Mimosa wood twigs showed in Figure 6.

1200

1000

800

600

400

Temperature(Celsius)

200

0 10 20 30 40 50 60
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Figure 6. The graphical of temperature distribution within the gasifier during gasified with Mimosa wood twig

3.3 Temperature distribution within the gasifier operated with a wood pellet

Figure 7 shows the temperature distribution within the downdraft gasifier operated with a wood
pellet. The analysis results of the temperature recorded and characteristics of temperature distribution
within the gasifier at each point are as follows. The temperature from every port will take around 5 minutes
to reach a steady state. At the thermocouple Ts port, The temperature is highest, as obvious. The results
showed that the temperature was 557-736 °C while the average was 619 °C. This implies that this zone is a
combustion zone. At the zone underneath the combustion zone, the thermocouple T2 was installed. The
temperature in this zone is 507-547 °C, while the average temperature is 470 °C. Based on the theoretical
review, this implies that this zone is a reduction zone. At the zone adjoining higher with the combustion
zone, the thermocouple Ts was installed. The temperature at this zone ranges from 125-492 °C while the
average temperature is 168 degrees Celsius. This implies that this zone is the pyrolysis zone. At the
thermocouple Ti port, underneath the reaction zone, the producer will exit from the gasifier. At this zone,
the temperature is steady at 133 °C.
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Figure 7. The graphical of temperature distribution within the gasifier during gasified with a wood pellet

3.4 The temperature profile from the gasification process of different biomass fuel

To investigate the temperature profile from the gasification process of three biomass fuels, the
average temperature for each point within the gasifier was calculated and presented in graphical. The
average temperature for each point within the gasifier during the gasification process of three biomass feeds
along the gasifier's height was summarized as shown in Table 1.

Table 1. The average temperature for each point within the gasifier for three biomass feed

Eucalyptus wood chip Mimosa wood twig wood pellet
T1 113 120 131
T2 514 501 470
T3 828 783 620
T4 179 175 168

From the average temperature at each point within the gasifier and plotted in the graph, The results
showed that the temperature profile for each biomass feed is in the same pattern. The maximum temperature
is in the combustion zone (T3), and the temperature at the combustion zone results in the temperature at the reduction
zone. The temperature at the pyrolysis zone and the gas exit are almost the same for all three biomass feeds.

Figure 8 shows the temperature profiles of the three biomass gasification processes over the
operating time at different gasifier positions. The results showed that the temperature at the combustion
zone is highest for all three biomass feeds. The maximum temperature at the Eucalyptus wood chip's
combustion zone is the highest compared with that at the combustion zone of Mimosa wood twigs and
wood pellets. The temperature at the combustion zone (Ts) of Eucalyptus wood chip, Mimosa wood twig,
and wood pellet are 838, 783, and 620 °C, respectively. At the zone underneath the combustion zone( T2), the
combustion products will flow down through the product gas and are partly reduced chemically, and the
temperature will also decrease. The reduction process will have occurred at this zone ( Tz). The temperature
at the reduction zone (T2) of Eucalyptus wood chip, Mimosa wood twig, and wood pellet are 514, 501, and
470 °C, respectively. At the zone adjoining higher with the combustion zone, the thermocouple T4 was
installed, and at this zone, the pyrolysis process occurred. The temperature at the pyrolysis zone (Ts) of
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Eucalyptus wood chip, Mimosa wood twig, and wood pellet are 179, 175, and 168 °C, respectively. The
temperature at the gas exit (T1 ) for all three biomass feeds is not a significant difference. The gas exit
temperature is around 120 °C.

%00
800 -
700
C 00
&
£ 500 -
c
2 400 1
E 300
200 { eucalyptus wood chip
100 - - = imosa wood twig ]
0 - - - wood p(’]]f‘|,
T4 T3 T2 Tl
Thermocouple zone

Figure 8. The temperature profiles of the three biomass gasification processes at the different positions inside
the gasifier over the operating time.

4. Conclusions

The experimental study was conducted on an open core throat less downdraft gasifier. The study
gives an insight into the behavior of the reaction within the gasifier. This paper aims to investigate the
temperature distribution within the gasifier to confirm that the response within the gasifier can carry out
continuously with a suitable temperature in each zone. The conclusions the results are as follows:

(1) The temperature distribution for each zone of all three biomass feeds is the same pattern.

(2) The temperature range for each zone corresponds with the characteristics of the gasifying
process within the downdraft gasifier.

(3) At the combustion zone (Ts), the highest temperature is highest according to the air supplied at
this zone. The product from the combustion zone, including heat, CO2 and other substances, will pass
through the zone underneath and adjoining higher with the combustion zone.

(4) Based on the downdraft gasifier design, the gas exit at the bottom; thus, the combustion products
in the form of gas or particulates will pass through the zone underneath the combustion zone. The reduction
reaction has occurred at this zone. Producer gas will be produced from the reaction in this zone. The
thermocouple T2 was installed at this zone. The results showed that the average temperature for gasifying all
three biomass is 470-514 °C. This implies that this zone is a reduction zone.

(5) While the zone adjoining is higher than the combustion zone, only heat transfer through this
zone, thus pyrolysis, will occur. The thermocouple T4 was installed, and the results showed that the average
temperature is 168-179 °C.

(6) At the gas exit, the average temperature of the three biomass feeds is not significant difference.
The average temperature at the gas exit for all three biomass feeds is 120 °C.
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Abstract: The nutrient digestibility and the metabolizable energy (AME) of
Acacia mangium leaf (AM) and yeast-fermented AM (YFAM) by Japanese quails
were investigated. Fifty-four of 4-weeks-old Japanese quails were divided into 3
groups with six replications of three quails. Each quail was randomly fed with
an experimental diet composed of dextrose (protein-free diet for determining
endogenous excretion) 40 % AM and 40% YFAM. The quails were raised
individually in a metabolic cage, where feed and water were provided ad-libitum.
Both feed intake and feces weight were recorded. Experimental diets and excreta
were sampled and subjected to proximate analysis for gross energy. The results
of nutrient composition indicated that the fermentation AM with yeast highly
significantly increased (P<0.01) dry matter (DM), ash, and nitrogen-free
extractives (NFE) content but decreased (P<0.01) crude protein (CP), crude fiber
(CF), and gross energy (GE) content. In addition, the birds fed dietary YFAM
compared with AM showed significantly increased (P<0.01) DM, organic matter
(OM), CP, and GE digestibility but decreased (P<0.01) EE and CF digestibility.
The protein utilization of birds fed dietary YFAM showed significantly greater
(P<0.01) FI, protein retained, protein intake, net protein utilization (NPU), and
AME than those fed dietary AM. In conclusion, the fermentation of AMLM with
yeast improved nutrient composition and enhanced the digestibility of
nutrients, protein utilization, and AME of AMLM in Japanese quail.

Keywords: Acacia mangium Leaf; Japanese Quail; Amino Acid; Digestibility;
Metabolizable Energy

1. Introduction

Japanese quail also is the smallest avian species farmed for meat and egg
production. Several aspects account for the utility of this bird. First, it has
attained economic importance as an agricultural species producing eggs and
meat that are enjoyed for their unique flavor. Second, the low maintenance cost
associated with its small body size (80-300 g) coupled with its short generation
interval (3-4 generations per year), disease resistance, and high egg production.
Egg production is important in Japan and Southeast Asia, while meat is the main
product in Europe, India, and Nigeria [1].

An accurate feed formulation is essential for optimizing feed efficiency
and minimizing feed costs for poultry production. Because energy and amino

ASEAN ]. Sci. Tech. Report. 2023, 26(1), 11-19.

https://doi.org/10.55164/ajstr.v36i1.247548



12 ASEAN J. Sci. Tech. Report. 2023, 26(1), 11-19.

acid (AA) account for the major cost of poultry diets, determining the availability of energy and AA in
feedstuffs is essential for accurate diet formulations [2]. In contrast, feed cost is approximately 65-70% of the
total cost of poultry production [3]. High feed costs and competition between humans and poultry for
food/feed resources [4,5] hinder the growth of the poultry production industry in most developing countries,
Hence the necessity to explore the use of non-convention feed resources, especially those that do not attract
competition between humans and monogastric animal [6]. Leaf meal from the Acacia mangium tree is one
resource. An exotic and fast-growing tree can be used for furniture, sawn wood, pulp, and paper [7]. The
waste, such as residual wood, branches/twigs, leaves, and bark, accounts for more than 60 % of the total
biomass [8]. Acacia mangium leaves contain 14% CP, 2.15 % EE, 39.81 NFE, and 26.4 % CF [9], which can be
used for ruminant animals [10,11]. It's possible to support broiler growth, optimum inclusion levels of Acacia
mangium leaf meal (AMLM) in support growth without adverse effects on growth performance have been
established at 5% in starter chicks and 10% in grower-finisher chicks [12]. The utilization of AMLM in poultry
diets must be limited due to its high fiber content and anti-nutritional factors. For this reason, processes for
upgrading the nutrient value of AMLM using microbial fermentation by-products may be a substitute to
improve the nutrient availability of by-products [13].

Yeast is mainly used in single-cell protein (SCP) production [14], such as Saccharomyces cerevisiae, one
of the most widely commercialized types of yeast. This is used in the diet of poultry because of its rapid growth
rate and high efficiency in converting carbon sources into protein [15]. Fermentation of AMLM with Baker’s
yeast (Saccharomyces cerevisiae) could be one of the best solutions to enriching its nutritional value. During
fermentation yeast requires some nutrients (carbon, nitrogen, trace mineral, and vitamins) to increase in the
fermentation medium. The lack of these nutrients hinders their activity which hampers the beneficial effects
of the fermentation technique [16]. Starch and molasses could serve as a carbon source in the fermentation
system, while urea could supply nitrogen for yeast cell synthesis, which helps the yeast to perform a proper
function in the fermentation system [17-18]. Yeast and yeast products produced from agro-industrial by-
products are rich in protein contents [19]. Furthermore, live yeast addition to animal feed has been known to
improve the nutritional quality of feed, nutrient digestibility [20], and performance of animals [21]. However,
there is no information about the effects of AMLM and fermented AMLM on Japanese quails' digestive and
metabolic processes. Thus, this study aimed to determine the chemical composition, amino acid profile, and
metabolizable energy of Acacia mangium leaf meal (AM) and fermented Acacia mangium leaf meal (YFAM) in
Japanese quail.

2. Materials and Methods

2.1 Sample preparation

Fresh acacia mangium leaves were harvested from one-year-old acacia mangium tree stands in the
KMITL PCC forest in Chumphon province, Thailand. Whole fresh leaves were separated from a branch about
60 cm above. The Leaves (weight 10 kg) were cut and spread out on a clean concrete floor well-ventilated room
for 7 days until they became crispy (weight 3.5 kg) [22]. Dried Acacia mangium leaves were ground through a
3-horse-power locally built Hammermill (NPT, Thailand) equipped with a 2 mm screen (weight 3.1 kg).
Sample AM was taken and analyzed for proximate analysis [23], Tannin [24], amino acid [25], and Gross
energy (GE) according to Analytical methods for oxygen bombs. Total carbohydrate content was determined
by subtracting the percentage of moisture, crude ash fiber, protein, and fat from 100%.

The yeast used to be Pakmaya® baker’s yeast, a commercial yeast culture (Saccharomyces cerevisiae)
manufactured by the Pakmaya brand in Izmit, Turkey. That was purchased from a store at Pathiu market in
Chumphon province, Thailand.

2.2 The preparation of solid-state AMLM yeast fermented

Dried Acacia mangium leave meal (1 kg) was weighed into a mixing bowl, and moisture content was
adjusted to 60% by adding the calculated amount of distilled water. Adding nutrient solution with yeast
(Saccharomyces cerevisiae) (50 g.), urea (10 g.), molasses (300 g), Tapioca starch (200 g), MgSo042H20 (7 g) and
KH2POx (13 g) mixed, collected in a plastic bag, and then allowed to incubate and fermentation in temperature
room (27 °C) for 6 days. The sample was terminated by oven drying at 60 °C for 24 hours, cooled to a
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temperature room, milled, and packaged in air-tight containers. The procedure described by Oboh and
Akindahunsi [26] and Aruna et al. [27].

2.3 Digestibility and metabolizable energy

Fifty-four Japanese quail, 4 weeks of age, were used to test the metabolizable energy value of AMLM.
The birds were assigned to 32 width x 41 length x 13 high cm individual metabolic cages and allotted to 3
groups with 6 replicates of 3 birds/ cage. A reference diet (protein-free diet for determining endogenous
excretion) was used as a basal diet (control diet) to calculate the metabolizable energy, which was determined
using the substitution method according to Scott et al. [28]. Dextrose in the basal diet was replaced by 40 %
Acacia mangium leaf meal (AM) and 40 % Yeast fermented AM (YFAM) to make up test diets (Table 1).

Table 1. Ingredients composition of experimental diets.

Ingredients Control diet AM YFAM
Dextrose 98.81 58.81 58.81
AMLM - 40.00 -
Yeast fermented AMLM - - 40.00
Dicalcium phosphate (P17) 0.50 0.50 0.50
salt 0.19 0.19 0.19
Vitamins & trace mineral 0.50 0.50 0.50
total 100.00 100.00 100.00

Y This premix provided the following microelements (ug/kg): vitamin A 4,500,000 IU; vitamin D 750,000 IU;
vitamin E 10,000, vitamin K3 750; vitamin B1 1,100; vitamin B2 3,000; vitamin B3 10,000; vitamin Bs 2,000; vitamin
B1212.5; pantothenic acid, 7,000; folic acid 425; biotin 100; Cu 5,000; Fe 4,800; I 500; Mn 30,000; Se 100; Zn 50,000.

The birds were fed a diet twice daily at 7.00 and 19.00, at a near maintenance level, and they were
weight before and after each collection period. After 7 days adaptation period, a 7-day collection period was
started with adding 0.5% chromium oxide in experimental diets as an initial and a marker. As a finishing
marker, 0.5% chromium oxide was added to each experimental diet on the 6t day of the collection period. A
collection of excreta (mixed feces and urine) was started when the chromium oxide appeared in the excreta
and kept until the appearance of chromium oxide in the excreta. Total excreta were collected during the
collection period. Every day, the excreta samples were dried in a drying oven at 600C for 72 h and collected
in plastic containers. At the end of each experimental period, total excreta were grounded to 1 mm in the
blender mill grinder. Diet and excreta samples were taken for chemical analysis [23], consisting of dry matter
(DM), ether extract (EE), crude protein (CP), crude fiber (CF), and gross energy GE). The apparent digestibility
coefficients, protein utilization, and apparent metabolizable energy (AME) were computed.

The nutrient digestibility can be calculated according to kong and Adeola [29] as follows:

Cinput—C output

Digestibility (%) = | | x 100

Cinput
Cinput and Coutput are the amounts of components ingested and voided via the feces, respectively.
The protein utilization can be calculated according to kong and Adeola [29] as follows:
Protein intake (g/bird) = the concentration of CP in diet (g/kg DM diet) X Feed intake
Net protein utilization (NPU; g/g) = Protein retained / Protein intake

The ME content of AM and YFAM were calculated according to the equation developed by Scott et al. [28]
as follows:
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ME per gm diet = Energy per gm diet — (excreta energy per gm diet + 8.22 x gm N retained per gm diet)

To compute the ME of material substituted for glucose, the following equation applies:

ME per gm referent diet — ME per gm diet with substitute]

ME per gm substitute = 3.64 —|

Proportion of substitute

(3.64 = experimentally established ME per gm of glucose dry matter)

2.4 Statistical analysis
All data were analyzed through analysis t-test design with 6 replications in each treatment, using the
GLM procedure of SAS [30] with the main effect of 2 experimental diets were AM and YFAM.

3.Results and Discussion

31.Results
3.1.1 Amino acid of AMLM

The amino acids of AM are evaluated and listed in Table 2. The sample contains 1) essential amino
acids /100 g: Arginine 801 mg, Histidine 460 mg, Isoleucine 393 mg, Leucine 1,150 mg, Lysine 810 mg,
Methionine 417 mg, Phenylalanine 742 mg, Threonine 680 mg, Tryptophan 31 mg and Valine 624 mg
respectively. 2) non-essential amino acids/100 g: Alanine 642 mg, Aspartic acid 1,266 mg, Cystine 594 mg,
Glutamic acid 1,672 mg, Glycine 879 mg, Proline 447 mg, Serine 771 mg and Tyrosine 540 mg respectively.

Table 2. Chemical analysis of amino acid content (% dry matter) of AM.

; ) Concentration ) ) Concentration
Amino acids Amino acids
(mg/100g sample) (mg/100g sample)
Essential amino acids Non-essential amino acids

Arginine 801 Alanine 642
Histidine 460 Aspartic Acid 1,266
Isoleucine 393 Cysteine 594
Leucine 1,150 Glutamic Acid 1,672
Lysine 810 Glycine* 879
Methionine 417 Proline 447
Phenylalanine 742 Serine* 771
Threonine 680 Tyrosine 540
Tryptophan 31

Valine 624

* Glycine and serine represent poultry diets' first-limiting non-essential amino acids [27].

3.1.2. Nutrient content of solid-state fermented AM by yeast (Saccharomyces cerevisiae)

The results from the nutrient content of AM and YFAM are presented in Table 3. Yeast fermentation
highly significantly affected dry matter, crude protein, crude fiber, ash, nitrogen-free extract, and gross energy
of AM (P<0.01). Dry matter, ash, and nitrogen-free extract content significantly increased (P<0.01) in YFAM
compared to AM. YFAM tended to have a higher (P=0.0513) crude fat content than AM. Additionally, there
were a significantly decreased crude protein, fiber, and gross energy content in YFAM compared to AM
(P<0.01). However, yeast fermentation did not affect the ether extract, calcium, phosphorus, and tannin content
of AM (P>0.05).
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Table 3. The nutrient composition of AM and YFAM (% dry matter).

Nutrient composition (%) AM YFAM P-value
Dry matter 91.44+0.06" 93.29+0.052 0.0018
Crude protein 15.97 £ 0.142 14.47 +0.14® 0.0088
Ether extract 2.25+0.07 2.55+0.07 0.0513
Crude fiber 25.00 £ 0.072 20.63+0.03° 0.0129
Ash 4.05+0.08° 5.97 £0.032 0.0011
Nitrogen free extract 4417 +0.95¢ 49.67 +0.282 0.0158
Calcium 0.54 +0.03 0.56 = 0.01 0.4655
Phosphorus 0.27 £0.04 0.29 £0.01 0.5918
Tannin 3.45+0.14 3.44+0.01 0.9298
Gross energy (Kcal/kg) 4963.14+7.112 4,720.64 + 28.45 " 0.0072

ab Mean values + SD in the same row with different superscripts were significantly different. (P<0.05)

3.1.3. Digestibility and Metabolizable energy

The effects of dietary treatment on the digestibility coefficients of the nutrients such as dry matter,
organic matter, ether extract, crude protein, crude fiber, nitrogen-free extract, and gross energy are shown in
Table 4. The data revealed significant differences between dietary treatments in the digestibility coefficients
for all nutrients of the diets except nitrogen-free extract. It could be noticed that birds fed dietary YFAM
showed significantly greater (P<0.01) dry matter, Organic matter, crude protein, and gross energy digestibility
than fed dietary AM. In contrast to ether extract and crude fiber digestibility, there was a decrease (P<0.01) in

birds fed dietary YFAM.

The protein utilization of birds fed dietary YFAM showed significantly greater (P<0.01) feed intake,
retained protein intake, and net protein utilization than those fed dietary AM. Additionally, the birds fed
dietary YFAM had greater (P<0.01) apparent metabolizable energy (AME) and apparent metabolizable energy
corrected nitrogen balance (AMEn) compared with those fed dietary AM.

Table 4. Digestibility and metabolizable energy of AM and YFAM in Japanese quail.

Items AM YFAM P-value
Apparent digestibility (%)
Dry matter 66.36 +1.95° 7042+1.812 0.0039
Organic matter 68.14 +2.07 72.00+1.812 0.0064
Ether extract 23.34+£3.022 12.00 +2.34 > 0.0030
Crude protein 65.72+£2.09° 7493 +1.232 0.0001
Crude fiber 28.55+4.342 19.08 +2.45° 0.0109
Nitrogen free extract 86.48 +1.05 87.03+0.94 0.3550
Gross energy 60.15+2.47" 65.31+2.47 2 0.0048
Protein utilization
Feed intake (g/bird) 69.09 +14.91° 91.41+8.682 0.0001
Protein intake (g/bird) 3.10+£0.67° 447 +£0.42 0.0018
Protein retained (g/bird) 2.04+0.45%® 3.35+0.36 0.0002
Net protein utilization (g/g) 0.66 +0.02° 0.75+0.012 0.0001
Metabolizable energy (Kcal/kg)V
- AME 1428.08 £228.60 b 1993.03 £232.23 2 0.0017
- AMEn 1424.95 £229.45" 1992.96 + 232.57 2 0.0017

ab Mean values + SD in the same row with different superscripts were significantly different. (P<0.01)

Y AME = Apparent metabolizable energy

AME: = Apparent metabolizable energy corrected by nitrogen balance
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3.2. Discussion

Studies using Acacia mangium leaf meal (AM) as a feed ingredient mainly were focused on ruminant
nutrition., and showed that using AM as a protein source diet had a positive effect on production in dairy
cows [10]and Sheep [11]. However, no information is available about using AM in poultry diets.

In Japanese quail, methionine, threonine, and lysine are the first, second, and third limiting amino
acids [32]. In this experiment, AM contains significant qualities of methionine, threonine, and lysine, whose
values were 417, 680, and 810 mg/100 g (0.42, 0.68, and 0.81 %), respectively. These amino acid values were
near with NRC [33] recommendation. The NRC [33] recommended lysine levels of 1.3 and 1.0% and
methionine levels of 0.5 and 0.45% for quails in the rearing and production periods, respectively. Furthermore,
this methionine amount was higher than the values found in the Leucaena leaf meal, as reported by the Bureau
of Animal Nutrition Development [34]. The amino acid profile of the studied sample suggests that its protein
is of adequate nutritional value, which the feed industries can exploit for feed formulations.

Nutritional changes during the yeast fermentation in AM, dry matter, ash, and nitrogen-free extract
content of YFAM were higher than in AM (P<0.01). This experimental result was in agreement with earlier
reports. Kaewwongsa et al. [35] reported the dry matter content of the fermented cassava pulp by yeast
(Saccharomyces cerevisiae) was higher than non-fermented (P<0.05). Azinnahar et al. [36] also reported that
fermented De-oiled rice bran with yeast (Saccharomyces cerevisiae) induced increased dry matter and ash
(P<0.05). The result shows that YFAM tended to have a higher (P=0.0513) crude fat content than AMLM. This
was likely to Mu et al. [37] reported crude fat content of fermented rice bran was significantly higher (P<0.05)
than those of untreated rice brans. In our experiment, crude protein, fiber, and gross energy content in YFAM
were lower than in AM (P<0.01). Crude fiber content reduces the present experiment. Another experiment
conducted by Azinnahar et al. [36] and Shi et al. [38] also reported the same result, which mentioned that
microorganisms produce some fibrinolytic enzymes during fermentation, which are responsible for the
reduction of fiber content.

In our study, the birds fed dietary YFAM improved dry matter, Organic matter, crude protein, and
gross energy digestibility. In Addition, the protein utilization of birds fed YFAM showed significantly greater
(P<0.01) feed intake, protein retained, protein intake, and net protein utilization than those fed dietary AM.
These results are in congruence with early reports that supplementation with Saccharomyces cerevisiae
improved (P<0.05) of dry matter, organic matter, crude fiber, ether extract [39,40], and crude protein [40]
digestibility of Japanese quail. Afsharmanesh et al. [41] reported that the ileal digesta of broiler chickens fed
with yeast in both wet and dry diets can also have enhanced absorption of nutrients, as acidification can reduce
the emptying rate of the stomach and enhance the digestion process. The improvement of nutrient digestibility
of the birds by fermentation of feedstuff with yeast. Kornegay et al. [42] and Abd El-Latif et al. [39] explained
that live yeast, such as Saccharomyces cerevisiae, contains numerous enzymes that could be released into the
intestine and aid existing enzymes in the digestive tract in the digestion of feed. Also, yeast contains vitamins
and other nutrients that may produce beneficial production responses. The YFAM and AM have about 14.47
and 15.97% CP, showing net protein utilization results of 0.75 and 0.66, respectively. These results were
agreeable with Omidiwura et al. [43], indicating that varying levels of protein in the diet (20-26% CP) of
Japanese quails had a significant effect protein efficiency ratio (0.74-1.05) of the birds.

The AM's apparent metabolizable energy (AME) content for Japanese quail was analyzed to be
1,428.09 Kcal/kg. This value was lower than ME in broilers of L. leucocephala leaf meal (2,377 Kcal/kg) obtained
by Hien et al. [44]. However, Fermentation AM with yeast significantly improved AME (P<0.01). The birds fed
dietary YFAM was 1993.03 Kcal/kg AME. This result contradicts Nabila et al. [45] Supplementation of baker’s
yeast (at levels 0, 0.1, 0.2, 0.4, and 0.8 %) in broiler chicken’s diet. Results showed no significant difference
(P>0.05) was observed for metabolizable energy among all treatments. Our experiment using baker’s yeast at
level 5 % fermented AM was higher than Nabila et al. [45] Supplementation. Therefore, the bird-fed dietary
yeast fermented caused an increase in the apparent metabolizable energy in this study.

4. Conclusions

The study shows that the fermentation AM with yeast (Saccharomyces cerevisiae) improved nutrient
composition, enhanced nutrient digestibility, protein utilization, and apparent metabolizable energy of Acacia
mangium leaf meal in Japanese quail. The apparent metabolizable energy of AM and YFAM was basic
information for calculating feed formulation in Japanese quail.
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Abstract: Water stress is a major limiting factor affecting the physiological
processes, growth, and productivity of crop plants, including chili. This study
evaluated chili plants' responses regarding physiological traits, growth, yield,
and capsaicin content under different irrigation levels. The experimental design
was a 2x4 factorial in CBD. A pot experiment was conducted on two species of
chilies: Capsicum annuum ‘Super-Hot 2" and ‘Huay-Siiton” and C. frutescent ‘Prik-
Kee-Nu-Suan.” The plants were irrigated at four watering regimes such as 100%,
80%, 60%, and 40% of maximum water holding capacity (MWHC) after the
anthesis through fruit development. Midday leaf water potential (LWPmd) was
ranked between -1.30 MPa in 100% MWHC to -2.11 MPa in 40% MWHC
indicating the level of water stress. The 40% MWHC caused a drastic decrease
in LWPmda and reduced the maximum quantum yield of PSII (Fv/Fm) and growth
rate in canopy width. Observed leaf greenness was maximized at 60% MWHC.
The irrigation regimes also affected the yield of chili, especially the 60% and
40% MWHC, with a reduced number of fruits/plant, fruit fresh and dry weights,
and fruit sizes. In the case of 40% MWHC, the dry yield was too low, and it was
impossible to analyze the capsaicin content. The reduced irrigation (80% and
60% MWHC) did not significantly induce the capsaicin content or pungency of
the studied chili cultivars. Thus the capsaicin yield of studied chili cultivars was
reduced considerably by severe reduction of dry fruit yield under restricted water.

Keywords: Capsicum; Water Deficit; Water Holding Capacity; Photosynthetic Efficiency,
Capsaicinoid

1. Introduction

In Thailand, chili is an important spice used in various traditional dishes
and an essential material in the industrial sector, particularly the capsaicinoids
that can be extracted and used in the pharmaceutical and cosmetic industries
[1-2]. Previous studies have demonstrated that water deficit can alter crop
physiological processes, e.g, reducing the stomatal conductance, photosynthetic
efficiency, chlorophyll content, and nutrient assimilation [3].

The mentioned changes may lead to a reduction in vegetative growth
and a loss of reproductive parts, resulting in a declining yield and yield quality
[4]. In chili, water deficit can also alter the pungency level of chili by modifying
the capsaicinoid contents [5]. The capsaicinoids are secondary metabolites
accumulated in chili fruits, comprising several compounds. The major
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capsaicin and dihydrocapsaicin account for 90% of total capsaicinoids [6-7]. Studies have found that irrigation
regimes below the field capacity (FC) contributed to an increase in secondary metabolites [8-11]. Therefore,
irrigation management is of interest as a possible tool for optimizing chili growth and yield and increasing
capsaicinoid content. This study aimed to investigate the effects of watering regimes on the physiological
traits, growth, yield, and capsaicin content of Capsicum annuum and C. frutescens under nursery conditions.

2. Materials and Methods

The study was conducted in a nursery from October 2020 to March 2021 at Suranaree University of
Technology’s farm, Nakhon Ratchasima Province, Thailand. The 3x4 factorial in CRD with 5 replications was
used as an experimental design. The studied factors were A) three chili cultivars (C. annuum cv. Super-Hot
and Huay-Siiton and C. frutescent cv. Prik-Kee-Nu-Suan) and B) four watering regimes: 100 (control), 80, 60,
and 40% of maximum water holding capacity (MWHC). The chosen chili cultivars are commonly grown in
the Northeastern region of Thailand and have been reported to have a high capsaicinoid content and pungency
level [12-14].

Seeds of the three cultivars were germinated in peat moss-filled trays under a plastic-covered nursery.
The seedlings were regularly irrigated and 30 days after sowing, homogenous seedlings were selected and
transplanted into a 5-liter-plastic pot filled with sandy loam soil from Suranaree University of Technology’s
Farm. Chili plants received the 21-0-0, 15-15-15, and 13-13-21 chemical fertilizers after transplanting, during
the vegetative growth stage, and flowering to the fruiting stage, respectively [15]. After transplanting, plants
were irrigated to the MWHC, and different irrigation regimes were applied from the flowering stage to the
fruit ripening stage of each cultivar. Soil moisture content was regularly observed using the HH2 Moisture
Meter (Delta-T Devices Ltd.), and the pots were rewatered when the moisture content dropped below the
assigned regimes.

Data collection was started at the onset of anthesis (0 WAA, week after anthesis) for physiological,
growth, and development traits. The measurement was retaken at 2, 4, 6, and 8 WAA.

2.1 Physiological traits

Three plants from each treatment were assigned to measure midday leaf water potential (LWPma) to
determine the effects of watering regimes on plant water status using a 3005-pressure chamber (Soilmoisture).
A fully expanded leaf/plant was cut from the middle of the canopy height of each plant. On the same plants,
three fully developed leaves at the middle of the canopy height were marked for the measurement of leaf
greenness (SPAD) using the chlorophyll meter SPAD-502plus (Konica Minolta Inc.). A chlorophyll
fluorescence meter measured the maximum quantum yield of PSII (Fv/Fm) (Handy PEA, Hansatech
Instruments Ltd.). Before the Fv/Fm measurement, marked leaves were clamped with the Dark Leaf Cup (DLC-
8) for 20 minutes. These physiological traits were performed before the irrigation, from 11:00 a.m. to 1.00 p.m.

2.2 Plant growth and development

The same plants used for measuring physiological traits were also assigned for measuring plant
growth and development: canopy height and width. The values were later used to calculate the relative growth
rate (RGR), and the calculation was done according to the following equations:

RGRheigh«L = (ln Hs-In H1)/(T2- T]) (1)
RGRyidgn = (ln Wo-In W1)/(T2- T]) (2)
where H, and H, were canopy heights at times T, and T, and W and W, were the canopy widths at times T; and T>.

2.3 Yield and capsaicin content

The yield was collected during the 8-14 WAA. The fully ripened fruits were harvested, and the number
of fruits harvested was counted. Thirty fruits were randomly sampled from each treatment to measure length
and width. All fruits were weighed for fresh fruit weight and dried in a hot-air oven at 70 °C for 48 hours
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before the dry fruit weight was measured. The dried chili fruits were grounded and stored in a freezer at -
20 °C while waiting to measure capsaicin. The capsaicin content was measured using the high-performance
liquid chromatography (HPLC) technique [16]. The capsaicin content, the pungency of the samples according
to the Scoville organoleptic test, and the capsaicin yield were later calculated [17].

2.4 Statistical analysis

All the traits collected were statistically analyzed using the analysis of variance (ANOVA). The
significant difference between treatments was determined using Duncan’s New Multiple Range Test (DMRT)
at a 95% confidence interval.

3. Results and Discussion

3.1 The physiological response

Chili cultivars had different LWPma and SPAD characters. However, they were similar in the F/Fp.
With decreasing watering regimes, the LWPmda was lowered compared to the control treatment except for the
80% MWHLC. On the contrary, it appeared that lowering the water supply to a certain point (60% MWHC) can
increase the SPAD of chili. At 100% MWHC, the F,/Fi, was the highest, and it was reduced with the decreased
MWHC. The SPAD and F.,/F;, of each studied chili cultivar responded to different watering regimes in similar
trends to those observed from the effects of the watering regime (Table 1).

When considering the changes in LWP,,¢ between the studied weeks (Figure 1), it was clear that lower
watering regimes can cause a reduction in the LWP,q of three chili cultivars. However, the degree of decrement
has differed. The results indicated that a restricted water supply caused a decrease in LWPyq and chili cultivars
responded differently to a similarly restricted water supply. Other studies also reported similar results that
drought or restricted water supply can cause a reduction in LWP,¢ and differences dropped in LWP,q were
also observed between studied chili cultivars which can be due to different adaptations to water deficit [18-19].
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Figure 1. Leaf water potential of C. annuum cv. Super-Hot 2 (A) and Hueay-Sii-Ton (B) and C. frutescens cv.
Kee-Nu-Suen (C) responded to different watering regimes at anthesis (0 WAA) to 8 weeks after
anthesis. Means with different letters indicate significant differences by DMRT at a 95% confidence
interval.

The SPAD of plant leaves is usually reduced by the effects of water stress [20], and to a certain degree,
the result found in this study was contrasted with the previous findings. In this study, the SPAD of water-
restricted plants was higher or remained close to the control (Table 2). However, a similar trend was also found
in water-stressed Karen KPS chili [21]. Under the water restriction, delayed senescence (or stay-green) may
reflect the maintenance of photosynthetic activity and capacity for light harvesting during the re-mobilization
of carbon products to the harvested organs of the plant [22-23]. Maintenance of SPAD under drought stress
can be considered a positive trait as it indicates the reduction of chlorophyll degradation [24].
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Table 2. Leaf greenness of C. annuum (Super-Hot 2, Hueay-Sii-Ton) and C. frutescens (Kee-Nu-Suen) responded
to different watering regimes at anthesis (0 WAA) to 8 weeks after anthesis (8§ WAA).

Chili Wat‘ering Leaf greenness (SPAD)
cultivars s 0 WAA 2 WAA 4 WAA 6 WAA 8 WAA
(MWHCO)
Super-Hot 2 100% 54.02+0.61'  59.29+0.68> 56.86+1.03> 52.89+1.12> 54.69 +0.95
80% 53.40 £ 0.55 66.05+1.100  58.64 +1.08>  58.29+1.200 57.57+1.43
60% 52.43 +0.53 65.98+1.07a  65.15+1.152  59.24+0.85° 57.73+1.61
40% 52.92 +0.52 58.57 +1.63>  50.01 +1.62¢  51.89+1.27>  53.49 +2.31
F-test ns ** ** ** ns
Hueay-Sii- 100% 52.86 +0.69>  5299+0.98  49.94+1.04> 5043 +1.16> 50.72+1.77°
Ton 80% 54.78 + 1.162>  51.02+1.21>  56.20+0.852  57.15+1.352 51.16 +1.22°
60% 56.32 +1.332  53.37 +0.95%  56.17 £0.99a  58.69 +1.442  56.09 + 1.072
40% 50.56 +0.98¢  56.56+1.372  49.77+0.51> 5251 +0.78> 56.50 + 1.082
F_test *% *3% *% *% *%
Kee-Nu- 100% 58.44 + (.89 58.72 + 1.68 58.79+1.92  56.43+2.00®> 55.12+1.902
Suen 80% 55.40 + 1.34 59.76 +2.11 57.45 +1.98 52.09+1.97> 48.72 +1.81°
60% 55.46 + 1.53 56.13 + 1.44 59.43 + 1.55 58.96 +1.422  60.82 +1.62a
40% 56.48 +1.16 56.56 + 1.47 57.09 +1.22 61.30 £ 1.742  55.10 + 2.462
F-test ns ns ns ** **

! Values are means with SE. The letters indicate significant differences by DMRT at a 95% confidence interval.

When considering the changes in Fv/Fm between the studied weeks of the three chili cultivars, it was
found that the Fv/Fm had already fluctuated even before the application of watering regimes (Table 3). After
applying watering regimes, the Fv/Fm decreased under moderate to severe water deficit. Different watering
regimes can cause drought stress on chili and alter the water status inside the plant. In this experiment, despite
the apparent changes in LWPmq, the Fv/Fm was relatively stable. This contrast can be due to moderate drought's
low impact on the Fv/Fm [25-28] and the small decreases can be interpreted as a photoprotection [29].

3.2 Growth and development

Both vegetative growth traits of studied chili plants were low during the experimental period. Chili
cultivars differed in the RGRreight, in which, Super-Hot 2 had a significantly lower RGRreight than Hueay-Sii-
Ton. The watering regimes affected the RGRwiam, the 60 and 40% MWHC resulted in a considerably lower
RGRuwidth when compared with the 100 and 80% MWHC. In contrast, the interaction effects were insignificant
for the studied factors (Table 1).

It appeared that during the first two weeks after anthesis, chili plants still grew in height and canopy
width, and they were affected by reduced water supply. After 2 weeks of anthesis, the growth of the chili plant
mostly stopped or declined (Table 4). The mentioned growth pattern can be due to the vegetative growth after
anthesis being minimum for chili, and it is not a drought-sensitive period for vegetative development [21]. In
addition, the plants may enter the critical phase where the growth rate starts to decrease from abscission and
senescence. It can also result from a water supply limitation, which causes a reduction in turgor pressure,
wilting, and reduced vegetative growth [30].
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Table 3. The maximum quantum yield of PSII (Fv/Fm) of C. annuum (Super-Hot 2, Hueay-Sii-Ton) and C. frutescens
(Kee-Nu-Suen) responded to different watering regimes at anthesis (0 WAA) to 8 weeks after anthesis (8 WAA).

Watering Maximum quantum yield of PSII (Fv/Fm)
Chili cultivars regimes
(MWHO) 0 WAA 2 WAA 4 WAA 6 WAA 8 WAA
Super-Hot 2 100% 0.76 £0.01a1  0.79 + 0.00% 0.77 +£0.01 0.80 + 0.002 0.77 £ 0.012
80% 0.73 +£0.01° 0.80 + 0.002 0.77 +£0.01 0.78 +0.01° 0.74 +0.012
60% 0.72 £0.01° 0.78 £ 0.01° 0.75 £0.01 0.77 = 0.00° 0.69 = 0.020
40% 0.78 £0.012 0.78 £ 0.000 0.75+0.01 0.77 £0.01° 0.70 £ 0.020
F_test *% * ns *% *%
Hueay-Sii-Ton 100% 0.80+0.00a  0.782+0.01  0.790+0.01= 0.780+0.00= 0.780 = 0.012
80% 0.77+0.006  0.769+ 0.01 0.780+0.01= 0.754 £0.01> 0.686 = 0.02>
60% 0.77+0.01>  0.781+0.01 0.767 £0.012> 0.764 +0.01> 0.707 + 0.02>
40% 0.72+0.01c  0.774+0.01 0.751£0.01> 0.750+0.01> 0.707 +0.02>
F-test > ns * ** **
Kee-Nu-Suen 100% 0.794+0.000 0.771+0.01 0.773+0.01= 0.790+0.002  0.76 £ 0.01=
80% 0.770 £0.00>  0.761+0.01  0.782+0.01= 0.766 +0.01a  0.713 £ 0.01®
60% 0.744 £0.01c  0.779+0.00 0.763+0.000 0.763 +£0.01= 0.737 +0.01
40% 0.734+£0.01c  0.766+0.01 0.737+0.01> 0.716 +0.02>  0.664 + 0.03¢
F-test *% ns *% *% *%

! Values are means with SE. The letters indicate significant differences by DMRT at a 95% confidence interval.

3.3 Yield and capsaicin content

The analysis found the effects of cultivars and watering regimes on all studied traits (Table 5).
Watering regimes caused a significant reduction in all fruit characteristics and yield. At the same time, the
interaction effects indicated that all cultivars had smaller fruit sizes and lower yields when growing under
liming water supply. These findings affirm the impact of water supply on crop production [31-32]. The lower
watering regimes affected leaf water potential and caused decreases in the number of fruit, fruit weight, and
size. If focusing on yield, reducing water supply is not recommended for chili production since it can reduce
yield and yield quality by restricting irrigation to 80% of MWHC. The results differed from a previous study
suggesting that 80% MWHC can be used to produce C. frutescens cv. Karen KPS because it did not affect the
yield of studied chili [21]. The contrasted result may be due to the sensitivity of chili cultivars to water stress.

The 40% MWHC yielded a very small yield from the three studied chili cultivars. It was impossible to
prepare the dry chili powder to analyze capsaicin content. Thus, Table 6 only showed the capsaicin content,
pungency level, and capsaicin yield results from 100, 80, and 60% MWHC treatments. The results show that
the capsaicin content and pungency of the three cultivars that grew under different watering regimes were
similar. Only capsaicin yield was affected by the combined effects of the chili cultivar and watering regime.
Super-Hot 2 was a cultivar with the highest capsaicin yield, followed by Kee-Nu-Suan and Hueay-Sii-Ton.
This resulted from different fruit dry weights obtained from chili cultivars, as shown in Table 6. A similar
reason can be applied to the effect of watering regimes on capsaicin yield.

The findings were not inconsistent with a previous study which found that restricting water supply
to 40% of field capacity resulted in the highest capsaicin yield [7]. In contrast, another study showed no benefit
of restricted water supply on the capsaicin content of C. annuum [33]. Thus, the restricted watering regime can
affect capsaicinoid production in chili cultivars differently. A study suggested that it may depend on the
pungency level of the chili cultivars. Those cultivars with low to moderate pungency were more affected by
restricted water supply than those with higher pungency [19] in a previous study on C. frutescens cv. Karen
KPS, the watering regimes at 40% MWHC resulted in the highest capsaicin content and pungency level, while
capsaicin yield did not significantly differ [34]. Similarly, a study found that lower water availability can
increase capsaicin levels of C. frutescens cayenne pepper plants [35].
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4. Conclusions

Restricted water supply affects the physiological traits of the chili plant. It can reduce midday leaf
water potential and maximum quantum yield of PSII. The leaf greenness can be enhanced under irrigation of
60% MWHC. The restricted water supply during anthesis to fruit ripening did not affect the relative growth
rate in plant height, but the 60% and 40% MWHC can reduce the growth rate of canopy width. The reduction
of water supply (80%, 60%, and 40% MWHC) also decreased the yield and fruit size of the three chili cultivars.
It cannot significantly induce the capsaicin content or pungency of the studied chili cultivars. Thus, a severe
reduction of dry fruit yield significantly reduced the capsaicin yield. Therefore, a reduced water supply during
the anthesis through fruit development should be avoided for the three chili cultivars. In addition, the
restricted water supply may not be a suitable management for the high capsaicinoid production in chili. However,
further study is required since the effects found in pot-grown plants may differ from field-grown plants.

5. Acknowledgements

The authors sincerely thank the Center for Scientific and Technological Equipment and University
Farm, the Suranaree University of Technology, for supporting their facilities in this research.

Author Contributions: Experimental design, P.A.; W.].; experiment works and data analysis, P.A.; writing -
original draft preparation, P.A.; writing - review and editing, W.].; supervision, W.]J. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was partially funded by the Suranaree University of Technology.

Conflicts of Interest: The authors declare no conflict of interest.

References

[1] Gurung, T.; Techawongstien, S.; Suriharn, B.; Techawongstien, S. Impact of environments on the
accumulation of capsaicinoids in Capsicum spp. HortScience. 2011, 46(12), 1,576-1,581.

[2] Hernandez-Pérez, T.; Gomez-Garcia, M.R.; Valverde, M.E.; Paredes-Lépez, O. Capsicum annuum
(hot pepper): An ancient Latin-American crop with outstanding bioactive compounds and nutraceutical
potential. A review. Comprehensive reviews in food science and food safety 2020, 19(6), 2,972-2,993.

[3] Sun, Y.; Wang, C.; Chen, H.Y.; Ruan H. Response of plants to water stress: a meta-analysis. Frontiers in
plant science, 2020, 11, 978.

[4] Farooq, M.; Hussain, M.; Wahid, A.; Siddique, K. Drought stress in plants: an overview. In Plant
responses to drought stress, Aroca, R., Ed., Springer: Heidelberg, Germany, 2012, 1-33.

[36] Naves, E.R.; de Avila Silva, L.; Sulpice, R.; Aratjo, W.L.; Nunes-Nesi, A.; Peres, L.E.P.; Zsogon, A.
Capsaicinoids: Pungency beyond Capsicum. Trends Plant Sci. 2019, 24(2), 109-120.

[6] Tewksbury, J.J.; Reagan, K.M.; Machnicki, N.J.; Carlo, T.A.; Haak, D.C.; Penhaloza, A.L.; Levey, D.J.
Evolutionary ecology of pungency in wild chilies. PNAS 2008, 105(33), 11,808-11,811. https://doi.org/
10.1073/pnas.0802691105

[7] Othman, Z.A.A; Ahmed, Y.B.H.,; Habila, M.A.; Ghafar, A.A. Determination of capsaicin and
dihydrocapsaicin in Capsicum fruit samples using high performance liquid chromatography. Molecules
2011, 16(10), 8,919-8,929.

[8] Szab¢d, B.; Tyihak, E.; Szabo, G.; Botz, L. Mycotoxin and drought stress induced change of alkaloid
content of Papaver somniferum plantlets. Acta. Bot. Hung. 2003, 45(3), 409-417.

[9]  Selmar, D.; Kleinwéchter, M. Influencing the product quality by applying drought stress during the
cultivation of medicinal plants. Ind. Crops Prod. 2013, 42(1), 558-566.

[10] Bloema, E.; Haneklausa, S.; Kleinwéchterb, M.; Paulsenb, J.; Schnuga, E.; Selma, D. Stress-induced
changes of bioactive compounds in Tropaeolum majus L. Ind. Crops. Prod. 2014, 60, 349-359.

[11] Arum, P.; Seto-Sugianto, P.R. The effect of water stress on growth and capsaicin content of cayenne
pepper (Capcisum frutences L.). |. Appl. Environ. Biol. Sci. 2017, 7(6), 76-80.



30

ASEAN ]. Sci. Tech. Report. 2023, 26(1), 20-31.

[15]
[16]
[17]

[18]

(19]

(20]

(21]

(22]

[23]

(24]

[25]
[26]

[27]

[28]

[29]

[30]

Kraikruan, W.; Sukprakarn, S.; Mongkilporn, O.; Wasee, S. Capsaicon and dihydrocapsaicin contents of
Thai chili cultivars. Kasetsart |. (Nat. Sci.). 2008, 42, 611-616.

Panyanil, P.; Spreer, W.; Max, J.; Naphrom, D. Effects of ultraviolet-B on capsaicin and dihydrocapsaicin
contents of hot chili cvs. Red-devil and Superhot F1. Journal of Agriculture. 2008, 33(1), 61-70.

Inprasit, K.; Chookaew, L.; Suksawad, J.; Chuenwatthana, S. Physicochemical properties and capsicinoids
content of Thai chili cultivars used in southern sour curry paste (Kaeng Som). Bulletin of Applied Sciences.
2022, 11(11), 121-132.

Sitathani, K. Chilli growing guide. Tropical Vegetable Research and Development Center, Kasetsart
University Kamphaeng Saen Campus, Nakhon Pathom, Thailand, 2013, 1-19.

Collins, M.D.; Wasmund, L.M.; Bosland, P.W. (1995). Improved method for quantifying capsaicinoids in
Capsicum using high-performance liquid chromatography. HortScience 1995, 30(1), 137-139.

Sanatombi, K.; Sharma, G.J. Capsaicin content and pungency of different Capsicum spp. cultivars. Not.
Bot. Hort. Agrobot. Cluj. 2008, 36, 89-90.

Sato, S.; Moreshet, S.; Takagaki, M.; Shinohara, Y.; Ito, T. Effects of drought stress on sap flow, stomatal
conductance, and leaf water potential of pepper cultivars (Capsicum annuum L.). Japanese Journal of
Tropical Agriculture 2003, 47(2), 61-69.

Phimchan, P.; Techawongstien, S.; Chanthai, S.; Bosland, P.W. Impact of drought stress on the
accumulation of capsaicinoids in Capsicum cultivars with different initial capsaicinoid levels. HortScience
2012, 47(9), 1,204-1,209.

Sae-Tang, W.; Nawata, E. Effect of water stress on the growth, physiological response and antioxidative
gene expression of grafted sweet pepper plants. Agr. Nat. Resour. 2019, 53, 581-589.

Arom, P; Jinagool, W. Water deficit and its impacts on physiological traits, growth, and yield of chili
(Capsicum frutescens L.). Proceeding of the 2nd international conference on science and technology (SUT-
IVCST 2021), Suranaree University of Technology: Nakhon Ratchasima, 2021, 477-483.

Borrell, A.K., Hammer, G.L., and Henzell, R. G. Does maintaining green leaf area in sorghum improve
yield under drought? II. Dry matter production and yield. Crop science 2000, 40(4), 1,037-1,048.

Yan, J.; He, C.; Wang, J.; Mao, Z.; Holaday, S. A.; Allen, R. D.; Zhang, H. Overexpression of the
Arabidopsis 14-3-3 protein GF14A in cotton leads to a “stay-green” phenotype and improves stress
tolerance under moderate drought conditions. Plant and Cell Physiology 2004, 45(8), 1,007-1,014.
Sikuku, P.A.; Netondo, G.W.; Onyango, ].C.; Musyimi, D.M. Chlorophyll fluorescence, protein and
chlorophyll content of three Nerica rainfed rice varieties under varying irrigation regimes. ARPN Journal
of Agricultural and Biological Science 2010, 5(2), 19-25.

Genty, B.; Briantais, ]. M., Viera da Silva, J.B. Effects of drought on primary photosynthetic processes of
cotton leaves. Plant Physiol. 1987, 83, 360-364.

Tezara, W.; Mitchell, V.; Driscoll, S.; Lawlor, D. Water stress inhibits plant photosynthesis by decreasing
coupling factor and ATP. Nature 1999, 401, 914-917.

Christen, D.; Schonmann, S.; Jermini, M.; Strasser, R. J.; Défago, G. Characterization and early detection
of grapevine (Vitis vinifera) stress responses to esca disease by in situ chlorophyll fluorescence and
comparison with drought stress. Environ. Exp. Bot. 2007, 60, 504-514.

Oukarroum, A.; Madidi, S.J.E.; Schansker, G.; Strasser, R.]. Probing the responses of barley cultivars
(Hordeum vulgare L.) by chlorophyll a fluorescence OLKJIP under drought stress and rewatering.
Environ. Exp. Bot. 2007, 60, 438-446.

Adams, W.W.IIL; Zarter, C.R.; Mueh, K.E.; Amiard, V.; Demmig-Adams, B. Energy dissipation and
photoinhibition: a continuum of photoprotection. In Photoprotection, Photoinhibition, Gene Regulation, and
Environment, Demmig-Adams, B.,, Adamsa, W.W.IIL,, and Mattoo, A.K., Eds.; Springer: Dordrecht, The
Netherlands, 2006, 49-64.

Ahmed, AF.; Yu, H; Yang, X Jiang, W. Deficit irrigation affects growth, yield, vitamin C content, and
irrigation water use efficiency of hot pepper grown in soilless culture. HortScience 2014, 49(6), 722-728.



ASEAN J. Sci. Tech. Report. 2023, 26(1), 20-31. 31

[31]

[32]

[33]

[34]

[35]

Jeeatid, N.; Techawongstien, S.; Suriharn, B.; Chanthai, S.; Bosland, P.W. Influence of water stresses on
capsaicinoid production in hot pepper (Capsicum chinense Jacq.) cultivars with different pungency levels.
Food Chemistry 2014, 245, 792-797.

Yang, H.; Liu, H.; Zheng, J.; Huang, Q. Effects of regulated deficit irrigation on yield and water
productivity of chili pepper (Capsicum annuum L.) in the arid environment of Northwest China. Irrigation
Science 2018, 36(1), 61-74.

Khan, A.L; Shin, ].H.; Jung, H.Y.; Lee, L.]. Regulations of capsaicin synthesis in Capsicum annuum L. by
Penicillium resedanum LK6 during drought conditions. Scientia Horticulturae 2014, 175, 167-173.

Arom, P.; Jinagool, W. Influence of irrigation regimes on physiological traits, growth, yield, and
capsaicin in chili. SUT 7t International Colloquium, Institute of Agricultural Technology, Suranaree
University of Technology, Nakhon Ratchasima, Thailand, 21-22 August 2022.

Lathifah, F.; Siswanti, D.U. Effects of Water Availability on Physiological Factors of Cayenne Pepper
Plant Capsicum frutescens L. Proceedings of the 7t International Conference on Biological Science
(ICBS 2021): Gadjah Mada University, Indonesia, 2021, 344-349.



A JSTR

ASEAN Journal of Scientific
and Technological Reports

Research article

Frequency Analysis of High Amplitude 6 Scuti Star V593
Lyr by American Association of Variable Stars Observers
International Database

Nareemas Chehlaeh’, Tatphicha Promfu?, and Nusreen Masae?

1 Department of Science, Faculty of Science and Technology, Prince of Songkla University, Pattani, 94000, Thailand; nareemas.c@psu.ac.th
2 Department of Physics and Materials Science, Faculty of Science, Chiang Mai University, Chiang Mai, 50200, Thailand;

tatphicha_p@cmu.ac.th

3 Independent researcher, 86/2 Juab, Cho I Rong, Narathiwat, 96130, Thailand; nasreen.masae@gmail.com

+ Correspondence: nareemas.c@psu.ac.th

Citation:

Chehlaeh, N.; Promfu, T.; Masae,
N. Frequency Analysis Analysis
of High Amplitude ® Scuti
Star V593 Lyr by American
Association of Variable Stars
Observers International Database.
ASEAN ]. Sci. Tech. Report.
2023, 26(1), 32-39. https://doi.org/
10.55164/ajstr.v26i1.247847.

Article history:

Received: December 12, 2022
Revised: January 20, 2023
Accepted: January 25, 2023
Available online: March 21, 2023

Publisher’s Note:

This article is published and
distributed under the terms
of the Thaksin University.

Abstract: The new results of light variability and frequency analysis of a high
amplitude 0 Scuti star (HADS) V593 Lyr were reported. o Scuti-type variable
stars are fascinating short-period stars with luminosity classes from III to V and
spectral types from AO to F6. Their location on the Hertzsprung-Russell (H-R)
diagram is in the classical cepheid instability strip. The photometric data
in the V filter and clear filter of V593 Lyr were collected from the American
Association of Variable Stars Observers (AAVSO) international database.
Discrete Fourier transformation and pre-whitening methods were used in the
Period04 package to examine time-series light curve data. During 15
observational nights, we obtained 28 times of new light maxima magnitude
variability and significant pulsation frequencies for the star. The study found
that the fundamental frequency of V593 Lyr is 9.7894180 + 0.0000002 d-,
corresponding to the main pulsation period of about 0.1021511 d and detected
its second to fifth harmonics with a signal-to-noise ratio (S/N) of more than four.
A study of the pulsation frequencies and period change of HADS stars can
estimate their pulsation modes and evolution. Moreover, HADS stars are
suitable targets for understanding asteroseismology, which is the subject that
applies a star's pulsations to investigate its internal structure, and the high
amplitude stars provide reference points for calculating cosmic distances in the
Universe.

Keywords: V593 Lyr; Hight-amplitude 0 Scuti; Frequency Analysis; AAVSO

1. Introduction

O Scuti variable stars are intermediate-mass pulsators located on the
Hertzsprung-Russell (H-R) diagram close to the main sequence (MS) and within
the classical instability strip. This location corresponds to luminosity classes
from III to V and spectral types from AQ to F6. This type of variable star consists
of several stages of stellar evolution, including main sequence stars, pre-main
sequence (PMS), and post-main sequence stars [1], and within the effective
temperature range of 6300 < Tesr < 8600 K [2]. Pulsation periods of d Scuti stars
range from about haft an hour to 5 hours. The known 0 Scuti variables are either
a part of the main sequence or are up to three magnitudes above it [3]. From
ground-based observations, most of d Scuti stars are discovered to oscillate in
radial and nonradial modes, and their frequencies are within the limits of 5-50 d-.
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The partial ionization of He II causes the x mechanism, which forces the stellar oscillations [4]. The high
amplitude d Scuti star (HADS) is a subclass of d Scuti stars and pulsates with amplitude in the V-filter of AV >
0.3 magnitudes [5]. According to statistics from the catalog of Rodriguez et al. in 2000, the study found 155
HADS stars out of 636 d Scuti stars in the study, equal to a quarter of all targets [6]. HADS stars are suitable
targets for understanding asteroseismology, which is the subject that applies a star's pulsations to investigate
its internal structure. The photometric and spectroscopic studies of the pulsation frequency and mode of
HADS stars reveal information about the internal structure of the stars. The convective core and surface
convection zones of these stars are shallow. Therefore, chemical elements from the convective core have the
potential to pierce the surrounding radiative zones, both increasing the amount of hydrogen available for
nuclear fusion and the main-sequence stars' lifetimes. Asteroseismology can provide a measurement of this
convective overshooting [7]. From a pulsational point of view, HADS stars are the simplest case of stellar
oscillators because most pulsate in radial mode. They are good examples of understanding asteroseismology.
The physics of stellar oscillations is given in the accepted book Asteroseismology [8].

The object in our study is V593 Lyr, one of 0 Scuti stars in the HADS list of Wils et al. [9]. Table 1
presents the list of d Scuti stars, coordinates, the magnitude in B and V, the possibility for observation, and the
approximate value of the highest altitude of the stars from the horizon at the Thai National Observatory (TNO,
98.4853°E, 18.5725°N).

Table 1. The noticeable 0 Scuti targets in the HADS list of Wils et al. [9]. The coordinates and magnitude in the stars'
B and V filters were extracted from the SIMBAD database.

. R.A.J2000 Dec. J2000 B v Possibilit).r for {\pproxin‘mte

No. 0 Scuti star (hh:mm:ss)  (dd:mmss) (mag)  (mag) observation highest altitude

at TNO!  of the star (deg)
1 V367 Cam 04:40:55.19  +53:38:06.46 11.53 10.80 Yes 55
2 DY Her 16:31:17.95  +11:59:52.46 10.80 10.50 Yes 83
3 EH Lib 14:58:55.92  -00:56:53.01 10.09 9.83 Yes 72
4 SZ Lyn 08:09:35.75  +44:28:17.60 9.73 9.08 Yes 64
5 V593 Lyr 18:32:06.43  +40:35:56.52 12.39 11.66 Yes 68
6 V337 Ori 05:59:20.58  +20:02:07.53 11.79 11.43 Yes 88
7 GSC 1442-1358  12:13:40.78  +17:14:37.81 12.26 11.76 Yes 89
8 GSC 3428-1497  09:21:02.52  +49:05:53.93 9.55 9.29 Yes 59
9 GSC 3832-0152  11:48:42.07  +54:43:07.52 11.72 11.63 Yes 54
10  NSVS 11672463  21:51:52.32  +17:44:43.46 14.00 13.62 Yes 89

1 TNO is the Thai National Observatory (98.4853°E, 18.5725°N) at Doi Inthanon, Chiang Mai, Thailand.

V593 Lyr (V593 Lyra, GSC 3109-00162, TIC 289325437; R.A. = 18132m(06.435%; Dec = +40° 35" 56.517") is

a HADS star, which was first discovered by Wils et al. [10]. They reported that V593 Lyr has a pulsation period
of 0.102145 d in the approximate magnitude range of 12.4-12.9 in the B filter. Recently, Gaia Early Data Release
3 (Gaia EDR3) reported the proper motion of u,= 0.806 + 0.018 mas-year, us=-6.808 + 0.016 mas-year™, and
parallax of 0.6855 + 0.0141 mas. In 2012, Wils et al. published a list of 64 HADS and presented four values of
maximum time of V593 Lyr [9]. Furthermore, there is not much scientific publication on this target compared
to other HADS stars in the list.

In the present paper, we reported the new values of 28 times of maxima from 15 observational nights
and the light curve and frequency analyses of the HADS V593 Lyr. The paper is organized as follows. Section
2 describes the materials and method. Section 3 presents the results and discussion, including the new light
maximum time, the light curve behavior, and frequency analyses. Finally, section 4 reports the conclusions of
the recent results of the study.
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2. Materials and Methods

2.1 Data and Observations

The photometric data of V593 Lyr in the V filter (V) and clear filter (CV) were collected from the
American Association of Variable Stars Observers international database (AAVSO), which is the world's
largest and most extensive digital database of variable stars. The primary goal of the database is to organize
observations and data of variable stars, made mainly by amateur astronomers from around the world, to assess
their accuracy, process them, and make them accessible to students, teachers, educators, and researchers
worldwide. The AAVSO is a non-profit international scientific and educational organization where
professional, and amateur astronomers collaborate for variable star searching [11].

The scientific quality frames in the study consist of 2,968 frames collected from 15 observational nights
in 2010-2021. The data were observed and published by professional and amateur astronomers from several
institutes worldwide. The photometric data can be downloaded from the website of the AAVSO database:
https://www.aavso.org/data-download. In addition, the HADS V593 Lyr can be observed in Thailand using
telescopes at the Thai National Observatory (TNO), Doi Inthanon, Chiang Mai, Thailand. The observatory has
been organized by the National Astronomical Research Institute of Thailand (NARIT). The best period for full-
night observation at TNO is between the 12th of June and the 3rd of July, with the star's altitude of more than
30 degrees and considering the good sky conditions. The information on CCD observations in the study is
presented in Table 2. The last column shows the times maximum light was collected in each observational night.

Table 2. The journal of CCD observations, the light maximum times of V593 Lyr were collected in 2010-2021.

No. Date of Filter Frames Time Span Duration time Observer  No. of
Observation (hours) (HJD+2450000) codel! Maxima
1 08/06/2010 \%4 257 6.8989 5356.60424 - 5356.89045 DKS 2
2 09/06/2010 Vv 295 6.9817 5357.60616 - 5357.89707 DKS 3
3 08/08/2010 %4 129 3.6803 5782.40865 - 5782.56200 PXR 1
4 25/05/2012 %4 247 2.8208 6073.39030 - 6073.50783 VMAE 2
5 14/06/2014 % 162 4.6494 6823.39120 - 6823.58493 VMAE 1
6 15/04/2015 Vv 221 5.9837 7128.40032 - 7128.64964 VMAE 3
7 12/10/2015 Vv 159 2.2189 7308.25315 - 7308.34561 DUBF 1
8 13/03/2016 Vv 130 5.2058 7461.49786 - 7461.71477 VMAE 2
9 09/08/2018 v 68 1.9879 8340.42803 - 8340.51086 VMT 1
10 09/10/2018 v 252 3.8326 8401.30103 - 8401.46072 SDWA 2
11 28/05/2020 Ccv 185 3.1950 8998.48036 - 8998.61349 PXR 2
12 03/08/2020 Vv 217 3.5236 9065.49594 - 9065.64275 DFS 2
13 28/05/2021 cv 113 4.8821 9363.36094 - 9363.56435 HMB 2
14 24/07/2021 %4 324 7.1954 9420.31456 - 9420.61436 PMAK, DFS 2
15 30/07/2021 |4 209 3.8680 9426.29290 - 9426.45407 PMAK 2
- - - 2968 66.8941 - - 28

1 The AAVSO observer codes: DKS = Shawn Dvorak, PXR = Roger Pickard, VMAE = Maarten Vanleenhove, DUBF = Franky
Dubois, VMT = Tonny Vanmunster, SDWA = David Smith, PXR = Roger Pickard, DFS = Sjoerd Dufoer, HMB = Franz-Josef
Hambsch, PMAK = Maksym Pyatnytskyy.

2.2 Analyses

During 15 observational nights of V593 Lyr from the AAVSO database, we measured 28 times of
maximum light by Kwee and van Woerden fitting [12] on each time of light maximum using the Maxima
astronomical program version 27. These 28 maxima and their errors are provided in Table 3. The new times of
light maximum are crucial preliminary results to study period variation rate. The first and previous ephemeris
for V593 Lyr [10] is:

HJDpyon = 2452084.4974 (£0.0003) + 0.1021497 (+0.0000002)E. 1)
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Table 3. The light maximum times of V593 Lyr and their accuracies.

No. HJD Error No. H]D Error
(+2450000) (days) (+2450000) (days)

1 5356.70600 0.00023 15 7461.63274 0.00021
2 5356.80834 0.00027 16 8349.43852 0.00021
3 5357.62547 0.00017 17 8401.32068 0.00020
4 5357.72749 0.00028 18 8401.42233 0.00011
5 5357.82995 0.00031 19 8998.49603 0.00022
6 5782.47251 0.00039 20 8998.59902 0.00024
7 6073.39804 0.00026 21 9065.50765 0.00013
8 6073.50031 0.00012 22 9065.61025 0.00031
9 6823.49497 0.00039 23 9363.38032 0.00042
10 7128.41547 0.00040 24 9363.48287 0.00040
11 7128.51770 0.00018 25 9420.38054 0.00011
12 7128.61984 0.00031 26 9420.58472 0.00013
13 7308.30322 0.00010 27 9426.30509 0.00012
14 7461.53114 0.00028 28 9426.40784 0.00031

We performed a frequency analysis for the light curves of V593 Lyr using the excellent and popular
tool Period04 package software [13], based on the discrete Fourier analysis and the pre-whitening techniques.
In this procedure, we selected large data strings with well-defined zero points and covered more than one
complete cycle. Amplitudes of the light curves are presented as half of the peak-to-peak value. Assuming
mag(t) is the magnitude observed at a time t or a measurement of light variation from a star. The fitting
formula used for the HADS light curves is in the form [5]:

mag(t) =7+ Y, A;sin [2n(w;t + 0))], 2)

Where 7 is zero-point, 4; is amplitude, w; is frequency, and @; is a phase of the i-th harmonic. Only frequencies
that reach the criteria A;/0; > 4 were used in the fitting [14-15]. Firstly, the dominant frequency was measured
using terminal fitting in the Period04 software package. As a criterion for detecting a pulsation frequency, only
the peak with S/N larger than four was selected in this procedure and a frequency in the range of 0-100 c/d.
Then the residuals were examined for farther signals after removing the main frequency and its additional
frequencies. If its S/N is higher than four, the process continues to detect a new frequency. On the other hand,
if the value of the S/N is lower than four, the process is terminated [1], then significant frequencies and their
analytical errors of the star are reported.

3.Results and Discussion
3.1 Light Curve Behavior

Figure 1 presents the differential magnitude light curve in the V and CV filters of 15 observational
nights in 2010-2021. It shows that the synthetic light curves fit the observational data well. It suggests that the
fundamental frequency and its harmonics can explain the pulsation behavior of V593 Lyr. The light variation
of V593 Lyr in the V-filter is more than 0.3 magnitudes corresponding to the specific characteristics of HADS
stars, which have high amplitudes of their light curves of more than 0.3 magnitudes in the V-band (AV > 0.3
mag) [5, 16].

3.2 New Light Maximum Time

The study used adequate quality data from the Johnson V and CV filters. Based on a visual
examination of the light curves, the data has no obvious bad points. The data set used for the Fourier analysis
consists of 2,968 data points, covering a time base of 15 observational nights. The light maximum times of V593
Lyr and their errors are presented in Table 3. They are preliminary results for the period change rate (dP/dt)
study in the future.
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Figure 1. The observed and synthetic light curves in the V and CV bands of the high amplitude d Scuti V593
Lyr. These sub-figures present the light curves from the total 15 observational nights. The points

represent the observed light curve, and the solid curves show the synthetic light curves fitted with the
five significant frequency solutions.

3.3 Frequency Analysis

From the frequency analysis of V593 Lyr, we found a fundamental frequency (f,) and its four
harmonic frequencies (2fy, 3f, 4fo, 5f;) with the criterion of an S/N ratio larger than four. It was found that
the fundamental frequency (f;) of about 9.7894180 + 0.0000002 d-' corresponds to the main pulsation period
of about 0.1021511 d or 2.4516268 hr, and the second to fifth harmonics of the fundamental frequency were
also determined. Frequencies, amplitudes, and phases of the best-fitting sinusoids with their analytical errors
are given in Table 4. The uncertainty values of frequency, amplitude, and phase were performed by the Monte
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Carlo simulation contained in the Period04 software. After the fundamental frequency (f,) was detected as the
value of 9.7894180 + 0.0000002 d-!, and the pulsation period was calculated by dividing one over the frequency.
Finally, we obtain the star fold's orbital phase diagram by the pulsation period value 0.1021511 d, as presented
in Figure 2. The power spectrum of the high amplitude d Scuti V593 Lyr is presented in Figure 3. The last
column of Table 4 shows the frequency ratios between i-th harmonic relative to the fundamental frequency to
confirm the relationship between the corresponding frequencies and the fundamental frequency.

Table 4. The results of frequency fitting to the light curves of V593 Lyr includes frequencies, amplitudes,
phase, their errors, S/N value, and the ratio between harmonic and fundamental frequencies.

Frequency Amplitudes Phase
No. ID (d-) (mmag) (rad) S/N fnolf1
1 fo 9.7894180 + 0.0000002  259.5+0.4 0.6383 + 0.0002 121.43 1.0
2 2fo 19.5788338 + 0.0000005 95.0+0.4 0.6794 + 0.0006 88.88 2.0
3 3fo 29.368248 + 0.000001 38.0+04 0.762 + 0.002 57.19 3.0
4 4f, 39.157671 + 0.000002 19.2+£04 0.764 +0.003 27.80 4.0
5 5fo 48.947098 + 0.000005 95+04 0.756 + 0.006 15.82 5.0

In this study, only one dominant frequency and its four harmonics were detected with the criteria of
an S/N of more than four. On the other hand, independent frequencies were not detected from the frequency
analysis. It can be concluded that the HADS V593 Lyr pulsates in a multiple-frequency radial mode, which
means it symmetrically increases and decreases in stellar radius during each pulsation period. This type of
pulsation was also found in other HADS stars, for instance, GP And [5], V460 And [17], and YZ Boo [18]. In
HADS stars, slow rotation is typically required for high-amplitude radial pulsation [19].

HADS stars are the H-R diagram's transitional objects between high-amplitude Cepheids and low-
amplitude pulsating MS stars. They pulsate in one or several radial modes with high amplitudes [1], and about
0.24% of all ® Scuti stars are in our Milky Way Galaxy [20]. In addition to radial pulsations, several
investigations indicate that low-amplitude nonradial modes may also be present in HADS stars.

0 V593 Lyr : P, =0.1021511 d
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Figure 2. The orbital phase of V593 Lyr folded with the main period of 0.1021511 d.
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Figure 3. Power spectrum of the high amplitude 6 Scuti V593 Lyr. The first top panel is a spectrum of the
fundamental frequency. The lower four panels are spectrums of the second to fifth harmonics of the
dominant frequency, respectively.

This step detects the second to fifth harmonics of the dominant frequency. From the value of the
significant frequencies of the star, we can confirm that V593 Lyr is a HADS star with multiple frequency radial
pulsation. It is limited research publications about V593 Lyr after the first discovery as GSC 3109-00162 in 2002
[10] and after the work of Wils et al. in 2012 [9]. Additional data from photometric and spectroscopic
observations are requisite for more complete and accurate results regarding HADS stars. We intend to use the
Thai National Telescope (TNT) and the Thai Regional Telescope (TRT) to observe HADS stars. With these
facilities in Thailand, we can observe many HADS targets (see Table 1), collect a large amount of data to obtain
highly accurate ground-based observations, and gather photometric and spectroscopic data for further
research.

4. Conclusions

The new time-series CCD observations of V593 Lyr were collected using AAVSO international
database covering 15 nights from June 2010 until July 2021. We measured 28 new light maximum times for
V593 Lyr as preliminary results for the period change rate study in the future. In frequency analysis, it was
found that the dominant frequency of V593 Lyr of about 9.7894180 + 0.000002 d-! corresponds to the pulsation
period of 0.1021511 d.
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Abstract: In this research, the heat transfer coefficient (HTC) and pressure
drop of alternating cross-section flattened (ACF) tubes were investigated
experimentally and compared with the same parameters of a circular tube. Three
different ACF tubes were fabricated from circular copper tubing with an internal
diameter of 4.5 mm, a thickness of 1 mm, and a length of 400 mm. The twist
angles were 30, 45, and 90°. The experimental ranges covered a mass flux of 729-
1,434 kg/m?s and a heat flux of 12-30 kW/m?2. The results showed that the HTC
and pressure drop increased with mass flux. The HTC decreased with
increments of heat flux, but the pressure drop did not change. The HTC and
pressure drop of the ACF tubes were higher than those of the circular tube. The
ACF tube with 90° twist angles produced the highest HTC, and the thermal
performance of that tube was about 27% better than the thermal performance of
the circular tube.

Keywords: Alternating Cross-section Flattened (ACF) Tube; Heat Transfer
Coefficient (HTC); Pressure Drop; Single-phase Heat Transfer

1. Introduction

Heat exchangers are widely used in industrial and household
applications. They can be found in refrigerating systems, air-conditioning
systems in power plants, electronic cooling systems, air-conditioners, and water
heaters. Therefore, improvements in the thermal performances of heat
exchangers can provide widespread benefits. Methods of increasing heat transfer
can be divided into three categories: active, passive, and compound techniques
[1]. The passive technique is generally preferred because this method does not
need any external energy to enhance heat transfer. The objective can be achieved
by inserting twinned coil/twisted tape into the tube [2-6], adding nanoparticles
to the base fluid [7-11], and modifying the tube structure of the heat exchanger,
such as with a corrugated tube [12-14], a micro-fin tube [15-16], a flattened tube
[17-18], a twisted flattened tube [19], or a twisted oval tube [20-21]. These reports
concluded that modifying the tube shape to enhance the heat transfer of the
internal flow was an attractive approach.

In 2020, Sajadi and Talebi [22] investigated the convective heat transfer,
pressure drop, and efficiency of ZnO/water nanofluid flowing in alternating
elliptical axis (AEA) tubes in a Reynolds number (Re) range of 400 to 1,900. The
rotation angle of the AEA was 90° along the tube length. They found that
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increasing the tube flattening increased the heat transfer rate. The heat transfer and pressure drop of the AEA
tube were greater than that of a circular tube. In addition, a tube with medium flattening was the most efficient
among the tested tubes. In 2022, they investigated the heat transfer and pressure drop of alternating flattened
(AF) tubes filled with a TiOz/0il nanofluid. Experiments were conducted on three different AF tubes with oil
as the base fluid carrying TiO: nanoparticles at 1% and 2% volumetric concentrations between 400 and 1,800
Re. They reported that the heat transfer and pressure drop of the AF tubes were higher than those of a circular
tube. Flattening the tube affected heat transfer and pressure drop, which were enhanced by increasing the
concentration of TiO2 nanoparticles [23].

Luo and Song [24] investigated the thermal performance enhancement of a double-tube heat
exchanger with twisted annulus formed by counter-twisted oval tubes. The studied twisted oval tubes were
configured with aspect ratios of 0.4, 0.5, and 0.6, and thermal performances were compared with the
performances of conventional oval tubes. They found that the Nusselt number (Nu) and friction factor (f)
increased by up to 157% and 118%, respectively.

Farsi et al. [25] examined the heat transfer and flow characteristics of an AF tube with a 90° twist angle.
The factors of interest were straight pitch (a), transient length (b), and minimum axis (c). The numerical study
focused on the laminar flow conditions within a Re range from 500 to 1,500. They found that the minimum
axis produced the largest effects, followed by the transient length and straight pitch. The model tube with a =
10, b =5, and c = 5.5 mm produced the best thermal performance factor of 2.27. Furthermore, Babaei et al. [26]
conducted an experiment that simulated solar pond conditions. They evaluated the performance of serpentine
AF coils with the same geometric factors (a), (b), and (c) as [25]. The results found that the deeply flattened (c)
had the most effect, followed by (b) and (a), respectively.

Rukruang et al. [27] studied the heat transfer coefficient (HTC) and pressure drop of water flowing
through a 90° alternating cross-section flattened (ACF) tube compared with a circular tube. The result showed
that the HTC and flow resistance of the ACF tube were higher, and the thermal performance was 3.4 times
better. Moreover, vortices were produced at the curved wall of the ACF tube and intensified in the flow
direction. They reported that an alternating cross-section tube produced secondary flow and turbulence
intensity through the tube curvature. Multi-longitudinal vortices formed along the length of the tube, which
produced a significant enhancement in the heat transfer performance of the tube [28]. Furthermore, their study
investigated the air-side performance of ACF tube heat exchangers with three hydraulic diameters of 4.16,
4.75, and 5.20 mm. All the ACF tube heat exchangers produced better heat transfer than circular tube heat
exchangers. The 5.20 mm ACF tube provided the best heat transfer rate and pressure drop [29].

These previous studies have shown that flattening the tube increases the convective heat transfer
potential of fluid near the tube wall by creating secondary flows and by increasing the turbulence of the flow.
The characteristics of an ACF tube's cross-section area generate vortices and improve the mixing of fluids
inside the tube. However, the pressure drop is also increased. Therefore, the heat transfer and the pressure
drop of ACF tubes must be studied to improve thermal performance. Moreover, the effect of the twist angle
of the ACF tube on heat transfer is very interesting, but little has been published about it.

2.Methodology

2.1 Experimental apparatus

The experimental study determined the HTC and pressure drop of single-phase water flowing inside
ACEF tubes with twist angles of 30° (ACF-30), 45° (ACF-45), and 90° (ACF-90). The ACF tubes were formed by
pressing a circular copper tube with an internal diameter of 4.5 mm, a thickness of 1 mm, and a length of 400
mm (Fig. 1). The main components of the experimental apparatus consisted of a test section, a hot-water loop,
a cold-water loop, a control panel, and a data acquisition system (Fig. 2). The detailed configurations of the
ACEF tubes are presented in Fig. 3(a-c).
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Circular copper tube

Figure 1. The circular and alternating cross-section flattened (ACF) tubes
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Figure 3. Configurations of alternating cross-section flattened tubes with twist angles of 30 © (ACE-30) (a), 45°
(ACF-45) (b), and 90° (ACF-90) (c)

The water in the hot-water loop was heated by an electrical heater and driven by a water pump
through a flow meter to the inner tube of the test section. The hot water exchanged heat with the cold water
flowing outside the ACF tube in the cold-water loop. A water pump drove the water in the cold-water loop
through the shell in the test section. Seven thermocouples were installed: four at the headers and three along
the wall of the ACF tube. A data logger collected all temperature measurements. The test section was a
counterflow double-tube heat exchanger (Fig. 4). The outside of the test section was insulated with rubber
insulation. The length between the two pressure taps was 400 mm, and a differential pressure gauge detected
the pressure drop across the test section. The geometric configurations of the tested tubes and the test
conditions are shown in Tables 1 and 2, respectively. Moreover, the direct measurement uncertainties and
maximum experiment uncertainty are demonstrated in Table 3.

Table 1. Geometric configurations of the experimental tubes.

Tube L D, a b c d P o

Name (mm) (mm) (mm) (mm) (mm) (mm) (mm) (degree)
Circular 400 4.50 - - - - - -
ACF-30 400 1.96 8.50 3.00 15.00 7.60 45.20 30
ACF-45 400 2.05 8.50 3.00 15.00 7.60 45.20 45
ACF-90 400 2.18 8.50 3.00 15.00 7.60 45.20 90

Table 2. Test conditions.

Parameter Operating conditions
Inlet water temperature (°C) 30-40
Mass flux (kg/m?2s) 729-1,434
Heat flux (kW/m?) 12-30

Table 3. Uncertainties of measurement devices and calculated parameters.

Parameter Uncertainty
T-type thermocouple 01°C
Flow meter of water 3% of full scale
Differential pressure gauge 1.6% of full scale
Heat transfer rate at test section (QTS) 14.87%
Heat transfer rate at preheater (Q,,,) 10.51%
Reynolds number (Re) 3.00%
Heat transfer coefficient (%,) 9.82%
Nusselt number (Nu) 4.72%

Friction factor (f") 6.21%
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Figure 4. Diagram of the counterflow in the test section

2.2 Data Reduction
The data reduction of this experiment was classified into the following three categories.
2.2.1Heat transfer

The heat transfer between the hot fluid and the cold fluid was calculated from

O=mC,(T,~T) (1)

where Q is the heat transfer rate, 71 is the mass flow rate of the fluid, 7 is the temperature of the fluid, and
i and o are defined as the inlet and outlet of the test section, respectively.

The overall heat transfer coefficient was calculated as

vo_—2

= 2
A-LMTD @)

where U is the overall heat transfer coefficient, 4 is the heat transfer area, and LMTD is the log mean
temperature difference.

The total thermal resistance of the ACF tube was determined from

1 1 1 D,, 1
—= + In| — |+ 3)
UA hA 27kl | D hA,

h,i

where 7, is the heat transfer coefficient at the outside tube; 4, and 4, are the inner and outer surface area of

the tube, respectively; & is the thermal conductivity of the tube; L is the total tube length, D, and D, , are

h,o
the inner and outer hydraulic diameter of the tube; 4, is inside heat transfer coefficient.

Since the ACF tube is a non-circular tube, the hydraulic diameter must be calculated. The hydraulic
diameter was determined by

4AC avg
D, = —ox (4)

where 4, is the average cross-section area of the tube and p is the wetted perimeter of the tube.

2.2.2 Pressure drop

The total pressure drop (AP, ) is obtained from the sum of four pressure drop components as follows:

AP

total

=AP, +AP, +AP, +AF, (5)

cont exp
Where AP, is the frictional pressure drop, AF, is the acceleration pressure drop, AP, is the sudden
contraction pressure drop, and AP, is the sudden enlargement pressure drop.

However, in the case of a single-phase horizontal flow such as the tested system, the acceleration
pressure drop can be ignored. Moreover, the sudden contraction and sudden enlargement pressure drop are
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very small compared to the frictional pressure and thus were not considered in this study. Therefore, the total
pressure drop was represented as

AP

total

=AP, (6)
The pressure drop of flow in the tube was determined by using the Darcy-Weisbach equation,
L v
AP=f—p— 7
PG @)
where AP is the pressure drop, [ is the Darcy friction factor, L is the tube length, D, is the hydraulic
diameter of the tube, p is the density of the fluid, and Vv is the average velocity.

The friction factors (/) were expressed as the calculated frictional pressure drop (APf) as

2D/1JAP

f= Lov ®)

2.2.3 Thermal enhancement factor

Thermal enhancement factors (TEF) were calculated as the ratio between the Nusselt number and the friction

factor of each ACF tube and the circular tube [30-31], using the following equation:
NuACF /Nufir

F=—"s
(fACF /fa‘r )1

are respectively the Nusselt number and friction factor of the circular tube, and Nu .,

©)

Where Nu, and f,

ir cir

and f,. are respectively the Nusselt number and friction factor of the ACF tube.

3.Results and Discussion
3.1 Validation of the experimental apparatus

The experimental apparatus was validated by comparing the experimental results with existing
correlations. The selected parameters were the HTC and the frictional pressure drop of water flowing through
the circular tube. The HTCs obtained in this experiment were compared with the correlations of Dittus-Boelter (1930),
Colburn (1933), Petukhov (1970), and Gnielinski (1976). The frictional pressure drops obtained compared with
the correlations of Moody (1947), Altshul (1952), Petukhov (1970), Churchil (1973), and Haaland (1983).
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Figure 5. Comparison with existing correlations of the effect of mass flux on (a) the heat transfer coefficient
and (b) the frictional pressure drop in the present study
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It was found that when the mass flux was increased, the HTC and the pressure drop from friction
increased. The experimental HTCs were similar to the HTCs obtained by Gnielinski (1976), with an average
error of 4.77% (Fig. 5). The experimental frictional pressure drops were lower than those obtained in the
previous works, but the trend of change was similar. The experimental results were closest to those of Moody
(1947), with an average error of 14.02%.

3.2 Effect of heat flux on the HTC and pressure drop

The effects of heat flux on HTC and pressure drop were investigated for the ACF and circular tubes.

The inlet water temperature (IWT) was fixed at 35°C . The mass flux range was 800-900 kg/m?s. The four

different heat fluxes in this investigation were 13, 17, 21, and 25 kW/m?2.
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Figure 6. Effect of heat flux on (a) the pressure drop and (b) the heat transfer coefficient in a circular tube and
alternating cross-section flattened tubes with twist angles of 30° (ACF-30), 45° (ACF-45) and 90° (ACF-90)

Increases in heat flux did not affect the pressure drop. The pressure drop was larger in all the ACF
tubes than in the circular tube (Fig. 6(a)). The largest pressure drop was observed in the ACF-90, followed by
the ACF-45 and ACF-30. The mean pressure drop of the ACF-90 was about 190.91% higher than that of the
circular tube. The mean pressure drops of the ACF-45 and ACF-30 were 109.09% and 18.18% higher than the
mean pressure drop of the circular tube. Regarding the twist angle, the ACF-90 provided the best HTC because
the change in the internal cross-section area of the ACF-90 was more sudden. The change in the cross-section
area of the ACF-45 was less than the change in the ACF-90 but greater than the ACF-30 (Fig. 7). The different
tube structures caused different pressure drops. The change in pressure drop is greater when the change in
the cross-sectional area of the tube is greater. Therefore, the ACF-90 gave the largest pressure drop, followed
by the ACF-45 and ACF-30, respectively. The pressure drop in the circular tube was the lowest because the
cross-sectional area of a circular tube is constant.

Increases in heat flux resulted in slight decreases in the HTC. All three ACF tubes gave a higher HTC
than the circular tube (Fig. 6(b)). The ACF-90 provided the highest HTC, followed by the ACF-45 and ACF-30.
The average HTC of the ACF-90 was about 152.43% higher than that of the circular tube. The average HTCs
of the ACF-45 and ACF-30 was 58.72% and 28.91% higher than the average HTC of the circular tube,
respectively. The fluid flowing in the outer tube could not absorb the heat so efficiently from the surface of the
circular inner tube because the hottest fluid, in the mainstream at the center of the inner tube, was far from the
tube surface. In the ACF tubes, the flow of fluid was different. The flattened shape of the inner tube brought
the hottest fluid closer to the inner tube surface, so the colder fluid in the outer tube could absorb the heat of
the fluid in the ACF tubes better than the heat of the fluid flowing in the circular tube.
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Since the variation in the change of the cross-section area of the ACF-90 is very high, the turbulence
of the heated fluid is increased more. The turbulence of the heated fluid in the inner tube directly affects the
HTC; therefore, the HTC produced by the ACF-90 was highest, followed by the HTC produced by the ACF-
45, the ACF-30, and finally, the circular tube.
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Figure 7. The cross-section area variation in the transition region of the alternating cross-section flattened
(ACEF) tubes

3.3 Effect of mass flux on the HTC and pressure drop

The effects of mass flux were investigated on the HTC and pressure drop. The mass flux affected both
the HTC and pressure drop. The HTC and pressure drop increased when the mass flux increased (Fig. 8). The
effects of the ACF tube twist angle on the HTC and pressure drop at different mass fluxes showed the same
tendency as the effect of twist angles at different heat fluxes. The mass flux range in this investigation was 729-

1,434 kg/m?s at an inlet temperature of 35 °C, while the heat flux range was 12.7-15.2 kW/m?2.
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Figure 8. Effect of mass flux on (a) the pressure drop and (b) the heat transfer coefficient of a circular tube and
alternating cross-section flattened tubes with twist angles of 30° (ACF-30), 45° (ACF-45), and 90° (ACF-90)

3.4 Effect of the inlet water temperature on the HTC and pressure drop

The inlet water temperature (IWT) effects on the HTC and pressure drop were investigated (Fig. 9).
The IWTs in this study were 30, 35, and 40 °C under 17 kW/m? of heat flux and 800 kg/m?s of mass flux.
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The IWT affected the HTC and pressure drop, but the change trends differed. The HTC increased when the
IWT increased, but the pressure drop decreased when the IWT increased (Fig. 9). Some thermal properties of
water vary with the water temperature. The thermal conductivity of water increases when the temperature
increases, which mainly affects the HTC. On the other hand, as the temperature of water increases, its viscosity
decreases, which causes the pressure drop to decrease as the IWT increases.

3.5 Performance index comparison

The performance index (PI) was determined by the TEF. The TEF as a function of the Re is shown for
each tube in Fig. 10.
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Figure 10. The TEF with Reynolds numbers of each tube

The results show that only the ACF-90 gave a higher TEF than the circular tube. The other ACF tubes
produced lower TEFs than the circular tube. Although the HTCs of the ACF-45 and ACF-30 were higher than
the HTC of the circular tube, the increases in friction factors were greater. As a result, the TEFs of these ACF
tubes were lower than the TEF of the circular tube. The ACF-90 produced a TEF of 1.27, which was 27% larger
than the TEF of the circular tube.
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4. Conclusions

The flow and heat transfer characteristics of water flowing through alternating cross-section flattened
(ACF) tubes were studied. The effects of the twist angle of ACF on heat transfer and pressure drop were also
investigated. The thermal performances of three different ACF tubes were compared with the thermal
performance of a circular tube. The following conclusions are presented.

- The HTC and pressure drop produced by the most effective ACF exceeded the HTC and pressure
drop of the circular tube by approximately 28.91%-152.43% and 18.18%-190.91%, respectively.

- The ACF tube with a twist angle of 90 degrees produced the highest HTC and pressure drop.
Compared with the circular tube, the HTC and pressure drop increased by 152.43% and 190.91%.

- The thermal enhancement factor (TEF) of the ACF tube was about 27% higher than the TEF of the
circular tube. Therefore, alternating cross-section flattened tubes are suitable replacements for circular tubes
in heat exchangers.
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Abstract: Coconut plantation waste was in massive quantities affecting the
environment in the community. Hence, the coconut plantation was charcoal full
of carbon. The objective of this research was to study the properties of biochar
from coconut plantation waste and the consequences of adopting biochar to mix
with organic fertilizer on the growth and lettuce productivity by analyzing the
physical and chemical properties of biochar from coconut plantation waste. The
organic fertilizer mixed with the biochar on lettuce growth and productivity was
investigated by three treatments no application of organic fertilizer (control), the
application of organic fertilizer, and the application of organic fertilizer added
with potassium humate. The result showed that the highest level of biochar from
coconut shells had the total density, total porosity, water holding capacity, C/N
ratio, and humidity at the highest level, equaling 0.58 gram/cubic centimeter,
56.50%, 54.25%, 67%, and 2.41%, respectively. The biochar from the coconut
leaves had the highest air gap, pH, conductivity, organic carbon, phosphorus,
calcium, and magnesium quantity, respectively (13.50%, 9.90, 2.34 dS/m, 58.94%,
0.12%, 1.25%, and 2.26%, respectively). The biochar from the fallen young
coconut fruits had organic matter, cation exchange, nitrogen, and phosphorus
quantity at the highest level: 72.37%, 36.19 cmol/kg, 0.57%, and 2.11%, respectively.
The results of the organic fertilizer mixed with biochar and Potassium Humate
added formula led to the growth and productivity in all 3 types of lettuce more
than not applying organic fertilizers (p<0.05).

Keywords: Biochar; Agricultural Waste; Coconut Charcoal

1. Introduction

Thailand is an agricultural country that created agricultural waste or
biomass at approximately 43 million tons [1]. The value and policy of the New
Sustainable Growth Engine (Bio-Circular-Green Economy) partly create zero-
waste agriculture. Most agricultural wastes can be beneficial as valuable
economic waste. They can reuse by adopting efficient technology. Adopting
biomass through the pyrolysis process will cause the dissolution of raw material
full of carbon. The charcoal created has high porosity and the highest nutrient
level, especially phosphorus, potassium, calcium, and magnesium. In addition,
it also has alkaline properties and a high positive cation exchange capacity which
causes the ability to modify the acidic soil to highly acidic soil. Once biochar was
adopted into the soil, it was revealed that it would reduce the use of fertilizer
application and reduce the release of Carbon Dioxide from the soil, which
affected the work of beneficial microbes in the soil. The biochar used for the soil's
physical and chemical properties depends on the conditions in the pyrolysis
process and the raw materials deployed [2,3,4]. In Samut Songkram province,
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there are many coconut plantation wastes, such as coconut shells, fallen young coconut fruit, and coconut
leaves which impact the environment. Hence, these wastes need to be demolished. Adopting the coconut
plantation waste into raw materials for biochar making to help with soil improvement in coconut plantations
would reduce the expenses on fertilizers, create fertile soil, and strengthen the coconut trees with good growth.
Furthermore, it helps with soil improvement for other plants as well. Using biochar as organic fertilizer at the
ratio produced from agricultural waste at 100 kilogram/rai results in that durian has grown in both growth
and productivity. It can also prevent phytophthora in the soil [5]. In this research, the objectives were to study
the properties of biochar from coconut plantation waste and the results of adopting biochar from coconut
plantation waste as a mixing ingredient of organic fertilizer for lettuce growth and productivity.

2. Materials and Methods

Properties of biochar from coconut plantation waste and application in agriculture can be classified
into 2 parts: the analysis of physical and chemical properties of the biochar from coconut plantation waste and
the results of the application of organic fertilizer mixed with biochar towards lettuce growth and productivity
by using coconut plantation waste at Samut Songkram province such as parts of coconut shells, fallen young
coconut fruits, and coconut leaves. After that, the raw material would be brought to dry and passed through
the pyrolysis process at 600 — 700 Celsius for 2-3 hours until the biochar turns shiny. Then, it would get crushed
for property analysis.

2.1 The analysis of physical and chemical properties of biochar from coconut plantation waste

Physical properties of biochar from coconut plantation waste: the study of biochar structure with the
Scanning electron microscope (SEM), the density, total porosity, air gap, and the water holding ability.
Chemical properties of biochar from coconut plantation waste: electric conductivity, pH, organic material,
organic carbon, C/N ratio, cation exchange capacity, moisture, nitrogen, phosphorus, potassium, calcium,
magnesium, and brimstone sent for analysis at the department of land development.

2.2 The effects of the organic fertilizer mixed with biochar on the growth and productivity of lettuce

The test planning was done by using Latin Square Design (LSD) divided into 3 treatments with 4
replications: 1) no application of organic fertilizer (control), 2) the application of organic fertilizer, and 3) the
application of organic fertilizer mixed with potassium humate treatments. The organic fertilizer was compost
fertilizer derived from mixed with the biochar the ingredient of banana peels: biochar: phosphate stone: rice
bran with a ratio of 70:10:10:10. The treatment of the fertilizer application, which added potassium humate of
1 gram/raw material in the making of the compost of 100 kilograms. Later on, fermented add oxygen for 45
days. Data on chemical properties were pH, electric conductivity, organic matter quantity, nitrogen,
phosphorus, and potassium, and the growth and productivity of 3 types of lettuces: green cos, baby cos, and
red Batavia. Data were analyzed using the analysis of variance (ANOVA) and different comparisons of
statistical averages at the significant level of 0.05.

3. Results and Discussion
3.1 Biochar from coconut plantation waste properties

3.1.1 Physical properties of biochar from coconut plantation wastes

Each biochar was burnt using a Pyrolysis process at 400-500 degrees Celsius for 2 hours until the
materials turned black to form the biochar from coconut plantation waste. They had different structures when
looking through the SEM with the magnifying power of 30 LM showed that crushed biochar with a size of no
larger than 0.5 centimeters received from the coconut shells was strengthened with a lot of porous and small
size. Regarding biochar from fallen young coconut fruit and coconut leaves, it was found that the structure
was fragile, had a smaller quantity of porous, and was larger than biochar from coconut shells. Once using
magnifying power, it showed a clearer image of the space. Biochar from coconut shells had a high amount of
porous and smaller in comparison with biochar from the fallen young coconut fruit and coconut leaves to
bring each of the biochar for crushing into power and dent to the SEM at the magnifying value of 400 LM and



54 ASEAN ]. Sci. Tech. Report. 2023, 26(1), 52-58.

1.00 K showed that biochar from coconut shells had empty area, the small size of the space with the clearer
structure than biochar from fallen young coconut fruit and leaves; figure 1:

S5.0KV 8 1mm x400 LMIL)

Biochar from coconut shell Biochar from fallen young coconut fruit Biochar from coconut leaf

Figure 1. The SEM of (A) 400 LM of < 0.5 cm biochar, (B) 400 LM for biochar that crushed into powder, and (C)
1K for biochar that crushed into powder.

Biochar from coconut shells had the highest density, total porosity, and water-holding ability at the
highest level, equaling 0.58 gram/ m?, 56.50%, and 54.25%, respectively. Biochar from coconut leaves had the
highest air gap at 13.50% (Table 1). Biochar with the highest amount of air gaps or porous and small size would
help with storing water for plant benefits while also absorbing nutrients along with the fact that these air gaps
were the living area of microbe that was beneficial to the plants. Moreover, biochar has a strong structure with
carbon at a high composition. The degradation will be slow once fertilizers or soil improvement materials are
adopted, impacting fertilizer application reduction and better soil structure. [2, 4]

Table 1. Physical properties biochar from coconut shell, fallen young coconut fruit, and coconut leaf

Property Coconut shell  Fallen young coconut fruit Coconut leaf
Total density (gram/m?3) 0.58 0.43 0.29
Total porosity (%) 56.50 48.23 50.00
Air gap (%) 3.61 3.50 13.50

Water holding ability (%) 54.25 53.00 36.50
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3.1.2 Chemical properties of biochar from the highest coconut plantation waste

The biochar from coconut shells had the C/N ratio and moisture content at 67 and 2.41%, respectively.
The biochar from coconut leaves had the pH, electric conductivity, organic carbon, amount of phosphorus,
calcium, and magnesium at the highest value of 9.90, 2.34 dS/m, 58.94%, 0.12%, 1.25%, and 2.26%, respectively.
The biomass from fallen young coconut fruit had the organic matter, cation exchange capacity, and amount of
Nitrogen and Phosphorus at the highest value of equal to 72.37%, 36.19 cmol/kg, 0.57%, and 2.11%,
respectively (Table 2).

The pH value of biochar from coconut leaves was equaled to 9.90, which were alkaline found results
similar to biochar from coconut husks and shells in Florida, the United States, Indonesia, and Malaysia [6,7].
However, the biochar from coconut shells and fallen young coconut fruits was equal to 6.38 and 7.42,
respectively. It was mild acid appropriate with the difference in the adoption of soil improvement. The C/N
ratio of the biochar in all 3 types was at a high value; hence, the degradation was slow and, once placed in the
soil, can last for a long time. The number of nutrients in biochar from coconut shell and coconut leaf differed
depending on the structure and the composition. The dry materials that passed the pyrolysis process showed
much nitrogen loss but not for phosphorus, potassium, calcium, magnesium, or Sulfur. In comparison with
the study of nutrients in coconut leaf and bearing a dwarf variety of coconut [8], they had no different nutrients
from biochar from coconut leaf

Table 2. Chemical properties of biochar from coconut shell, fallen coconut fruit, and coconut leaf

Fallen young

Chemical properties Coconut shell . Coconut leaf
coconut fruit

pH 6.38 7.42 9.90
Electric Conductivity (dS/m) 0.88 1.78 2.34
Organic Matter (%) 43.67 72.37 58.94
Organic carbon (%) 25.33 41.98 58.94
C/N ration 67 74 78
Cation Exchange Capacity (cmol/kg) 21.84 36.19 29.47
Moisture content (%) 241 4.86 11.13
Nitrogen (%) 0.38 0.57 0.44
Phosphorus (%) 0.09 0.11 0.12
Potassium (%) 1.39 2.11 0.84
Calcium (%) 0.27 0.44 1.25
Magnesium (%) 0.15 0.48 2.26
Sulfur (%) 1.48 1.63 1.39

3.1.3 Effects of the organic fertilizer with the addition of biochar on the growth and productivity of lettuce

The properties of organic fertilizer mixed with biochar through the process of fermentation for 45 days
revealed that the pH value, EC value, OM value, and amount of nitrogen, phosphorus, and potassium of all
organic fertilizer treatments were higher than the standardized criteria of high-quality organic fertilizer
determined by the Department of Land Development [9] (Table 3).

The results of organic fertilizer mixed with biochar on the growth and productivity of 3 types of lettuce
such as green cos, baby cos, and red Batavia, found that the number of leaves per green cos lettuce had no
statistical difference (p>0.05). Still, the fresh weight of lettuce had a statistical difference (p<0.05), for green cos
lettuce fresh weight, which received organic fertilizer with potassium humate added, had the highest level of
weight in the fresh plant at 61.17 grams. For the lettuce, the fresh weight that did not receive the fertilizer had
the lowest level of weight at 34.66 grams (Table 4). Baby cos lettuce had the amount of leaves at the statistical
difference (p<0.05) at 7, 14, and 28 days. Baby cos lettuce had the highest number of leaves once applying
organic fertilizer but had no difference with applying organic fertilizer added with potassium humate. The
fresh weight of baby cos lettuce differed statistically (p<0.05). Baby cos lettuce with organic fertilizer mixed
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with potassium humate had the highest level of fresh weight at 60.16 grams. The fresh weight was the lowest
at 33.66 grams for the lettuce with no fertilizer applied (Table 5). The red Batavia lettuce had the number of
leaves at a statistical difference (p<0.05) at 28 days. Red Batavia had the highest number of leaves when
applying organic fertilizer mixed with potassium humate at 18.33 grams. The fresh weight of red Batavia
lettuce was a statistical difference (p<0.05). Red Batavia, which applied organic fertilizer mixed with potassium
humate, had the highest level of fresh weight at 42.83 grams. The lettuce with no organic fertilizer had the
lowest weight at 28.83 grams (Table 6). The biochar added to high-quality fertilizer helped with the
modification of air and soil transfer, modified water holding ability, reduced the hardening of the soil, and
affected the operation of beneficial microbe in the soil [2,3,4]. Hence when mixing it with other materials until
they become high-quality fertilizer, it will have sufficient nutrients for the growth of lettuces.

Table 3. Chemical properties of high-quality organic fertilizer from banana and coconut waste

Organic fertilizer with added Potassium

Chemical properties Organic Fertilizer Humate
pH 8.41 8.62
EC (dS/m) 1.73 1.80
OM (%) 21.73 22.02
N (%) 1.53 1.57
P (%) 2.84 2.88
K (%) 1.60 1.77
Table 4. Results of fertilizer on the growth and productivity of Green cos lettuce
Number of Green Cos leaf Fresh Weight plant
Treatment
7 Days 14Days 21 Days 28 Days (gram)
-No fertilizer applied 5.50 9.00 12.33 17.50 34.66 bV
-Organic fertilizer 6.00 9.16 11.83 18.16 37.83 b
-Organic fertilizer with
added Potassium Humate 5.16 7.66 11.00 18.33 61.17 a
T-test ns ns ns ns *
C.V. (%) 13.42 1591 1591 14.03 21.13

Note: V the different alphabets represent statistical differences at the level of confidence of 95% by using the
LSD method

Table 5. Results of fertilizer on the growth and productivity of Baby cos lettuce

Number of Green Cos leaf Fresh Weight plant
Treatment
7 Days 14 Days 21 Days 28 Days (gram)

-No fertilizer applied 5.00 bV 7.16Db 10.50 14.16 b 33.66 b
-Organic fertilizer 5.83 ab 8.83 a 10.83 15.83 a 34.33 b
) i fortili th

Organic fertilizer wit 633a 8.16 ab 10.83 15.67 ab 60.16 a
added Potassium Humate
T-test * * Ns * *

C.V. (%) 12.89 13.02 8.74 8.48 24.25i

Note: V the different alphabets represent statistical differences at the level of confidence of 95% by using the
LSD method
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Table 6. Results of fertilizer on the growth and productivity of red Batavia lettuce

Number of Green Cos leaf Fresh Weight plant
Treatment »

7 Fu 14 Days 21 Days 28 Days (gram)
-No fertilizer applied 5.66 7.66 10.83 15.66 bY 28.83b
-Organic fertilizer 5.50 8.00 10.66 14.83 b 30.50 b
-Organic fertilizer with
added Potassium Humate 5.33 7.83 10.16 18.33 a 42.83 a
T-test ns ns ns * *
C.V. (%) 11.66 11.05 16.04 12.84 20.75

Note:  the difference in alphabet represents the difference in confidence level statistically at 95% by using the
LSD method

4. Conclusions

Biochar from the coconut shells, fallen young coconuts, and coconut leaves had a lot of porous and
small air gaps. The biochar from coconut shells had the total density, porosity, and water-holding capability
at the highest level. However, the biochar from the coconut leaves had the most air gaps. The chemical
properties of all 3 types of biochar were different in pH, EC, OM, OC, C/N ratio, CEC, humidity, and other
quantity of nutrients. All of them can be used to mix with organic fertilizer. The organic fertilizers that had
the mixing of biochar in both formulas could be high-quality organic fertilizers according to the standard
specified by the Department of Land Development. They all had high nutrient quantities. The results of
organic fertilizers mixed with biochar on the growth and productivity of both 2 formulas and the new formula
with added potassium humate led to the growth and productivity of all 3 types of lettuces such as green cos,
baby cos, and red Batavia more than not applying high-quality organic fertilizer (p<0.05). The newly
developed formula, which added potassium humate, led to the growth and productivity of all 3 types of
lettuce at the highest level (p<0.05).
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Abstract: This study presents a techno-economic assessment of a 1 MW solar
photovoltaic (PV) rooftop system at Thaksin University (Phatthalung Campus)
in Thailand. A detailed analysis of the solar PV rooftop system is performed
with particular attention to the performance of different PV technologies and the
effects of different tilt angles and orientations of the PV panels on the annual
energy production, the specific production, and the performance ratio. The
economic analysis was performed for four scenarios: (1) self-investment and self-
consumption scheme, (2) bankable and self-consumption scheme, (3) bankable
and feed-in tariff (FiT) scheme, and (4) energy service company (ESCO) scheme.
The results show that the amorphous silicon/micro-crystalline silicon (a-Si/pc-
Si) technology shows the lowest annual energy production and performance
ratio (PR), while the copper indium disulfide (CIS) technology records the
largest annual energy production and PR. The largest annual energy production
and specific production were obtained with the PV panels installed at a 10° tilt
angle and with the PV modules facing South (S), while the lowest annual energy
production and specific production were observed with the PV panels installed
at a 45° tilt angle and the PV modules facing North (N). The economic analysis
results show that the best scenarios are Scenario 3 (bankable and FiT scheme)
and Scenario 1 (self-investment and self-consumption scheme). The findings of
this research provide valuable information for regional stakeholders and
policymakers regarding investments in solar PV rooftop systems.

Keywords: Photovoltaic; Energy Yield; PV Technology; Economic Analysis; Solar
PV Rooftop.

1. Introduction

The world is facing key challenges related to environmental protection,
energy conservation, and sustainable energy consumption and production. The
growing population and industrialization have increased the electricity demand
[1-2]. Non-renewable resources such as oil, coal, and natural gas are diminishing
over time and are characterized by greenhouse gas emissions. Globally,
researchers are investigating alternative energy sources to meet the energy
demand in an eco-friendly way [3-4]. The best alternative to non-renewable
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energy sources is solar and wind energy. In 2021, the global total installed capacity of renewable energy
reached 3,064 GW (IRENA) [5], out of which 843 GW was in solar photovoltaic (PV) installed capacity [6].

The International Energy Agency (IEA) has reported that solar PV systems could deliver 22% of the
world’s electricity by 2050. Worldwide, the potential of solar PV to be installed on a mega-scale has been
enhanced by the progress in solar PV technology and rapid cost reductions. Solar PV has the potential to
substantially decrease the amount of rising global CO2 emissions from fossil fuels. The carbon emission
intensity is high in conventional fossil fuel-based technologies, while it is minimal in the operation of solar PV
technology. Hence, solar PV technology can significantly contribute to meeting the worldwide energy
demand through low-carbon power generation [7].

The average daily solar radiation is a significant factor in forecasting various applications, mainly the
sizing of photovoltaic (PV) systems, building design, agrometeorology, and agriculture [8]. The performance
of solar PV technology largely depends on the weather, the regional conditions and the solar cell technology
[9-10]- For instance, Quansah et al. [9] studied the outdoor performance of five PV technologies, i.e.,
polycrystalline (p-Si), monocrystalline (m-Si), copper indium disulfide (CIS) thin-film, amorphous silicon (a-
Si), and heterojunction incorporating thin (HIT) films. They evaluated that the p-Si technology is the most
appropriate, while the CIS is the least appropriate in the considered site. Ali and Khan [11] conducted a
techno-economic assessment of p-Si and CIS technologies. They analyzed that the CIS performs better
regarding the performance ratio (PR), and they produce higher annual energy, while the p-Si shows a better-
levelized cost of electricity (LCOE) and requires less area. Olarewaju et al. [12] examined fourteen PV modules
to determine the best technology. They observed that the Panasonic solar PV showed the best capacity factor
and performance ratio performances. Nour-eddine et al. [13] scrutinized the techno-economic performance of
three PV technologies, including m-Si, p-5i, and a-Si. They found that the m-5i technology is the most suitable
for performance parameters.

The energy produced by solar PV modules mainly depends on several parameters, namely the spatial
layout, the tilt, and the azimuth angle [14]. Various studies focused on the optimal configuration of PV and
optimal tilt angle for solar PV systems. For instance, Bakirci [15] found that the optimal tilt angle varies
between 0° and 65° during the whole year in Turkey. Mamun et al. [16] investigated the effect of the tilt angle
on the PV module performance on an experimental basis and confirmed that the optimum tilt angle is 15° in
Malaysia. Al Garni et al. [17] analyzed the impact of the tilt and azimuth angle on a PV system in Saudi Arabia.
They reported that adjusting the orientation five times per year can increase the energy yield by up to 3.63%.

Techno-economic assessments of solar PV rooftop systems have been performed in many parts of the
world. For example, Christiaanse et al. [18] studied a grid-friendly solar PV rooftop system for commercial
buildings in British Columbia, Canada. They applied a bi-level optimization framework and determined that
the solar PV rooftop installation is profitable at a 50% cost reduction of current prices. Mangiante et al. [19]
presented a novel solar PV rooftop approach in Brownsville, Texas, U.S.A. Based on the technical potential,
they analyzed that residential buildings could generate up to 11% of the city's energy demand. Imam and Al-Turki
[20] studied the feasibility of a 12.25 kWp solar PV system under a typical residential building in Saudi Arabia.
They determined that the proposed model could fulfill 87% of the electricity demand of the residential building.

Thailand, situated close to the equator, has a high solar energy potential. Assessing the incident solar
radiation over a specified region is significant to obtain the maximum potential of solar energy. The amount
of available solar radiation over the earth’s surface is important for numerous applications, such as the
practical utilization of solar energy for electricity generation, domestic water heating, drying processes,
estimation of crop productivity, environmental and agro-meteorological research as well as atmospheric
physics research [21]. Thailand mainly invested in installing the utility-scale solar system in the past [22]
(Tongsopit, 2015). However, the number of prosumers significantly increased in the industrial and residential sectors
due to the cost reductions of solar PV systems. Thus, the role of solar PV rooftop systems in Thailand continues to
increase renewable energy production in commercial and residential buildings [23](Yoomak et al., 2019).

This study presents a techno-economic assessment of a 1 MW solar PV rooftop system with an
application at Thaksin University (Phatthalung Campus) in Thailand. This work aims to evaluate the
performance of different PV technologies and the effects of the tilt angle and orientation on solar PV panels.
Furthermore, the solar PV rooftop system is analyzed under four economic scenarios: (1) self-investment and
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self-consumption scheme, (2) bankable and self-consumption scheme, (3) bankable and feed-in tariff (FiT)
scheme, and (4) energy service company (ESCO) scheme, to identify the best scheme with specific application
to this public university situated in southern Thailand.

2.Materials and Methods

2.1 Study area

The solar PV rooftop system is installed at 7.81 °N latitudes and 99.94 °E longitudes in the Phatthalung
Campus of Thaksin University in southern Thailand. The installed capacity of the project site is 1 MW. This
project aims to assess this university's potential for clean energy technologies while encouraging the surrounding
communities to consider becoming self-sufficient in energy. The satellite imagery for the location of the
proposed 1 MW solar PV rooftop system at the Phatthalung campus of Thaksin University is shown in Figure 1.

The monthly and daily electrical load demands of the Phatthalung Campus of Thaksin University are
displayed in Figure 2 for 2019. It is noticeable from the figure that the campus monthly electrical load demand
is highest in March and April, along with in July, August, and September. Also, the daily load profile shows
the cyclic variation of the load demand in typical weeks, with high on-peak needs during the week and low
off-peak demands during the weekends. Additionally, the highest electrical load demands are observed in
the last weeks of March and in September.

2.2 Simulation of the solar PV Rooftop System

A 1 MW solar PV rooftop power generation system is assessed through the PVsyst simulation tool.
This model has emerged as a convenient simulation tool for energy yield assessments and the optimal design
of solar power plants [4]. The simulation uses an extensive knowledge of PV technology, meteorological, solar
irradiance data, and solar PV system components [24]. PVsyst can import meteorological data from various
databases, notably from the National Aeronautics and Space Administration (NASA) and Meteonorm 7.3. It
intelligently evaluates the performance of grid-tied, stand-alone, pumping, and DC-grid systems. The model
uses detailed hourly data, and it predicts the system output. Furthermore, PVsyst contains an inclusive solar
PV system components database for PV modules and inverters [25].

The flow diagram of the PVsyst model is shown in Figure 3. The site location is specified in the first
step, and the PV panels' tilt angle and the PV modules' orientation are defined. In the second step, the weather
data (global horizontal irradiance (GHI) and air temperature) are accessed through the Meteonorm database
and are imported into the PVsyst tool. In the third step, appropriate PV system components (PV modules and
inverters) and the electrical load demand of the study area are analyzed. In the next step, the system sizing
and optimization process is performed. Finally, after the execution of the simulation, various tables, graphs,
and summary reports, such as the annual energy production (AEP), the performance ratio (PR), and the system
losses, are generated.

Boogle Earth

Figure 1. Satellite imagery of the study area shows the location of the proposed 1 MW solar PV rooftop installation.
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2.3 Climatic Data of the Study Area

Phatthalung, a province in southern Thailand on the Malay Peninsula, borders the large shallow
Songkhla lake in the east. The region's climate is characterized by southwest and northeast monsoons, with
hot summers [26-27]. Figure 4 displays the monthly average global horizontal irradiation (GHI) and average
ambient temperature of the study area, taken from Meteonorm 7.3. The maximum average GHI is found to
be 182.3 kWh/m? in March and 184.4 kWh/m? in April, while the lowest average GHI is observed in December,
with a value of 110.8 kWh/m?2.

The average temperature varies between 26.29 °C and 28.21 °C over one year. The maximum average
temperature is noticed from March to May, while the lowest average is observed in November. Furthermore,
the solar GHI, global incident irradiation, and GHI clear sky data have been analyzed by the Solar and Wind
Energy Research Laboratory (SWERL) at the Research Center in Energy and Environment, Thaksin University
(Phatthalung Campus) and are shown in Figure 5. It is noticeable from the figure that the solar GHI, the global
incident irradiation, and the GHI clear sky are characterized by two peaks, namely one peak in March-April
and another peak in September. It can also be observed that these variables fluctuate greatly daily, which is
due to the changing weather patterns throughout one month.
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2.4 Description of the PV Technology

In this study, different PV technologies have been considered to compare and determine the optimal
PV technology under the climate conditions of southern Thailand. The proposed 1 MW solar PV rooftop power
generation system has the option of a variety of solar PV technologies, consisting of polycrystalline silicon (p-
Si), monocrystalline silicon (m-5i), heterojunction incorporating thin (HIT) film, cadmium telluride (CdTe),
amorphous silicon/micro-crystalline silicon (a-Si/pc-Si), and copper indium disulfide (CIS). The nominal
power of PV modules is 400 Wp, except the cell-type CIS (thin-film) PV module, which has a 360 Wp nominal
power. The PV modules would be connected with several strings in series. The technical specifications of
each PV module are presented in Table 1.

Table 1. Technical specifications of the potential PV panel modules.

PV modules
. Nominal
Nominal Total PV Modules
Cell-type Model Power (Wp) Modules Power (Strings x Series)
(STC) (Wp)

p-Si CS3W-440P SE 440 2,280 1,003 120x 19
m-Si LG 440 N2T-Eé6 440 2,280 1,003 121 x 19
HIT REC440AA 72 440 2,272 1,000 142 x 16
CdTe FS-6440-PA 440 2,272 1,000 568 x 4
a-Si/pc-Si F440 440 2,280 1,003 570 x 4
CIS CIGS-3600A1 360 2,784 1,002 232 x 12

Key: p-Si: polycrystalline silicon, m-Si: monocrystalline silicon, HIT: heterojunction incorporating thin-film,
CdTe: cadmium telluride, a-Si:/pc-Si: amorphous silicon/micro-crystalline silicon, CIS: copper indium disulfide.

2.5 PV Inverter

The inverter model selected for this solar PV rooftop power generation system is the PVS800-57,
manufactured by ABB. The nominal AC power of the ABB inverter is 1,000 kW, while the DC voltage ranges between
600 and 850 V. The nominal AC output voltage and the AC are 400 V and 1,445 A, respectively. The efficiency
of the inverter is 98.8%. Further details of the technical specifications of the PV inverter are given in Table 2.

Table 2. Technical specifications of the PV inverter [28].

Manufacturer ABB
Model PVS800-57-1000 kW-C
DC Voltage Range 600-850 V
Max DC Voltage 1,100 V
Max DC Current 1,710 A
No. of DC Inputs 8-20 (+/-)
Efficiency 98.8%
Nominal AC Power (at 500C) 1,000 kW
Max AC Output Power 1,200 kW
Nominal AC Current 1,445 A
Nominal AC Output Voltage 400 vV
Output Frequency 50/60 Hz

2.6 Tilt Angle and Orientation of the PV modules

When exposed perpendicularly to the incoming solar irradiation, the PV modules will work most
efficiently in the sunlight. However, the solar irradiance is not necessarily perpendicular to the PV panels.
Therefore, the concept of tilt angle originated such that the PV modules could be positioned over the horizontal
surface in an inclined manner [29]. A solar PV rooftop system's performance is determined by the PV panels'
tilt angle and the azimuth angle of the PV modules [30]. This study analyzed the performance of a solar PV
rooftop system at eight different tilt angles and eight different azimuth angles, as shown in Table 3 and Table
4, respectively.
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Table 3. Various tilt angles for the solar rooftop PV modules.
Tilt angle 10° 15° 20° 25° 30° 35° 40° 45°

Table 4. Various azimuth angles along with the orientation for the solar rooftop PV modules.
Azimuth Angle 0° -45° -90° -135° 180° 135° 90° 45°
Orientation S SE E NE N NW 4 SW

2.7 Cost-benefit Analysis

A cost-benefit analysis (CBA) is a technique for assessing the strengths and weaknesses of a project,
such as those related to the installation or modification of energy projects [31-33]. The benefits of energy
projects include positive impacts on the environment, job creation, reduced reliance on fossil fuels, and
reduced oil dependence costs. Various studies have highlighted the benefits of energy projects from
environmental and social perspectives [34-36]. This study determines the economic impacts from four main
perspectives: (1) self-investment and self-consumption, (2) bankable and self-consumption, (3) bankable and
feed-in tariffs (FiT), and (4) Energy Service Company (ESCO), with each of these schemes analyzed under the
parameters and assumptions provided in Table 5. The four main financial indices are discussed below to
determine a project's CBA.

2.7.1. Cost-benefit Analysis

The benefit-cost ratio (BCR) is a useful metric in decision-making to assess the benefits of a specific
project. It is the ratio of the project's total benefits relative to its total costs over a specific period. The BCR
identifies the rate of return to the investors in terms of net gain or loss. A project is considered economically
viable if the BCR exceeds 1 [37]. The formula to calculate the BCR of a project is expressed as [38]:

>
t=0(1+1)t

Y
t=0(1+1)t

Where B_t = the project benefit in year t; time t =0 to T years; C_t= the project costs in year t; T = the
total number of years of the project life span; and r = the discount rate for the investment.

CR = €Y

2.7.2. Net Present Value

The net present value (NPV) determines whether a project is profitable. It is defined as the difference
between the present value of the benefits and the costs related to the investment. A positive NPV indicates
the financial viability of a project, whereas a negative NPV implies a financial loss. The NPV can be calculated

mathematically as:
T T
_ By Ct
NPV = zt:() (1+r)t Zl’=0 (1+T)t (2)

2.7.3. Internal Rate of Return

A project's internal rate of return (IRR) is the interest rate that makes the NPV equal to zero. Usually,
it evaluates the desirability of projects where a high IRR makes a project more desirable to undertake [39]. The

IRR can be calculated as:
T
— o
0= Zt:g (1+nt ()

where ¢, denotes the cash flow in the period t and r represents the internal rate of return.

2.7.4. Internal Rate of Return

The payback period (PBP) is defined as the time required to recover the initial investments in the
project. Energy projects having shorter PBP are economically viable and sustainable. The payback period is

calculated as:
Investment

PBP = 4)

Net annual cash flow
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The financial metrics for a proposed 1 MW solar PV rooftop power generation system are determined
using various inputs and assumptions, as mentioned in Table 5.

Table 5. Inputs and assumptions used to evaluate the 1 MW solar PV rooftop system.

No. Parameter Value Unit
1 Project Lifetime 25 Year
2 On-Peak Tariff (TOU) 5.1135 THB/kWh
3 Off-Peak Tariff (TOU) 2.6037 THB/kWh
4 On-Peak/Off-Peak Ratio 15/75 %
5 FiT [45] 6.40 THB/kWh
6 Discount Tariff (ESCO) 20 %
7 Exchange Rate 34.47 THB/US$
8 Interest Rate (MRR) 5.97 %
9 Debt Ratio 70 %
10 Amortizing Repayment 7 Year
11 Discount Rate 7 %
12 Inflation Rate 5.73 %
13 Upfront Fee 1 %
14 Power Development Fund 0.01 THB/kWh
15 Salvage 3 %o
16 Carbon Credit Trading (T-VER) 200 THB/tonnes CO2eq
17 Gas Emission Factor 0.5986 kWh/g CO2eq
18 Cleaning Cost (2 Time/Year) 4 US$/Panel
19 Basic Inspection for Maintenance 1,100 US$/Year
20 Egrid 1,536 MWh/Year

2.8. Levelized Cost of Electricity

The levelized cost of electricity (LCOE) is the selling price of electricity required by the system to break
even at the end of its period [40]. It can be measured using the following expression:

Z" Ie+Mp+Fy
t=1 (+n)t

7
e
t=1(1+1)¢

where I, M;, F; and E, refer to the investment costs in year t, the maintenance costs in year t, the fuel
expenditures in year t and the electricity generation in year t, respectively. Here, r is the discount rate, and n
shows the lifespan, in years, of the solar PV rooftop system.

LCOE = (5)

3.Results and Discussion

This section presents the technical and economic assessment of the proposed solar PV rooftop system
using the PVsyst tool.

3.1. Technical assessment

In this subsection, the performance of six PV technologies, along with their total losses, are analyzed.
The effect of the PV panels' tilt angle and the solar PV modules' orientation are studied to determine the
optimal tilt angle of the PV modules and the azimuth angle.
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3.1.1. Annual energy production and performance ratio

The annual energy production and the performance ratio of six PV technologies are plotted in Figure
6. Itis noticeable from the figure that the a-5i/uc-Si technology shows the lowest annual energy production
of about 1,370 MWh, with a PR of 78.6%. The m-Si and CdTe induce almost the same annual energy
production and PR with a slight dominance of CdTe. The annual energy production and the PR for the p-Si,
m-5i, and CdTe technologies are approximately 1,458 MWh and 83.65%, 1,466 MWh and 84.12%, and 1,468
MWh and 84.51%, respectively. The CIS technology has observed the highest annual energy production of
1,537 MWh, with a PR of 88.24%, followed by HIT, with a yearly energy production of 1,501 MWh and a PR
of 86.41%.

553 Produced Energy
—s=— Performance Ratio PR
1800

©
o

1600

.
T

=3

(==}

e
X K T
2
stee%s

25

K

o
<
ol
X, ey
o
525
55
T
o
[=)]

<

..
e
oo
‘Q

.

o
hoges
.’0’0

%

o

2
ol
S
23
o
b2
ool
5%

A
.
o5
<

2
boe!
<5
2525
boss

®

SRR
%
<5
Performance Ratio PR (%)

>
5o
<
R

5
<
<505
250
Sogecel

TR
RRRRLRRKS
platetetetetetels

Fetetetetetetetete!
seatelegelegeletel

(X
%5
RS
Setatetets!
L5

ZA
T
o]
R

o

35
 x

%
2

%
%
55
—
e

C

A
0% e
s
e

Sy
T

fe-]

S

Produced Energy (MWh/year)
35
T
3

5
K
bl
oo

e

%
S5
0‘0

%
55

0.:.
S5

5
dﬁé%
K
QLI
2526055

o2a%!
2505
T

~l

()]

T T
HIT CdTe a-Sijuc-Si CIS
Cell-type

Figure 6. Annual energy production and performance ratio of different PV technologies.

The CIS and HIT technologies yield more annual energy output than the other PV technologies in this
study. The a-Si/pic-Si technology produces the lowest annual energy output. This might be a consequence of
its low conversion efficiency [41]. Similarly, the CIS technology has the highest PR, whereas the a-Si/pc-Si
technology has the lowest PR. A PR above 80% is always considered desirable as it accounts for an economic
gain [42]. The PR of all PV technologies is above 80%, except for the a-5Si/pic-Si technology, which has a 78.6%
PR value.

Figure 7 illustrates the monthly energy production of different PV technologies. The results show that
all PV technologies attain the highest monthly energy production from January to April. The CIS and HIT
achieved the maximum monthly energy production in March, with 156.1 MWh and 152.5 MWh values,
respectively. The lowest monthly energy production for all PV technologies was observed in June and
December. The a-Si/uc-Si technology has recorded the lowest monthly energy production of 95.1 MWh in
June and 98 MWh in December. This implies that these months receive low solar radiation.

Based on the monthly energy production, a comparison has been performed among the six PV
technologies. Over the entire period, the CIS and HIT technologies show the best performance compared to
other technologies. The monthly energy production during the entire period is almost identical for the CdTe,
m-5i, and P-Si. Nevertheless, the a-Si/pc-5i technology has been observed as the least interesting in monthly
energy production.

3.1.2. Analysis of the losses in the PV technologies

The difference between the reference yield (Y;.) and the field yield (¥;) of a PV system is termed as the
system's total losses (L), which can be expressed as [43]:

Lr =Y, —Y; (6)
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The total losses for the six PV technologies considered in this study are presented in Figure 8. It is
evident from the figure that the highest total losses, with a value of 4.2 kWh/kWp/day, are observed in the CIS
technology, followed by the HIT, with a value of 4.11 kWh/kWp/day. The total losses recorded by the CdTe,
m-5i, and p-5i are 4.02 kWh/kWp/day, 4 kWh/kWp/day, and 3.98 kWh/kWp/day, respectively. The a-Si/uc-Si
technology has noticed the lowest total losses of 3.74 kWh/kWp/day.
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3.1.3. Effect of the tilt angle of the PV panels and the orientation of PV panels

Figure 9 shows the variation of the annual energy production, specific production, and the
performance ratio concerning the tilt angle, which ranges from 10° to 45°. The annual and specific energy
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production declines by increasing the tilt angle. The largest annual energy production and the largest specific
production have been observed at a tilt angle of 10°, with values of 1,545 MWh/year and 1,541 kWh/kWp/year,
respectively. In contrast, the lowest annual energy production and the lowest specific production have been
observed at a 45° tilt angle, with values of 1,304 MWh/year and 1,300 kWh/kWp/year. On the other hand, the
PR increases by varying the tilt angle from 10° to 40° and slightly declines at a tilt angle of 45°.

Figure 10 shows the effect of the orientation of the solar PV panels on the annual energy production,
specific production, and PR. It is clear from the figure that the installed solar PV rooftop system produces the
largest annual energy production and the largest specific production, with PV modules facing south (S), southeast
(SE), and southwest (SW). This is because Thailand is situated in the Northern Hemisphere. Additionally, the
largest annual energy production and the largest specific production reached values of 1,456 MWh/year and
1,451 kWh/kWp/year with PV modules facing S, while the lowest annual energy production of 1,358
MWh/year and the lowest specific production of 1,353 kWh/kWp/year were noticed with PV modules facing
north (N). However, the PR reaches its maximum value when the PV modules are facing the northeast (NE)
and the north (N) orientations, while it shows the lowest value with the PV module facing the west (W) orientation.
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Figure 9. Effect of the tilt angle of the PV panels on the annual energy production, the specific production, and
the performance ratio.

3.1.4. Optimal tilt and azimuth angles

The optimization of the tilt angle of the PV panels and the azimuth angle of the PV modules can
increase the performance of the solar PV rooftop system. The optimal tilt angle of the panels versus the
azimuth angle of the modules for the maximum energy injected into the grid and the maximum global incident
radiation on the collector plane is shown in Figure 11 and Figure 12, respectively. It is seen from both figures
that the solar PV rooftop system operates the most efficiently with a tilt angle of 10° and an azimuth angle of
0°, where it injects the maximum energy of 1,546.3 MWh into the grid with a maximum global incident
radiation of 1,848.2 kWh/m? in the collector plane.
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Figure 11. The optimal tilt angle of the panels and the azimuth angle of the modules for the maximum energy
injected into the grid.

The appropriate design of a 1 MW Solar PV rooftop at Thaksin University (Phatthalung Campus)
consists of 6 units of 80 kWac inverters, which are connected to 95 strings of PV panels, including 18 PV panels
per string on one side and 4 units of 60 kWac inverters connected to 10 strings of PV panels with 14 PV panels
per string on another side with the single line diagram as shown in Figure 13.
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Figure 13. Single line diagram of a 1 MW solar PV rooftop at Thaksin University (Phatthalung Campus).

3.2. Economic analysis

The current study evaluates four possible economic scenarios for a 1 MW solar PV rooftop system
installed at Thaksin University (Phatthalung Campus). Scenario 1 is related to a self-investment and self-

consumption scheme, where the university (the project owner) would invest in the project and produce its
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solar power for consumption. Both are based on bankable projects. Scenario 2 is a self-consumption scheme,
while Scenario 3 is a feed-in tariff (FiT) scheme. For these two scenarios, commercial banks would invest in
the project. Furthermore, the solar power produced would be utilized by the university in the case of Scenario
2, while in the case of Scenario 3, the produced energy by the solar PV rooftop system would be fed into the
national grid. Scenario 4 is associated with an energy service company (ESCO) scheme, where private
companies would be invited to participate in the project through a competitive bidding process. The company
with the highest offer would be asked to invest in the project.

The economic indicators of every scenario are shown in Table 6. Scenario 3 (bankable and FiT scheme)
offers a BCR of 3.34; an NPV of 71,963,009 THB; an IRR of 30%, and a PBP of 5 years, which makes it the best-
case scenario. The PBP in this scenario is within the acceptable range of 5-7 years [43] for profitable solar PV
rooftop projects [44]. Scenario 1 (self-investment and self-consumption scheme) is the second favorable case,
with a BCR of 1.68; an NPV of 20,817,144 THB; an IRR of 10%; and a PBP of 9 years. On the other hand,
Scenario 4 (ESCO scheme) and Scenario 2 (bankable and self-consumption scheme) are the least preferable
cases, with PBP of 13 and 15 years, respectively. The LCOE calculated for all scenarios is 0.80 THB/kWh.

For comparison, the economic analysis indicates that the bankable and FiT scheme (Scenario 3) is the
best model for the stakeholders, with the highest NPV and the shorter PBP. The self-investment and self-
consumption scheme (Scenario 1) is the second-best model for the university itself. This model presents the
project owner with an opportunity to invest, with an NPV of above 20,000,000 THB and a PBP of 9 years. On
the other hand, the ESCO (Scenario 4) and the bankable and self-consumption schemes (Scenario 2) are the
least interesting models due to the long PBP of 13 to 15 years.

Table 6. Economic indicators for the 1 MW solar PV rooftop system.

. NPV o PBP LCOE
Sr. Sr. Details BCR (THB) IRR (%) (Year) (THB/KWh)
1 Self-investment and self-consumption 1.68 20,817,144 10 9 0.80
2 Bankable and self-consumption 1.14 4,332,252 1 15 0.80
3 Bankable and FiT 3.34 71,963,009 30 5 0.80
4 ESCO 1.34 10,512,475 5 13 0.80

Key: Sr.: scenario, BCR: benefit-cost ratio, NPV: net present value,
IRR: internal rate of return, PBP: payback period, LCOE: levelized cost of electricity, FiT: Feed-in-Tariff.

4. Conclusions

This study addresses the performance of six solar PV technologies: p-Si, m-Si, HIT, CdTe, a-Si/pic-Si,
and CIS. The effect of the tilt angle of the solar PV panels and the orientation of the solar PV modules are also
assessed and discussed. Further, four economic scenarios for a 1 MW solar PV rooftop system are evaluated
at the Phatthalung campus of Thaksin University (Thailand).

The CIS technology recorded the highest annual energy production of 1,537 MWh and a performance
ratio of 88.24%, while the a-Si/pc-Si technology showed the lowest annual energy production of 1,370 MWh
and a PR of 78.6%. The CIS and HIT technologies achieved the maximum monthly energy production in
March, with 156.1 MWh and 152.5 MWh values, respectively. The CIS technology detected the largest total
losses, with a value of 4.2 kWh/kWp/day, while the a-Si/pc-Si noticed the lowest total losses of 3.74
kWh/kWp/day. The largest annual energy production and the largest specific production, with values of 1,545
MWh/year and 1,541 kWh/kWp/year, were respectively obtained for the PV panels positioned at a 10° tilt
angle, while the lowest annual energy production and the lowest specific production, with values of 1,304
MWh/year and 1,300 kWh/kWp/year, were respectively obtained for the PV panels positioned at a 45° tilt
angle. Furthermore, the largest annual energy production and specific production, with values of 1,456
MWh/year and 1,451 kWh/kWp/year, were respectively obtained with the PV modules facing South (S), while
the lowest annual energy production of 1,358 MWh/year and the specific production of 1,353 kWh/kWp/year
were noticed when the PV modules were facing North (N). The economic analysis shows that the bankable
and FiT scheme (Scenario 3) is the best model for the stakeholders, offering the highest NPV and the shortest PBP.
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Similarly, the self-investment and self-consumption scheme (Scenario 1) is the second-best model, which offers
the university an NPV of above 20,000,000 THB and a PBP of 9 years.

The solar PV rooftop methodology defined in this work can be applied to other regional buildings.
Future research may include the techno-economic evaluation of solar PV rooftop systems and a DC battery
storage system for the university and other provincial buildings. Other technical aspects, e.g., evaluation of
the thermal performance of rooftop PV and shading loss affecting overall performance, would also be
recommended for further study.
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1. Introduction

A hydroponic system is a suitable farming technology to produce
fresh leafy vegetables rapidly, and it also has the potential to reduce the
environmental impact of food production worldwide. A hydroponic farm has
an efficient water and fertilizer system, pays lower labor costs, and promotes
plant growth. Furthermore, vegetables grown in a hydroponic system are less
likely to be contaminated with Escherichia coli and Salmonella spp [1]. Therefore,
customers feel comfortable consuming raw vegetable products from a
hydroponic farm as it offers sustainable, healthy food production and
maintains a clean environment without heavy chemicals.
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Lettuce (Lactuca sativa L.) has a high nutritional value for human consumption. Lettuce is rich in
minerals and vitamins. A¢amovi¢-Djokovic et al. [2] reported that the vitamin C content of lettuce ranges from
3.50 to 9.60 mg/100 g of fresh weight. However, lettuce is not always good for consumer health, and several
people are concerned about excessive nitrate content or nitrate residue, especially in hydroponic lettuce
production. Hydroponic vegetables have the potential to accumulate high nitrate concentrations that are a risk
to human health as they can produce carcinogenic N-nitroso compounds that cause gastrointestinal
cancer [3-4]. The European Commission Regulation (No. 194/97, 1997) [5] suggests that the maximum nitrate
concentration should not exceed 3.65 mg/kg of body weight daily. For example, 60 kg of body weight should
not consume more than 219 mg per day.

Nitrate is one of the nitrogen sources that plays an essential role as a plant nutrient for the main
constituents of chlorophyll, protein, and genetic material [6]. Plants take nitrate via the root hair, xylem,
mesophyll cells, and cell walls. Then nitrate is stored in the cell and reduced into nitrite, ammonium,
glutamine, and other amino acids [7]. After assimilating nitrate into glutamine acid, it is safe for human health.
However, during the transportation of nitrate from the root to the leaf cells, nitrate is specially retained in the
xylem vessels of the root, stem, petiole, and leaf veins. This nitrate molecule is still harmful to human health [8].

Pre-harvest is a practical method that can help to improve the quality and shelf-life of vegetables and
reduce their risk before harvest [9-11]. For example, Gil [9] studied pre-harvest related to agricultural practices,
including type and rate of fertilization, irrigation, and salinity, which affect fresh-cut quality, and found that
pre-harvest factors increased the quality of fresh-cut lettuce and baby leaves. Arturas et al. [12] reported that
pre-harvest with supplemental solid-state lighting on lettuce cultivars can improve the antioxidant properties
of lettuce. Wanlai et al. [13] also studied the effect of pre-harvest illumination with a red and blue light ratio.
They found that nitrate content was reduced and soluble sugar content was dramatically increased in lettuce
under pre-harvest continuous illumination. Guffanti et al. [14] have reported that nitrate content has reduced
and antioxidant activity has increased after exposure to light and replacing the nutrient solution with tap
water before harvest in a vertical farm. Moreover, several research studies related light pre-harvest in lettuce
[15-17]. However, there is less knowledge of pre-harvest periods by replacing nutrient solution with tap water,
which can reduce nitrate and other synthetic fertilizers in the xylem of plants by replacing water in a
hydroponic system. Therefore, this study focused on the effect of pre-harvest periods by replacing nutrient
solution with tap water on nitrate and quality in hydroponic lettuce.

2. Materials and Methods

2.1 Plant materials and growth conditions

The green oak lettuce (Lactuca sativa L.) was used as plant material, and a nutrient film technique
(NFT) hydroponic system was applied for cultivation. The seeds were sown on the wet tissue paper in the box
and left at room temperature for three days. Then the seeds with a radicle of about 10 mm were transplanted
into polyfoam cubes (2.5x2.5x2.5 cm), and placed in the nursery greenhouse for 2 weeks. Afterward, the
seedlings were transplanted into the NFT system for this experiment. All the plants were grown under a 50%
aluminum net shade with a temperature of 24 to 32 °C and a relative humidity of 62% to 92%. Modified
Hoagland and Arnon [18] nutrient solution was used as a hydroponic nutrient solution with an electrical
conductivity (EC) of 1.8 mS/cm and pH 5.5- 6.5 were adjusted once a week. Briefly, the nutrient stock
composition was prepared as follows: In solution stock A, it contained; potassium nitrate (KNOs, 780 g/10 L),
mono ammonium phosphate (NHsH2POs, 130 g/10 L), magnesium sulfate (MgSO+7H20, 500 g/10 L),
manganese EDTA (MnEDTA, 8 g/10 L), monopotassium phosphate (KH2POs, 100 g/10 L), and microelements
(Boron EDTA, MnEDTA, MgO, CuEDTA, MoEDTA, and FeEDTA, 10 g/10 L). The stock B solution was
comprised of calcium nitrate (Ca(NOs)2-4H20, 1000 g/10 L) and iron chelate (FeEDTA, 10 g/10 L). This
experiment was performed at the Department of Agricultural and Fisheries Science, Faculty of Science and
Technology, Prince of Songkla University, Pattani Campus (latitude 6.882424 and longitude 101.235334).

2.2 Treatment and experimental design

This study focused on the effect of pre-harvest periods by replacing nutrient solution with tap water
on nitrate and quality in hydroponic lettuce. Thus, lettuce plants experimented with 30 days after transplanting
into the NFT system. The experiment was comprised of four treatments with different pre-harvest periods by
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replacing nutrient solution with tap water, including (1) 0 h (harvested before replacing nutrient solution with
tap water, control treatment), (2) 24 h (harvested after replacing nutrient solution with tap water for 24 h), 48 h
(harvested after replacing nutrient solution with tap water for 48 h), and 72 h (harvested after replacing
nutrient solution with tap water for 72 h). A completely randomized design (CRD) with three replications was
used in this experiment.

2.3 Determination of nitrate content

The samples of lettuce leaves were collected, washed with running tap water, and washed with
distilled water three times. After that, the samples were dried at 65 °C for 24 h and then finely grounded. Next,
1 g of the samples were weighed, suspended in 10 mL of distilled water, stood at 45 °C for 1 h, and filtered
through No. 40 Whatman filter paper. A 50 mL tube with 0.4 mL of 5% (w/v) salicylic acid was used, and 0.1
mL of the extraction was added. After that, the samples were left at room temperature for 20 min. 9.5 mL of a
2N sodium hydroxide (NaOH) solution was added to the samples. The absorbance was immediately applied
at 412 nm (Biochrom, Libra 512, England) for determination [19].

2.4 Determination of soluble sugar content

The determination of soluble sugar content was done by Yemn and Willis method [20]. Lettuce leaves
were dried at 65 °C for 48 h before being ground thoroughly. 50 mg of the dry sample was mixed in 4 mL of
80% ethanol, homogenized, transferred into test tubes, and then boiled in a water bath for 15 min. After that,
the samples were centrifuged at 3,000 rpm for 15 min. The supernatant was removed. 2 mL of 80 % ethanol
was added and recentrifuged. This step was repeated two times. The supernatant was collected and the final
volume was 10 mL. After that, 0.2 mL of the aliquot was pipetted into test tubes and evaporated to dryness.
The sample was left out until it was cold. The residue of each sample was added to 1 mL of distilled water and
well dissolved. Then, 4 mL of anthrone reagent (0.2 g anthrone in 100 mL (H2504)) was added to the solution, then
boiled in a water bath for 10 min. After cooling, soluble sugar contents were determined at 620 nm against blank.

2.5 Determination of vitamin C content

The modified Jagota and Dani method [21] was applied for vitamin C determination. Fresh samples
were used, cut into small pieces, and weighed 7 g. Then, the samples were homogenized and suspended in 30
mL of oxalic acid (0.5% w/v). These homogenous mixtures were filtered through No. 40 Whatman filter paper,
followed by adding 4 mL of 10% Trichloroacetic acid into 1 mL of the homogenous mixture, which was then
shaken well and immediately placed on ice for 5 min. The mixture was centrifuged at 8,000 rpm for 5 min.
Then, 0.2 mL of 0.2 M Folin-Ciocalteu’s reagent was added to 3 mL of supernatant, and the mixture was left
atroom temperature for 60 min. The samples were measured at an absorbance of 760 nm with a spectrophotometer
(Biochrom, Libra S12, England).

2.6 Determination of phenolic content

As in a previous study, total phenolic contents were determined using Folin—Ciocalteu’s method [22],
modified for the 96-well plate assay [23]. Fresh lettuce leaves were washed with tap water and repeated with
distilled water. Then, the sample was cut into small pieces and ground into a fine paste. The sample was
weighed at 5 g into a Duran bottle, and then 10 mL of 70% EtOH (v/v) was added and shaken for 1 h on a
shaker plate. After that, sample extracts were filtered and rinsed into 1.5 mL microtubes and stored at -20 °C
in the dark until further analysis. Folin-Ciocalteu’s reagent (25 uL, 50% v/v) was added to 10 pL of extract (1
mg/mL, w/v) in a well of a 96-well plate. After 5 min of incubation at room temperature, 25 uL of 20% (w/v)
sodium carbonate was added to the mixture, followed by distilled water to a final volume of 200 uL per well
plate. After 30 min of incubation at room temperature, the absorbance was read at 760 nm against a blank
using a Multiskan EX microplate reader (Thermo Fisher Scientific, Finland). A standard curve was plotted
using gallic acid [24].

2.7 Statistical analysis

This study's statistics were carried out using a CRD. Data analysis was done using the MS Excel
program and one-way analysis of variance (ANOVA) (version 7.0). Treatment means underwent Least
Significant Difference (LSD) analysis with a 95% confidence level.
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3. Results and Discussion

3.1. Nitrate content

In a hydroponic vegetable farm, nitrates are assimilated through the root hair, xylem, and mesophyll
cells, as they can pass through the cell wall via transporters. The result of hydroponic lettuce grown under the
pre-harvest condition of replacing nutrient solution with tap water showed that nitrate content was decreased
by 19 to 63% when compared with 0 h (51 mg/g dry weight, control treatment) (Fig. 1). The treatment of
replacing nutrient solution with tap water for 72 h (19 mg/g dry weight, 63% reduction) showed the lowest
nitrate content, followed by treatments of 48 h (20 mg/g dry weight, 61% reduction), and 24 h (41 mg/g dry
weight, 19% reduction). However, the treatments between 72 h and 48 h did not show a statistically significant
difference. Furthermore, the treatments at 0 h and 24 h did not show a significant difference from each other
(Fig. 1). The results of this study are consistent with Guffanti et al. [25], who reported that reducing the
concentration of the nutrient solution by adding water or completely substituting the nutrient solution with
water in the last days before harvest can help reduce the amount of nitrate in leaves. The nitrate content was
decreased by more than half of what it was at 48 h and 72 h, whereas that at 24 h treatment was not significantly
reduced. The statistic suggested that pre-harvest treatment by replacing nutrient solution with tap water for
48 h was enough to decrease nitrate content. It is proposed that tap water clean up the residual nitrate in the
xylem vessels of the roots, stems, and leaves of hydroponic green oak lettuce within 48 h. On the other hand,
the electrons from the photosynthetic process play a key role in reducing nitrate assimilation to glutamate acid
in plant cells, which could be another reason for less nitrate accumulation after pre-preharvest for 48 h [26].
However, Qiu et al. [8] have reported that during nitrate assimilation to glutamate acid in lettuce plants, some
nitrate residue is in the xylem vessels of the root, stem, petiole, and leaf veins. This experiment was designed
by replacing the nutrient solution with tap water to clean up the xylem vessels of the roots, stems, and leaves
of hydroponic green oak lettuce. Furthermore, these results are similar to those of Guffanti et al. [25],
Wanlai et al. [13], and Cometti et al. [27].

3.2. Vitamin C content

Plant vitamin C has an important antioxidant function and is a major source in the human diet. The
hydroponic lettuce grown under the pre-harvest treatment of replacing nutrient solution with tap water for
72h (5.3 ug/100 g, 30% reduction) showed the lowest content of vitamin C, followed by treatments of 48 h (6.3
ug/100 g, 16% reduction), and 24 h (7.2 ug/g dry weight, 4% reduction) (Fig. 2). The vitamin C content was
decreased by 4 to 30% when compared with 0 h (7.6 pg/100 g, control treatment). The amount of vitamin C
gradually reduced as the treatment duration increased, implying that vitamin C is most likely used during
pre-harvest periods to convert H2O2 to H20 [28,29]. H2O2 can cause the ROS reaction, activating the plant cells'
stress defense mechanism. Vitamin C can reduce and control the appropriate H2O2 content in plant cells
[28,29]. Vitamin C biosynthesis begins with the photosynthesis system that produces D-glucose-6-P, and
vitamin C is stimulated in the mitochondria, then released and accumulated in the cytosol. This experiment
showed that vitamin C content decreased after pre-harvesting when the nutrient solution was replaced with
tap water. The reason is probably, the vitamin C content is accumulated in the cytosol before the pre-harvest
experiment. Following the investigation, lettuce may use vitamin C to reduce H20: to H20 [28-29], where H20:
is normally induced by pre-harvest stress [30].

3.3. Phenolic content

The accumulation of phenolic content in plants indicates plant response to abiotic and biotic stresses.
The phenolic content was not significantly different among the different time intervals under pre-harvest of
replacing nutrient solution with tap water and control treatment. The treatment of replacing the nutrient
solution with tap water for 24 h (125 ug/100 g, 13% reduction) showed the lowest phenolic content. It was
followed by both treatments of 48 h and 72 h (both 134 ug/100 g, 6% reduction) (Fig. 3). The phenolic content
was decreased by 6 to 13% when compared with 0 h (143 ug/100 g, control treatment). Still, there were no
statistically significant differences among treatments. This result was consistent with lettuce and rocket plants
grown in a vertical farm in a controlled environment hydroponic system [25]. As a result, this result indicates
that pre-harvest nutrient solution replacement with tap water within 72 h was not stressful and had no adverse
effect on crop quality. Phenolic biosynthesis in plants is triggered by H20:[30]. However, H202 was probably
reduced by vitamin C as vitamin C in this experiment was decreased for use in the reduction of H20..
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3.4. Soluble sugar content

Soluble sugars are highly sensitive to environmental stresses and act as nutrient and metabolite
signaling molecules that affect plant cellular modification levels [31]. In the present study, we measured the
soluble sugar of hydroponic lettuce grown under the pre-harvest condition of replacing the nutrient solution
with tap water. The soluble sugar content ranged from 1.6 to 3.3 mg/100 g among treatments (Fig. 4). It
significantly increased by 86 to 105% compared to 0 h (1.6 mg/100 g, control treatment). The treatment of
replacing nutrient solution with tap water for 48 h (3.3 mg/100 g, 105% increase) showed the highest content,
followed by treatments of 72 h (3.2 mg/100 g, 98% increase) and 24 h (3.0 mg/100 g, 86% increase). However,
soluble sugar content did not significantly differ between treatments lasting 48 h and 72 h. This study showed
that soluble sugar content is significantly increased after replacing nutrient solution with tap water in the
uncontrolled environment of a hydroponic farm. It could be possible that energy sources for photosynthesis,
such as ATP and NAPH>, are not necessary for nutrient uptake, transportation, and stimulation of the nitrate
molecule to glutamine acid. Instead, this energy was accumulated and may be changed to produce soluble
sugar [26, 31]. This result was in contrast with the vertical farming technique of a hydroponic system, in which
total sugar content did not significantly differ after replacing the nutrient solution with tap water [25].
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Figure 1. The effect of pre-harvest periods caused by replacing nutrient solution with tap water on nitrate
content in hydroponic lettuce. The error bars display the standard error over three replications. The
means indicated by the different letters are substantially different at p <0.05, according to the least
significant difference.
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Figure 2. The effect of pre-harvest periods caused by replacing nutrient solution with tap water on vitamin C
content in hydroponic lettuce. The error bars display the standard error over three replications. The
means indicated by the different letters are substantially different at p < 0.05, according to the least
significant difference.
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Figure 3. The effect of pre-harvest periods caused by replacing nutrient solution with tap water on phenolic
content in hydroponic lettuce. The error bars display the standard error over three replications. The
means indicated by the different letters are substantially different at p <0.05, according to the least
significant difference.
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Figure 4. The effect of pre-harvest periods caused by replacing nutrient solution with tap water on soluble
sugar content in hydroponic lettuce. The error bars display the standard error over three replications.
The means indicated by the different letters are substantially different at p < 0.05, according to the
least significant difference.

4. Conclusions

This study focused on the effect of pre-harvest periods by replacing nutrient solution with tap water
on nitrate and quality in hydroponic lettuce. The results suggested that nitrate contents were reduced the
lowest and soluble sugar contents were increased the highest after pre-harvest for 48 h. Vitamin C and phenolic
contents were slightly decreased after pre-harvest periods by replacing the nutrient solution with tap water.
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context and highlight the purpose of the study; 2) Methods: briefly describe the
main methods or treatments applied; (3) Results: summarize the article's main
findings; 4 Conclusions: indicate the main conclusions or interpretations.

Keywords: keyword 1; keyword 2; keyword 3 (List three to ten pertinent keywords
specific to the article yet reasonably common within the subject discipline)

1. Introduction

The introduction should briefly place the study in a broad context and
highlight why it is crucial. It should define the purpose of the work and its
significance. The current state of the research field should be carefully reviewed
and critical publications cited. Please highlight controversial and diverging
hypotheses when necessary. Finally, briefly mention the main aim of the work.
References should be numbered in order of appearance and indicated by a
numeral or numerals in square brackets—e.g., [1] or [2,3], or [4-6]. See the end of
the document for further details on references.

2.Materials and Methods

The materials and methods should be described with sufficient details
to allow others to replicate and build on the published results. Please note that
your manuscript's publication implicates that you must make all materials, data,
computer code, and protocols associated with the publication available to
readers. Please disclose at the submission stage any restrictions on the
availability of materials or information. New methods and protocols should be
described in detail, while well-established methods can be briefly described and
appropriately cited.

Interventional studies involving animals or humans, and other studies
that require ethical approval, must list the authority that provided approval and
the corresponding ethical approval code.
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2.1 Subsection
2.1.1. Subsubsection

3.Results and Discussion

This section may be divided by subheadings. It should provide a concise and precise description of
the experimental results, their interpretation, as well as the experimental conclusions that can be
drawn.Authors should discuss the results and how they can be interpreted from previous studies and the
working hypotheses. The findings and their implications should be discussed in the broadest context possible.
Future research directions may also be highlighted.

3.1. Subsection
3.1.1. Subsubsection

3.2. Figures, Tables, and Schemes
All figures and tables should be cited in the main text as Figure 1, Table 1, etc.
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Figure 1. This is a figure. Schemes follow the same formatting.

Table 1. This is a table. Tables should be placed in the main text near the first time they are cited.

Title 1 Title 2 Title 3
entry 1 data data
entry 2 data data?

! Table may have a footer.

3.3. Formatting of Mathematical Components

This is example 1 of an equation:
a-1, ey
The text following an equation need not be a new paragraph. Please punctuate equations as regular text.

This is example 2 of an equation:
a-b+c+d+e+f+g+h+i+j+k+l+m+n+o+p+q+r+s+t+u (2)

The text following an equation need not be a new paragraph. Please punctuate equations as regular text.

The text continues here.
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4. Conclusions

Concisely restate the hypothesis and most important findings. Summarize the significant findings,
contributions to existing knowledge, and limitations. What are the future directions? Conclusions MUST be
well stated, linked to original research question & limited to supporting results.
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