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Abstract

This study explores the influence of hydraulic retention time (HRT) and pH on the efficiency of biogas
production and methane (CHg4.) concentration in anaerobic digestion systems. Findings indicate that extending HRT
enhances biogas output and improves methane purity, while simultaneously reducing levels of carbon dioxide
(CO2), oxygen (O2), and nitrogen (N2), reflecting more effective methanogenic activity. As HRT increases from 10
to 30 days, biogas yield improves from 0.6 to 1.0 m%*kg.VS, and CH4 concentration rises from 54.71% to 65.92%.
The decline in CO2 content from 37.89% to 31.38% further supports the development of more stable anaerobic
conditions. Despite these benefits, extended HRTs require larger digester capacities and raise operational
expenses, underlining the necessity of identifying an economically viable operational window. At an HRT of 30
days, pH variation shows that methane levels grow from 63.78% at pH 6.0 to a peak of 73.46% at pH 9.0, with
optimal methanogenesis observed between pH 7.0 and 8.5. The study also observes significant reductions in
chemical oxygen demand (COD) within the first 10 days, indicating rapid breakdown of organic substrates. Alkaline
conditions appear to mitigate the inhibitory effects of volatile fatty acids, thereby enhancing methane quality, calorific
value, and thermal efficiency. Overall, the result showed that emphasize the critical role of fine-tuning both HRT
and pH to maximize biogas yield, improve energy recovery, and promote more sustainable anaerobic digestion
system performance.

Keyword: Biogas, Thermal efficiency, Food waste, Anaerobic Digestion

1. Introduction
The increasing reliance on fossil fuels and the escalating effects of climate change have driven a global
shift toward sustainable energy alternatives. Among these, biogas production via anaerobic digestion (AD) has
garnered significant attention as a renewable energy technology. Anaerobic digestion involves the microbial
breakdown of organic materials in the absence of oxygen, resulting in the production of biogas, which is primarily
composed of methane (CH4) and carbon dioxide (CO2) [1]. Food waste, which is rich in biodegradable organic
content, is considered a highly suitable feedstock for AD due to its abundance and potential to address both energy

production and waste management challenges simultaneously [2], [3]. Despite its promise, optimizing methane
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production and ensuring thermal efficiency in AD systems remain critical for maximizing the viability of this
technology. Methane yield, a key indicator of AD performance, is influenced by substrate characteristics, microbial
community dynamics, and operational parameters [4]. For instance, the carbon-to-nitrogen (C/N) ratio is a critical
factor in maintaining microbial activity and process stability. Imbalanced C/N ratios can lead to ammonia inhibition
or nutrient limitations, both of which can compromise methane production [5]. Additionally, the presence of inhibitory
substances, such as heavy metals or volatile fatty acids, can disrupt microbial metabolism, necessitating proper

feedstock selection and preparation [6].

Particulate organic matter
(Carbohydrate, Lipid, Protein)

l Hydrolysis

Amino acid, Sugar, Alcohol,
Fatty acid

l Acidogenesis

Intermediary products (Volatile fatty acids, Acetate,
Propionate, Ethanol, Lactate)

l Acetogenesis l

Acetate H; + CO;

Acetoclastic  [¢------ 0 m e BT TS A e = Hydrogenotrophic

Biogas
(Mainly Methane)

Figure 1. Biogas production process [17-20]

Pre-treatment technologies have been widely studied to enhance the biodegradability of organic materials
and improve methane yields. Methods such as thermal treatment, chemical addition, mechanical disintegration,
and enzymatic hydrolysis have been shown to break down complex organic polymers into simpler, more accessible
compounds for microbial digestion [7], [8]. These approaches not only enhance substrate bioavailability but also
accelerate the hydrolysis stage, which is often a rate-limiting step in AD. Operational parameters such as
temperature, pH, and hydraulic retention time (HRT) also play pivotal roles in determining methane yields.
Mesophilic (30—40°C) and thermophilic (50-60°C) temperature ranges support distinct microbial communities, each
with specific metabolic capacities and stability characteristics [9]. Maintaining optimal pH levels between 6.8 and
7.2 is essential for methanogenic activity, while appropriate HRT ensures sufficient time for the complete digestion
of organic materials [10].

Thermal efficiency, another crucial aspect of biogas systems, involves maximizing the energy recovery
and utilization from both biogas and digestate. The use of heat recovery systems, such as combined heat and
power (CHP) units, [21-23] can significantly improve the energy balance of AD facilities by capturing waste heat
for internal process use or external applications [11]. Co-digestion, where food waste is processed alongside other
organic materials such as livestock manure or agricultural residues, has emerged as a practical approach to improve
system efficiency. This strategy not only provides a more balanced nutrient profile for microorganisms but also

enhances methane yields through synergistic effects between different substrates [12], [13].
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The integration of advanced technologies and a deeper understanding of these influencing factors have
the potential to overcome existing limitations in AD systems. By optimizing methane enhancement and thermal
efficiency, biogas production can be transformed into a more reliable and scalable energy solution. [24-28] This
paper aims to explore the critical factors affecting methane yield and thermal efficiency in AD processes, with a
focus on recent advancements in technology and best practices for food waste utilization. [29-32] Fig.1. illustrates
the biological breakdown of organic waste through a four-stage process known as anaerobic digestion, which
ultimately converts complex organic matter into methane rich biogas. This sustainable biochemical pathway relies
on a sequence of distinct microbial groups. The process begins with Hydrolysis, the initial stage where complex
particulate organic matter consisting of macromolecules like carbohydrates, lipids, and proteins is broken down by
extracellular enzymes. This step liquefies and dissolves the large polymers into smaller, soluble monomers,
specifically amino acids, sugars, alcohols, and fatty acids. Once these soluble compounds are formed, they enter
the second stage, Acidogenesis. During this fermentative phase, acid-forming bacteria metabolize the monomers
to produce a variety of intermediary products. These intermediaries primarily consist of volatile fatty acids (VFAs),
along with acetate, propionate, ethanol, and lactate. In the third stage, Acetogenesis, these intermediary products
are further digested by acetogenic bacteria. This step is crucial as it refines the volatile fatty acids into compounds
that can be directly utilized by the final group of microorganisms. The acetogenesis stage splits the metabolic
pathway into two primary precursors: acetate on one side, and a mixture of hydrogen gas and carbon dioxide) on
the other. The final and most critical phase of the flowchart is Methanogenesis, which is explicitly highlighted as
the rate-limiting step of the entire anaerobic digestion process. During this stage, strictly anaerobic archaea called
methanogens convert the preceding biochemical products into the final output. This occurs via two distinct microbial
pathways: the Acetolactic pathway, which utilizes the acetate, and the Hydrogenotrophic pathway, which utilizes
the mixture. The culmination of these synchronized pathways results in the generation of biogas, a renewable

energy source composed mainly of methane.

Table 1. Composition of biogas.

Component Typical Description Ref.
Composition
(%)
Methane (CHgy) 50-75% Primary energy carrier: flammable and odorless [14,15]
Carbon Dioxide (CO,) 25-50% Non-flammable gas: reduces the calorific value of biogas [14,16]
Water Vapor (H20) 0-10% Present due to the wet digestion process [15,16]
Hydrogen Sulfide (H2S) 0.1-3% Toxic and corrosive: needs removal for energy applications | [14,16]
Nitrogen (N2) 0-5% Non-reactive and inert: may dilute the gas [14,15]
Oxygen (02) 0-1% Trace amounts: can affect combustion efficiency [16]
Hydrogen (H2) 0-1% Adds minimal energy value but rarely present in high [15]
amounts

Ammonia (NH3) Trace Typically negligible but may contribute to odor [14,16]
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For Table 1. outlines the typical chemical composition of biogas, detailing the primary gases,
secondary impurities, and trace elements that form this renewable energy source. Understanding these
components is essential, as the practical utility and heating value of biogas depend heavily on the balance
between its energy-yielding gases and its problematic impurities. The foundational value of biogas lies in
its highest concentration component, Methane (CH,), which makes up 50-75% of the total mixture. As a
flammable and odorless gas, methane serves as the primary energy carrier of biogas. Conversely, the
second largest component is Carbon Dioxide (CO,), accounting for 25-50% of the volume. Unlike methane,
carbon dioxide is non-flammable and acts as a diluent that reduces the overall calorific (heating) value of
the gas.
Beyond these two main bulk gases, biogas contains secondary components and impurities introduced during
the biological breakdown process. Water Vapor (H,0) is found at levels of 0-10%, which naturally occurs
due to the wet nature of the anaerobic digestion process. A more critical impurity is Hydrogen Sulfide (H,S),
which ranges from 0.1-3%. Despite its relatively small percentage, H,S is highly toxic and corrosive,
requiring strict removal before the biogas can be safely used in energy applications. Nitrogen (N,) is also
present at 0—-5% as a non-reactive, inert gas that can further dilute the gas mixture. Finally, the table lists
several elements that appear only in minor or trace quantities. Both Oxygen (O,) and Hydrogen (H,) are
typically restricted to 0—1% of the total composition; oxygen can negatively affect combustion efficiency,
while hydrogen contributes a minimal energy value but rarely accumulates in high amounts. Lastly, Ammonia
(NH;) exists in mere trace levels; while its volume is typically negligible, it is noted for its potential
contribution to the overall odor of the biogas. For objective of research is investigate the effects of hydraulic
retention time (HRT) on biogas production, biogas composition, and chemical oxygen demand (COD)
removal efficiency during the anaerobic digestion of food waste., Evaluate the effects of pH on biogas
quality, particularly methane (CHg4) concentration, heating value, and thermal efficiency in the biogas
production process. And determine the optimal operating conditions of HRT and pH for maximizing biogas
production, methane quality, COD removal efficiency, and energy recovery from food waste through
anaerobic digestion. This study differs from previous research by simultaneously evaluating the effects of
hydraulic retention time (HRT) and pH on biogas production, methane concentration, COD removal, heating
value, and thermal efficiency using food waste as the sole substrate. The results showed that increasing
HRT from 10 to 30 days enhanced biogas yield from 0.6 to 1.0 m®kg VS and increased methane
concentration from 54.71% to 65.92%, while achieving COD removal efficiencies of 72.0-73.6%.
Furthermore, increasing pH from 6.0 to 9.0 improved methane concentration to 73.46%, resulting in a higher
heating value (1,780.25 kJ/kg) and maximum thermal efficiency (64.35%). Unlike many previous studies
that focus primarily on methane yield, this research integrates waste treatment performance, biogas quality,
and energy efficiency into a single evaluation framework. These findings provide a comprehensive approach

for optimizing anaerobic digestion systems and maximizing renewable energy recovery from food waste.
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2. Experimental setup
2.1 Biogas digester using anaerobic system

A biogas digester using the anaerobic method is a system that converts organic waste into biogas through
microbial activity in the absence of oxygen. The process consists of four main stages: hydrolysis, acidogenesis,
acetogenesis, and methanogenesis. During hydrolysis, complex organic compounds such as carbohydrates,
proteins, and fats break down into simpler molecules. Acidogenesis further converts these molecules into volatile
fatty acids, hydrogen (H2), and carbon dioxide (CO3). Acetogenesis transforms these acids into acetic acid, CO3,
and Hy. Finally, methanogenesis occurs, where methanogenic archaea convert acetic acid and hydrogen into
methane (CHg4) and CO3, the primary components of biogas. The result showed that biogas can be used as an
energy source for cooking, heating, and electricity generation. The efficiency of the process depends on
temperature, pH, carbon-to-nitrogen ratio (C/N), and organic loading rate. This sustainable technology reduces

greenhouse gas emissions and provides a renewable energy source while managing organic waste effectively.

Floating drum gas storage
tank

Food waste input channel

Digestate water

discharge pipe [

Digestate water

storage tank —>

Gas outlet pipe > Control cabinet

Digester tank

Gas filter >

Figure 2. Biogas Digester using Anaerobic method

For figure 2 is the biogas digester operates based on the anaerobic digestion process, which
involves the breakdown of organic matter such as food waste by microorganisms in the absence of oxygen.
The key steps are as follows: Food Waste Input: Organic waste is introduced through the food waste input
channel into the digester tank. This tank provides an oxygen-free environment essential for anaerobic
microorganisms to thrive. Anaerobic Digestion: Inside the digester tank, microorganisms decompose the
organic material. This process occurs in several stages: hydrolysis, acidogenesis, acetogenesis, and
methanogenesis. As a result, biogas mainly composed of methane (CH4) and carbon dioxide (CO3) is
produced. Biogas Collection: The produced gas rises and is collected in the floating drum gas storage tank,
which moves up and down depending on the amount of gas stored. Gas Outlet and Filtering: The biogas

flows out through the gas outlet pipe and passes through a gas filter to remove impurities like hydrogen
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sulfide, making it cleaner and safer for use as an energy source. Digestate Management: The remaining
slurry, called digestate, contains nutrients and can be used as a bio-fertilizer. The digestate water flows
into the digestate water storage tank through the digestate water discharge pipe for further handling or use.
System Control: The control cabinet manages the operation of the digester system, ensuring optimal

temperature, pressure, and mixing conditions for efficient biogas production.

2.2 Anaerobic Digestion Process [33-41]
The production of biogas occurs in four main stages:
Hydrolysis
The carbohydrates, proteins, and fats in organic materials (e.g., animal manure, and food waste) are

broken down by enzymes produced by microorganisms into simpler molecules. Example reaction:

(CeH1005), + nH,0 - nCeH,;,04 (1)

Acidogenesis (Formation of organic acids)
Acidogenic bacteria convert the organic compounds produced during hydrolysis into volatile fatty acids

(VFAs), alcohols, hydrogen (H,), and carbon dioxide (CO,). Example reaction:

CoHy,04 > 2CHCH,0H + 2C0, @)

Acetogenesis (Conversion into Acetate)
Volatile fatty acids (VFAs) and alcohols are further broken down into acetic acid (CH3COOH), hydrogen

(H2), and carbon dioxide (CO2). Example reaction:

CHsCH,OH + H,0 - CH5COOH + 2H, 3)

Methanogenesis (Production of methane)
Methanogenic archaea convert acetic acid (CH3COOH), hydrogen (H2), and carbon dioxide (CO32) into

methane (CH4). Example reactions:

CH;COOH > CH, + CO, (@)

Acetic acid is converted into methane and carbon dioxide. Or

€O, + 4H, > CH,+2H,0 (5)

Hydrogen and carbon dioxide are converted into methane and water.
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2.3 Preparation experimental

As the hydraulic retention time (HRT) increases from 10 to 30 days, biogas production efficiency improves
significantly. At HRT 10 days, microbial activity is limited, leading to lower methane yield and reduced biogas
quality. Extending HRT to 20 days enhances the digestion process, allowing methanogenic bacteria to convert
more organic matter into methane, resulting in higher biogas volume and energy content. At HRT 30 days,
the system reaches optimal conditions, maximizing methane production and thermal efficiency. Longer
retention times provide sufficient time for complete anaerobic digestion, improving overall biogas yield and
quality. However, excessively long HRTs may reduce system efficiency due to substrate depletion and
operational constraints. Therefore, balancing HRT is essential for optimizing biogas production performance.
2.4 Thermal efficiency of biogas [42-47]

The thermal efficiency of biogas from food waste depends on multiple factors, including the composition
of the biogas, the efficiency of the combustion system, and the type of engine or burner used. Here are
some key points:

1. Biogas Composition

® Biogas from food waste typically consists of 50—-70% methane (CH4), 30-50% carbon dioxide
(CO2), and small amounts of other gases (e.g., H2S, H20).
® The higher the methane content, the higher the energy value of the biogas.
2. Energy Content
® The energy content of pure methane is = 55.5 MJ/kg or = 39.8 MJ/m3.
® Biogas with 60% methane typically has an energy value of = 22-24 MJ/m3.
3. Thermal Efficiency in Different Systems
® Biogas burners (direct heat applications): 55—-85% efficiency
® Gas engines (electricity generation): 30—40% efficiency
® Combined heat and power (CHP) systems: 60-90% efficiency (total heat + electricity output)
® Fuel cells: Can reach 50-60% efficiency
The thermal efficiency of gas derived from food waste is an important parameter to evaluate its
potential as an alternative energy source. It is determined by the amount of energy released during
combustion relative to the energy input. The key parameters influencing thermal efficiency include the
calorific value of the gas, combustion efficiency, and heat transfer efficiency in the utilization system.
The thermal efficiency () of the system can be expressed as:
_ Quserut 109 (6)

input
Where:
Querr IS useful heat energy output (Joules or kcal)
Qo is total energy input from the gas (Joules or kcal)

For biogas combustion, the thermal efficiency of a burner or engine can also be estimated using:

mC,AT (7)

- %100
T=THV X mpper
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Where:

M is mass flow rate of the working fluid (kg/s)

Cp is specific heat capacity of the fluid (J/kg-K)

AT is temperature change of the fluid (K)

LHV is calorific value of the gas (J/kg or J/m?)

Meyel is mass flow rate of the fuel (kg/s)

In practice, thermal losses occur due to incomplete combustion, heat dissipation, and system
inefficiencies. Enhancing gas purity (reducing CO3 and moisture content) and optimizing combustion
conditions can improve efficiency. This study investigated the effects of hydraulic retention time (HRT) and
pH on biogas production, methane concentration, and thermal efficiency using a food-waste anaerobic
digestion system. Food waste was used as the substrate and fed into a laboratory-scale anaerobic biogas
digester operating under oxygen-free conditions. The anaerobic digestion process involved four biological
stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis, during which organic matter was
converted into biogas consisting mainly of methane (CH4) and carbon dioxide (CO2). To evaluate the effect
of retention time, the digester was operated at HRTs of 10, 20, and 30 days. Biogas production, gas
composition (CHg4, CO2, O3, and N3), and chemical oxygen demand (COD) were measured to assess
digestion performance and organic matter degradation. The influence of pH on biogas quality was also
investigated by adjusting the digestion conditions and monitoring changes in methane concentration and
energy content. The thermal performance of the produced biogas was evaluated using calorific value and
thermal efficiency calculations. Thermal efficiency was determined from the ratio of useful heat output to
total energy input, considering the methane content and heating value of the biogas. The relationships
among HRT, pH, methane production, COD removal, and thermal efficiency were analyzed to identify the
optimal operating conditions for maximizing biogas yield, improving gas quality, and enhancing energy

recovery from food waste.

3. Results and discussion
3.1 Effect of hydraulic retention time (HRT) on biogas production

The study investigates the effect of hydraulic retention time (HRT) on biogas production and its
composition. HRT is a crucial parameter in anaerobic digestion, representing the average time that organic
material remains in the digester before being converted into biogas. The efficiency of biogas production is
highly dependent on the duration of HRT, as it directly affects the breakdown of volatile solids (VS) and
the activity of methanogenic bacteria responsible for methane (CHg4) generation. According to the
experimental data presented, an increase in HRT leads to a significant improvement in both the volume of
biogas produced and its methane content. At an HRT of 10 days, the biogas yield is 0.6 m3/kg.VS, with a
methane concentration of 54.71%. When the retention time is extended to 20 days, the biogas yield
increases to 0.8 m*kg.VS, and the methane concentration rises to 60.95%. At 30 days HRT, the biogas
yield reaches its peak at 1.0 m3kg.VS, with the highest methane content of 65.92%. This trend clearly
indicates that a longer retention time enhances the anaerobic digestion process, allowing more complete

degradation of organic matter and an improved conversion rate into methane. Furthermore, the
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concentration of carbon dioxide (CO2) in the biogas gradually decreases as the HRT increases. At 10 days,
the CO2 concentration is 37.89%, which drops to 35.89% at 20 days and further reduces to 31.38% at 30
days. This decline in CO2 suggests a higher efficiency of methanogenesis, where organic acids and
intermediates are more effectively converted into methane rather than accumulating as carbon dioxide. This
improvement in methane-to-carbon dioxide ratio results in a higher-quality biogas with better combustion

characteristics.

Table 2. Effect of hydraulic retention time (HRT) on biogas production

Hydraulic Biogas volume %Volume concentration
retention time (m3kg.VS) %CH, %CO, %0, %N,
(day)
10 0.6 54.71 37.89 0.97 6.43
20 0.8 60.95 35.89 0.94 2.22
30 1.0 65.92 31.38 0.85 1.85

Another important observation from the data is the reduction in oxygen (O2) and nitrogen (N3)
concentrations with increasing HRT. At 10 days, oxygen concentration is 0.97%, and nitrogen is 6.43%.
These values drop to 0.94% and 2.22% at 20 days, respectively, and further decline to 0.85% and 1.85%
at 30 days. The decreasing levels of oxygen and nitrogen indicate a more controlled anaerobic environment,
minimizing external air intrusion into the digester. This is critical for maintaining an optimal anaerobic
condition, as excessive oxygen presence can inhibit methanogenic activity and lead to inefficient biogas
production. The result showed that confirm that increasing HRT enhances biogas yield and methane
concentration while reducing undesirable gases such as CO3, O3, and N2. The reason behind this is that
longer retention times allow methanogenic bacteria to fully utilize the available organic substrates,
completing the biochemical degradation processes necessary for maximum methane production. However,
while a longer HRT improves biogas quality and quantity, practical considerations such as digester size,
operational costs, and substrate availability must be taken into account when optimizing the retention time
for large-scale applications. From an engineering perspective, an HRT of 30 days appears to be the most
effective for maximizing biogas production while maintaining a high methane content. However, this may
not always be economically feasible, as longer retention times require larger digestion tanks, increased
capital investment, and potentially higher maintenance costs. In practical biogas plant operations, a balance
must be found between achieving high methane yields and maintaining cost-effective and space-efficient
digester systems. In conclusion, this study demonstrates that hydraulic retention time plays a vital role in
optimizing biogas production. Longer retention times improve methane yield, decrease carbon dioxide
levels, and create a more stable anaerobic environment, ultimately enhancing the efficiency and
sustainability of anaerobic digestion processes. However, the ideal HRT should be selected based on
specific project constraints, ensuring an optimal trade-off between biogas yield, system efficiency, and

economic feasibility.
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3.2 Effect of pH on biogas production
Table 3. Effect of pH on biogas production at HRT 30 day at 1.0 biogas volume (m%kg.VS)

pH Biogas volume (m*kg.VS) Methane content (%)
6.0 1.0 63.78
7.0 1.0 66.32
8.0 1.0 70.59
9.0 1.0 73.46

The experiment investigates the effect of pH on biogas production, focusing on both biogas volume
and methane content under a hydraulic retention time (HRT) of 30 days. The result showed that the biogas
volume remains constant at 1.0 m%kg.VS across all tested pH levels (6.0, 7.0, 8.0, and 9.0), while the
methane content progressively increases from 63.78% at pH 6.0 to 73.46% at pH 9.0. These findings
provide insight into the role of pH in the anaerobic digestion process and methane production. Biogas
production is a multi-stage biological process involving hydrolysis, acidogenesis, acetogenesis, and
methanogenesis. Each stage is carried out by different microbial communities that thrive in specific pH
ranges. Hydrolysis and acidogenesis, the initial stages of anaerobic digestion, are typically more active
under slightly acidic conditions (pH 5.5-6.5), where hydrolytic and acidogenic bacteria break down complex
organic matter into simpler organic acids. However, the final stage, methanogenesis, where methane-
producing archaea convert intermediates into methane and carbon dioxide, occurs optimally in neutral to
slightly alkaline conditions (pH 7.0-9.0). The experimental results indicate that the total biogas volume is
not significantly affected within the pH range of 6.0 to 9.0, suggesting that the anaerobic digestion process
remains stable across these conditions. However, the methane content shows a clear increasing trend with
higher pH values. This observation suggests that methanogenic activity is more efficient under alkaline
conditions. At lower pH levels, the accumulation of volatile fatty acids (VFAs) may inhibit methanogenesis,
leading to lower methane yields. As the pH increases towards the alkaline range, methanogens become
more active and efficient in converting intermediate organic compounds into methane, resulting in higher
methane content in the biogas. The increase in methane content from 63.78% at pH 6.0 to 73.46% at pH
9.0 implies that slightly alkaline conditions favor methane production, enhancing the quality of the biogas.
This is consistent with previous studies indicating that methanogenic archaea prefer neutral to slightly
alkaline conditions and that pH imbalances can significantly impact methane yield. The improvement in
methane content at higher pH levels suggests that buffering the pH towards alkalinity could be beneficial
for optimizing biogas production, particularly in systems where methane quality is a priority. From a practical
perspective, maintaining an optimal pH range is crucial for efficient biogas production. While the total biogas
yield remains unchanged, a higher methane content enhances the energy value of the biogas, making it a
more efficient fuel source. In industrial applications, controlling pH through buffering agents, such as sodium

bicarbonate or lime, can help stabilize the anaerobic digestion process and maximize methane production.

JEET 2026; 13(1): 1-17



EFFECTS OF HYDRAULIC RETENTION TIME AND PH FOR THERMAL EFFICIENCY IN BIOGAS PRODUCTS Thanyamai Samhirun et. al.
FROM FOOD WASTE VIA ANAEROBIC DIGESTION METHOD

http://jeet.siamtechu.net

However, excessively high pH levels beyond the tested range might start inhibiting microbial activity, which
requires careful monitoring. Overall, the findings confirm the importance of pH regulation in anaerobic
digestion. While biogas production remains stable across a wide pH range, methane production is
significantly influenced by pH, with higher values favoring methanogenic activity. These results reinforce
the theoretical understanding that methanogenesis is optimized under slightly alkaline conditions,
highlighting the need for proper pH control in biogas systems to enhance methane yield and improve energy

efficiency.

3.3 Effect of Chemical oxygen demand (COD) with HRT of biogas production

As shown in Figure 3, the chemical oxygen demand (COD) concentration was high during the initial
stage of fermentation, with a value of 8.0 x 10® mg/L at an HRT of 1 day, increasing to a maximum of 8.5
x 10® mg/L at an HRT of 5 days. This indicates the presence of a large amount of biodegradable organic
matter in the biogas production system. Thereafter, the COD concentration decreased markedly with
increasing fermentation time, reaching values between 2.24 and 2.34 x 10® mg/L at HRTs of 10-30 days.
This trend demonstrates the effective degradation of organic matter by anaerobic microorganisms during
the digestion process.

The COD removal efficiency was further evaluated based on the observed data. The COD
concentration decreased from 8.5 x 10® mg/L to an average value of 2.29 x 10%® mg/L, corresponding to a
COD removal efficiency of approximately 73.1%. Similarly, when comparing the initial COD concentration
at day 1 (8.0 x 10® mg/L) with the minimum COD value recorded (2.24 x 10® mg/L), the COD removal
efficiency was calculated to be 72.0%. Therefore, the overall COD removal efficiency of the biogas
production system ranged from 72.0% to 73.6%, indicating a high level of treatment performance and
demonstrating the effectiveness of anaerobic digestion in reducing the organic load within the system. The
substantial reduction in COD observed between HRTs of 5 and 10 days suggests that this period represents
the most active phase of microbial degradation. During this stage, readily biodegradable organic compounds
were intensively consumed by anaerobic microorganisms and converted into intermediate products and
biogas. After an HRT of 10 days, the COD concentration remained relatively stable, indicating that the
system had reached a steady-state condition and that most of the remaining organic matter was less
biodegradable. These findings suggest that an HRT of at least 10 days is sufficient for effective organic
matter degradation and stable biogas production. At this retention time, more than 70% of the initial COD
was removed, and the digestion system achieved operational stability. Extending the HRT beyond 10 days
resulted in only minor additional reductions in COD, implying that longer retention times may not provide

significant benefits in terms of treatment efficiency or economic feasibility.
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Figure 3. COD value with with HRT of biogas production

3.4 Thermal efficiency of biogas

The test to determine the heating value and thermal efficiency of the produced biogas was conducted
using the heating value and thermal efficiency of the produced biogas were evaluated using the Boiling Water
Test (BWT) method. The recorded values were then used for calculations, including the initial and boiling water
temperatures, as well as the initial and final water volumes. These data were applied in the equation (7) to calculate
the heating value and thermal efficiency of the biogas. From the equation, the average heating value of the biogas

was determined, as shown in Table 4.

Table 4. Thermal efficiency of biogas at HRT 30 day at 1.0 biogas volume (m®*kg.VS)

pH Methane content (%) Heating value (kJ/kg) n (%)
6.0 63.78 1,150.25 46.5

7.0 66.32 1,287.34 5217
8.0 70.59 1,457.60 59.31
9.0 73.46 1,780.25 64.35

The table presents the thermal efficiency of biogas production at a hydraulic retention time (HRT)
of 30 days under different pH conditions, with a fixed biogas production volume of 1.0 m%kg.VS. Key
parameters measured include methane content, heating value, and thermal efficiency (). The result
showed that, it is evident that as the pH increases from 6.0 to 9.0, the methane content of the biogas also
increases, ranging from 63.78% at pH 6.0 to 73.46% at pH 9.0. This trend directly influences the heating
value, which rises from 1,150.25 kJ/kg to 1,780.25 kJ/kg. Consequently, the thermal efficiency improves
significantly, reaching the highest value of 64.35% at pH 9.0. These results align with the principles of
anaerobic digestion, where pH plays a critical role in microbial activity. Methanogenic bacteria, responsible

for methane production, thrive in a slightly alkaline environment, typically between pH 6.8 and 8.5. As the
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pH moves toward the upper end of this range, methane-producing microbes become more active, leading
to increased methane concentration and energy output. In summary, the data suggest that controlling the
pH toward the alkaline range, particularly around pH 8.0 - 9.0, enhances the quality of biogas by increasing
its methane content and thermal efficiency. This highlights the importance of pH management in optimizing

biogas production systems.

4. Conclusion

The results demonstrated that both hydraulic retention time (HRT) and pH significantly influenced
biogas composition, methane concentration, and overall biogas quality. Increasing HRT from 10 to 30 days
enhanced biogas production from 0.6 to 1.0 m3/kg VS, while methane concentration increased from 54.71%
to 65.92%. Concurrently, carbon dioxide concentration decreased from 37.89% to 31.38%, indicating a more
efficient methanogenesis process and improved conversion of organic matter into methane. The reduction
in oxygen and nitrogen concentrations further confirmed the establishment of stable anaerobic conditions
within the digester, minimizing air intrusion and promoting the activity of methanogenic microorganisms.
The COD analysis supported these findings, showing that organic matter degradation occurred primarily
during the first 10 days of digestion. COD concentrations decreased from 8.0-8.5 x 10°® mg/L to
approximately 2.24-2.34 x 10° mg/L, corresponding to a removal efficiency of 72.0-73.6%. The stabilization
of COD after 10 days the result showed that most readily biodegradable organic compounds had been
consumed and converted into biogas. Consequently, an HRT of at least 10 days was necessary to achieve
effective substrate degradation and stable methane production. The effect of pH on biogas quality was also
pronounced. Although the biogas yield remained constant at 1.0 m3*kg VS at an HRT of 30 days, methane
concentration increased substantially from 63.78% at pH 6.0 to 73.46% at pH 9.0. This improvement was
accompanied by an increase in heating value from 1,150.25 kJ/kg to 1,780.25 kJ/kg and a maximum thermal
efficiency of 64.35% at pH 9.0. The enhanced methane production under alkaline conditions can be
attributed to the favorable environment for methanogenic archaea and the reduced inhibitory effects of
volatile fatty acids (VFAs).

Overall, the highest biogas quality was achieved at an HRT of 30 days and pH 9.0, yielding a
methane concentration of 73.46%, a heating value of 1,780.25 kJ/kg, and a thermal efficiency of 64.35%.
These results indicate that methane concentration is a key indicator of biogas quality, directly affecting its
energy content and thermal performance. Therefore, maintaining an appropriate HRT and controlling pH
within the slightly alkaline range (8.0-9.0) are critical factors for maximizing methane production, improving

biogas quality, and enhancing the overall efficiency of anaerobic digestion systems.
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Abstract

This research aims to analyze and forecast future scenarios regarding the environmental management
of astronomy and space learning centers in Thailand over the next decade. As the initial phase of a broader mixed-
methods study, this article adopts a qualitative approach utilizing the Ethnographic Delphi Futures Research (EDFR)
technique. A panel of 24 key experts was purposively selected; notably, 75% of the informants hold doctoral
degrees, while 54.2% possess more than 16 years of professional experience. Data collection was conducted
through in-depth inquiries, followed by rigorous content analysis.

The Phase 1 qualitative findings, extracted from in-depth inquiries, establish three distinct future
scenarios. First, the worst-case scenario underscores impending crises driven by urban expansion, physical
structures obstructing astronomical visibility, environmental negligence, and a disproportionate focus on research
that consequently marginalizes public service. Second, the desirable scenario portrays the successful integration
of Sustainable Development Goals (SDGs), net-zero carbon policies, responsible tourism, and the advancement of
citizen science. Third, the most probable scenario reflects a pragmatic adaptation characterized by the concurrent
use of technology and nature conservation, the establishment of collaborative networks, and workforce development
designed to accommodate the emerging space economy. Ultimately, these findings provide a strategic empirical

foundation for elevating Thailand’s astronomical learning facilities toward long-term sustainability.
Keywords: Foresights; Future scenarios; Environmental Management; Astronomy Learning Centers

Introduction

Environmental management in the 21st century is undergoing a major transition driven by globalization
and climate change. The global community has prioritized the United Nations Sustainable Development Goals
(SDGs) as the primary framework for balancing economic growth, natural resource conservation, and social equity.
However, with rapid scientific and technological advancement, environmental conservation is no longer limited to
terrestrial resources such as forests, water sources, or the troposphere. The concept has expanded to include the
space environment and dark sky preservation, which are now recognized as human natural heritage [1] [2]. This
awareness coincides with the growth of the space economy, driven by space innovation, satellite communication,
and astrotourism, generating significant value for local economies worldwide.

Given these developments, astronomy and space learning centers—such as observatories, astronomical
parks, and science centers—are no longer solely physical observation sites. They have shifted toward becoming

science communication spaces that connect advanced knowledge with the general public. These centers inspire
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youth, develop the workforce for the space industry, and promote citizen science. Additionally, they help attract
tourists and distribute income to surrounding communities through responsible tourism, aligning with the Bio-
Circular-Green (BCG) Economy Model [3].

Beyond providing academic services, astronomy learning centers are highly energy-intensive
infrastructures. This is primarily due to climate control systems maintaining strict temperature and humidity
standards for advanced scientific instruments, alongside the energy demands of large exhibition areas.
Furthermore, environmental issues like light pollution and fine particulate matter (PM2.5) directly compromise
observational capabilities. Consequently, integrating energy and environmental management is a critical
prerequisite for the long-term survival and sustainability of these centers. Despite infrastructure development,
Thailand’s astronomy learning centers face mounting environmental threats. A primary crisis is light pollution from
unplanned urban expansion and improper lighting installations that obstruct sky visibility. Light pollution not only
reduces observational capacity and instrument efficiency, but it also negatively affects ecosystems, biological
clocks, and human health. Furthermore, many centers struggle with internal resource management, including waste
disposal, high carbon footprints from mass visitation, and energy management that has not yet reached net-zero
carbon targets. The lack of an environmental management system suited to the local community context also
creates a gap between the learning centers and the surrounding society. Currently, solutions to these problems
are often reactive and fragmented. Most research focuses on industrial environmental management or purely
astrophysical outcomes, leaving an academic gap in integrating international standards like ISO 14001 with dark
sky reserve criteria specifically for astronomy centers. Because environmental problems are complex and highly
uncertain, traditional research focusing only on past or current events is insufficient for long-term strategic planning.
Although previous studies have explored the development of science learning centers, most research has primarily
focused on educational management effectiveness, lacking concrete and in-depth investigations into energy and
environmental management systems. This research thus presents a distinct novelty by integrating astronomical
sciences with the dynamics of energy and environmental technology applications to formulate future scenarios that
have never previously been assessed within the context of Thailand. The outcomes of this study will serve as a
crucial milestone in preparing for the challenges of the coming decade.

Therefore, this research applies futures studies, specifically Ethnographic Delphi Futures Research
(EDFR), to gather expert insights. This method helps anticipate trends and forecast future scenarios—including
worst-case, desirable, and most probable scenarios—over the next decade. Analyzing these scenarios provides a
strategic direction for environmental management in Thailand’s astronomy learning centers. The findings will offer
empirical data for policymakers, local governments, and relevant agencies to develop practical management
models. The ultimate goal is to upgrade Thailand’s astronomy learning centers to international standards, creating
spaces that sustainably balance space science advancement, environmental conservation, and local economic

growth.

Research Objective
The objective of this research is to analyze and forecast future scenarios for environmental management
in Thailand’s astronomy and space learning centers, including the desirable, worst-case, and most probable

scenarios.
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Research Methodology

This research is part of a larger mixed-methods project utilizing the Ethnographic Delphi Futures
Research (EDFR) technique [4]. However, to ensure a comprehensive and in-depth analysis of future scenarios
and systemic contexts, this article focuses specifically on presenting the qualitative findings from Phase 1 (In-depth
Inquiry). The detailed procedures are as follows:

Key Informants: The key informants consisted of a panel of 24 experts selected through purposive
sampling. This sample size ensures data saturation and comprehensive stakeholder coverage, which is standard
and highly appropriate for futures research prioritizing qualitative depth over statistical generalization [5] [6]. To
obtain highly reliable, in-depth insights capable of comprehensively reflecting future scenarios, the researcher
established strict selection criteria. These criteria thoroughly considered the individuals' qualifications, specialized
expertise, empirical achievements, and long-standing professional experience. The selection encompassed five
primary professional disciplines essential to driving the learning ecosystem: 1) astronomy and space, 2)
environmental education, 3) architecture and urban planning, 4) educational technology, and 5) learning center
management. The experts were categorized into three distinct groups: 6 policymakers, 9 practitioners, and 9
academics. Most informants were in the peak experience bracket, with 41.7% aged 40-49 and 37.5% aged 50—
59. Furthermore, 75% of the panel held a doctoral degree, and 54.2% possessed more than 16 years of direct
working experience in astronomy, environmental fields, and learning center management.

Research Instruments: The primary instrument for data collection was an open-ended, in-depth inquiry
questionnaire. This tool was adapted from the Ethnographic Futures Research (EFR) approach to encourage
experts to envision and forecast the environmental management of astronomy learning centers over the next 10
years. The experts were asked to project future scenarios in three dimensions: 1) the best-case scenario, 2) the
worst-case scenario, and 3) the most probable scenario. To ensure content validity, the instrument was evaluated
by three independent experts. All questions achieved an Item-Objective Congruence (I0C) index of 0.50 or higher,
meeting the standard criteria.

Data Collection: In-depth data were collected individually using flexible methods suited to each expert's
context. These methods included self-administered open-ended questionnaires, online video interviews, and face-
to-face interviews. The process emphasized giving experts sufficient time and freedom to reflect, ensuring the most
complete and insightful perspectives possible.

Data Analysis: Data were systematically analyzed using thematic and content analysis. Following the
transcription of recorded interviews and the integration of written questionnaire responses, the consolidated textual
data were subjected to a rigorous coding process to extract key terms, which were then categorized into coherent
conceptual groups. These concepts were synthesized into distinct variables to formulate the three future scenarios

serving as the foundation for presenting the research findings.

Results and Discussion

Research Findings: Based on the content analysis of qualitative data from in-depth inquiries with 24
experts during the first round of the Ethnographic Delphi Futures Research (EDFR) process, the researcher
synthesized future scenarios for the environmental management of Thailand's astronomy and space learning

centers over the next decade. These scenarios are categorized into three main types as follows:
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1. The Worst-Case Scenario: Degradation and Social Disconnection

This scenario reflects the experts' concerns about a situation where learning center management
lacks vision, fails to perform maintenance, and neglects the social and environmental contexts. This would lead to
a decline across all areas, specifically:

1.1 Outdated Technology and Personnel Shortages: Experts indicated that without long-term budget
planning and strategic management, advanced equipment—which required massive initial investment—would
quickly deteriorate and become outdated. A severe concurrent issue is the shortage of specialized personnel and
brain drain. When technical problems occur, there would be a lack of capable staff to repair or upgrade the systems.
Consequently, the learning centers would fail to meet their functional objectives and completely lose their capacity
to provide academic services.

1.2 Pollution, Climate Threats, and Urban Planning: The learning centers will face severe
environmental crises, particularly high levels of PM2.5 and light pollution. Combined with unplanned urban
expansion and a lack of strict zoning regulations, this will lead to the construction of high-rise buildings that obstruct
the horizon and visibility for astronomical observation. Furthermore, climate change impacts, such as extreme
weather and unseasonal dense cloud cover, will pose serious operational limitations. Additionally, inefficient
management and the neglect of occupational health and safety standards will inevitably result in municipal waste
problems and the destruction of surrounding ecosystems.

1.3 Infrastructure Degradation from Policy Discontinuity: Facilities lacking continuous maintenance
will gradually deteriorate into deserted areas or abandoned monuments. This reflects a structural vulnerability
caused by the discontinuity of executive policies that fluctuate with administrative terms. Such instability causes
large-scale projects to be suspended or face mid-project budget cuts. Consequently, these infrastructures will not
only lose their visual appeal, but the lack of risk management or emergency response plans will also turn them into
significant safety hazards for users and the surrounding communities.

1.4 Inequality, Conflict, and Ultimate Abandonment: Focusing solely on physical buildings or
advanced research while neglecting local residents will create conflicts with the surrounding communities. The
learning centers will become closed spaces inaccessible to the general public. Coupled with high admission or
service fees that create access inequalities, these astronomical facilities will become ivory towers or exclusive
spaces serving only elites or specific academic groups. Ultimately, lacking social acceptance and a shared sense
of public ownership, these learning centers will face severe budget shortages and be completely abandoned.

2. The Desirable Scenario: A Green Learning Ecosystem and International Standards

This scenario represents an ideal future where learning centers transform into key drivers for national
development while sustainably maintaining ecological balance. It comprises the following aspects:

2.1 Advanced Technology and the Metaverse: The learning centers will overcome physical
limitations by integrating advanced technologies. Specifically, applying the Metaverse alongside Artificial Intelligence
(Al) will connect the physical and virtual worlds without borders, allowing users to experience highly realistic space
learning simulations. Furthermore, developing online observatory networks and utilizing Big Data will enable the
public and researchers worldwide to access astronomical data 24/7. This effectively removes traditional barriers to

learning.
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2.2 Carbon Neutrality and Dark Sky Reserves: Environmental management will be upgraded to the
highest international standards. The learning centers will transition to 100% clean energy, such as solar power, to
achieve carbon neutrality. Crucially, they will push for the establishment of Dark Sky Reserves—areas completely
free from light pollution, optimized for astronomical research. Additionally, Circular Economy principles will be
systematically applied to resource management, aiming for zero-waste goals and highly efficient wastewater
recycling.

2.3 Universal Design and Green Infrastructure: Spatial design will be based on Universal Design
principles, ensuring that everyone, regardless of gender or age, including vulnerable groups like the elderly and
persons with disabilities, can access the space safely. This reflects a commitment to equity in science education.
Concurrently, building infrastructure will follow green architecture standards. This involves using eco-friendly
materials, designing structures to blend with the surrounding natural landscape, and relying on natural lighting and
ventilation to minimize building energy consumption.

2.4 International Standards and the Community Economic Ecosystem: The learning centers will be
elevated to gain global recognition. Beyond serving as knowledge hubs, they will act as key mechanisms in driving
the Space Economy by promoting responsible astrotourism. This will generate income for surrounding communities,
allowing the local economy to grow sustainably alongside the institutions. Most importantly, their primary role will
be fostering a citizen science society, where local residents are aware of and actively participate in protecting
natural resources in collaboration with the centers.

3. The Most Probable Scenario: Dynamic Adaptation through Multilateral Cooperation

Given the realistic budget and resource constraints in Thailand, the experts evaluated the most likely
direction, which emphasizes flexible management as follows:

3.1 Practical and Hybrid Technologies: The most probable future will not involve heavy investments
in expensive, cutting-edge technologies. Instead, it will focus on cost-effectiveness by using hybrid technologies to
provide both online and offline services. Concurrently, the lifespan of existing astronomical equipment will be
extended through system upgrades and the promotion of open-source databases. This approach meets diverse
user needs in practical situations and helps reduce the digital divide under a limited budget.

3.2 Contextual Green Management and Efficiency Enhancement: Environmental management will
not leap directly to advanced green technologies. Instead, it will implement basic standards and progress gradually,
prioritizing the specific context of each area. The focus will be on resource management through the 3Rs (Reduce,
Reuse, Recycle) principles and basic energy-efficiency measures. The goal is to minimize environmental
disturbance given limited resources, while also promoting Community-based Monitoring systems to oversee
environmental impacts.

3.3 Renovating Existing Structures and Flexible Spaces: Instead of constructing large new buildings,
the learning centers will focus on routine maintenance and upgrading existing structures to extend their lifespan.
This includes managing areas as flexible spaces (or adaptive reuse) that can be easily adjusted to support various
activities. The highest priority will be given to core safety standards for both the public and staff.

3.4 4P Collaborative Networks and Resource Sharing: The survival of these learning centers will
not depend on working alone or relying solely on government funding. Instead, it will rely on strong collaborative

networks through Public-Private-People Partnership (4P) mechanisms. This involves integrated management
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among government agencies, the educational sector, and local communities to jointly drive initiatives and share

resources—such as equipment, personnel, and knowledge. This collaboration is the most crucial strategy for

overcoming resource shortages.

To provide an overview of the directions and specific characteristics of each dimension, the researcher

has synthesized all findings into a comparative summary, as shown in Table 1.

Table 1.  Comparative summary of the three future scenarios for environmental management in Thailand’s
astronomy and space learning centers.
Dimensions The Desirable Scenario The Worst-Case Scenario The Most Probable Scenario
Technology Advanced Technology and Outdated Technology and Hybrid Systems and Cost-

the Metaverse: Integrating
the Metaverse, Al, and Big
Data to overcome limitations,
alongside creating a Virtual

Observatory network.

Personnel Crisis: Damaged
equipment, lack of specialized
experts for maintenance and
development, and severe brain

drain.

Effectiveness: Utilizing hybrid
systems, extending the lifespan
of existing equipment, and
supporting Open Educational
Resources (OER).

Environment

Carbon Neutrality and Dark
Sky Reserves: Utilizing 100%
clean energy, driven by the

Circular Economy and zero-

Pollution, Climate Threats, and
Urban Planning: Facing PM2.5
and light pollution, urban

expansion obstructing visibility,

Contextual Green Management
and the 3Rs: Efficient resource
utilization based on 3Rs

principles, focusing on energy

waste goals. and adverse climate change efficiency and community-based
impacts. monitoring.

Infrastructure Universal Design and Green Degradation from Policy Structural Upgrades and Flexible
Architecture: Applying Discontinuity: Degenerating into  Spaces: Focusing on building
Universal Design integrated abandoned monuments, performance improvements and
with Green Architecture, lacking emergency plans, and maximizing the utilization of
using eco-friendly materials turning into hazard zones. adaptable, flexible spaces.
to ensure safety for all.

Management International Standards and Exclusive Spaces and 4P Collaborative Networks and

Community Economic
Ecosystems: Promoting
astrotourism, driving the
Space Economy, and
fostering a citizen science

society.

Conflicts: Creating access
inequality (exclusive spaces),
conflicting with communities,
and facing budget suspensions

due to lack of acceptance.

Resource Sharing: Managing
through Public-Private-People
Partnerships (4P) and

emphasizing shared resource

utilization.

In-depth Insights and Synthetic Conclusions

Synthesizing the three future scenarios—Optimistic, Pessimistic, and Most Probable—reveals key
insights that reflect the actual direction for developing astronomy and space learning centers in the Thai context:

1. A Paradigm Shift from Physical Infrastructure to Dynamic Management: Expert consensus indicates
that the future success of these centers depends less on building size or equipment modernity than on effective

dynamic management. As demonstrated in the negative scenario, buildings risk becoming abandoned monuments
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due to policy discontinuity and brain drain. Therefore, the key factor is the efficiency of dynamic management,
particularly upgrading existing structures and designing multi-purpose spaces for maximum cost-effectiveness.
Ensuring long-term equipment maintenance and resource sharing are decisive factors for organizational
sustainability under budget and personnel constraints.

2. Environmental Sustainability as a Condition for Survival, Not an Option: Environmental issues are
more than just a social trend; they are a direct requirement for the survival of astronomy learning centers. These
institutions face multiple threats, including light pollution, urban expansion, PM 2.5, and climate variability. Failure
to manage these challenges will lead to the loss of their primary function: celestial observation. Consequently,
implementing circular economy principles, pursuing zero-waste goals, and adopting basic energy-saving measures
are not merely social contributions but essential strategies to reduce operational costs and achieve long-term self-
reliance, as projected in the most probable scenario.

3. Technology as a Tool for Expanding Learning Opportunities and Reducing Inequality: Although the
optimistic scenario mentions advanced technologies like the Metaverse, Al, and Big Data, the analysis shows that
technology is not meant to replace genuine on-site experiences. Instead, it acts as a bridge to overcome
accessibility limits, preventing the learning centers from becoming exclusive spaces. Developing online observatory
networks and Open Educational Resources (OER) allows people from remote areas or vulnerable groups to access
astronomical knowledge equally with urban residents. Therefore, experts highly agree that a hybrid learning model
is the most effective solution for addressing educational inequality.

4. Multilateral Networks and Community Engagement as the Foundation of Stability: Lessons from the
pessimistic scenario demonstrate that learning centers cannot survive in isolation without community involvement.
The desirable model must move beyond being merely an educational facility to become a Social Space that
supports surrounding communities. This is driven by 4P (Public-Private-People Partnership) networks, the
promotion of astrotourism to generate local income, and the cultivation of a citizen science network. When the
community feels a sense of ownership and receives benefits, they naturally shift from being mere observers to
active protectors, automatically helping to safeguard the facility and monitor environmental issues.

Discussion

This research aimed to analyze and forecast future scenarios for the environmental management of
Thailand's astronomy and space learning centers, covering three distinct models: the desirable, worst-case, and
most probable scenarios. The findings align with the theoretical foundations of futures studies established Wendell
Bell [7] who suggested that this discipline requires exploring multiple futures to broaden perspectives and prepare
strategically. The experts' collective reflection on the worst-case scenario serves as an early warning, which is
consistent with the perspective of Ketudat [8]. Meanwhile, the desirable and most probable scenarios reinforce
Ziauddin Sardar's [9] view that the future is dynamic and can be shaped by current management practices. Based
on the synthesis of these three scenarios, the researcher discusses the in-depth findings across four core
dimensions as follows:

1. Transitioning to Dynamic Management: A comparative analysis of the scenarios reveals a notable
concern among the experts: learning centers could be abandoned and turned into mere monuments. This contrasts
sharply with the optimistic scenario, which envisions astronomical facilities as fully integrated green architecture.

This contrast leads to a practical synthesis: the most viable and likely solution is to focus on upgrading the
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performance of existing structures while designing flexible spaces. This approach allows facilities to adapt to
technological changes and budget constraints. Such circumstances highlight that structural failure, often caused by
policy discontinuity at the executive level, is a major vulnerability. This aligns with Tekhanmag [10] who noted that
futures research must account for the sensitivity of socio-political contexts, as these factors directly impact the
sustainability of large-scale government projects. Therefore, management over the next decade should not fixate
on new construction. Instead, it should transition to flexible environmental management based on international
standards to extend the lifespan of existing infrastructure and maximize cost-effectiveness amid budget fluctuations.
This concept is supported by Thamwapi and Thongkamsamut [11] who studied building renovation guidelines based
on green building criteria at the College of Local Administration, Khon Kaen University. Their study showed that
retrofitting existing public buildings using green criteria is a cost-effective and sustainable strategy, particularly for
Thai educational institutions. They found that upgrading existing structures with simple yet effective techniques—
such as optimizing lighting systems and building envelopes—can transform older facilities into smart learning
spaces without requiring massive budgets for new construction. This also corroborates the findings of Khetkrathok
and Suluksna [12] who indicated that renovating the library building at Suranaree University of Technology under
green building standards significantly reduced environmental impacts and generated value throughout the building's
life cycle. Regarding spatial management, Klinchoey and Boonyaputthipong [13] suggested that retrofitting existing
buildings with flexible designs to support diverse activities (multi-functional spaces) is key. This approach enables
government agencies to increase space utilization rates under severe budget constraints. This is consistent with
Bullen and Love [14] who studied the adaptive reuse of heritage buildings in Australia. They confirmed that reusing
existing structures is a more efficient alternative to demolition and reconstruction for achieving both economic and
environmental sustainability goals. However, the findings of this study expand on previous research by
demonstrating that, within the context of Thailand's astronomy and space learning centers, dynamic management
is no longer merely an architectural choice. Rather, it has become a survival strategy that acts as a shield against
the uncertainties of public policy. This strategic resilience ensures that these scientific learning institutions can
continue to serve society continuously without being left behind in the future.

2. Systemic Environmental Management for Sustainability: The findings reflect a concerning future
scenario: without an effective environmental management system, astronomy learning centers will inevitably face
pollution crises and environmental threats. Specifically, the worsening PM2.5 pollution and light pollution will
obscure celestial visibility. This situation confirms that environmental sustainability is no longer a secondary
management issue, but a fundamental prerequisite for the centers to survive and fulfill their core functions. This
aligns with the study by Youyuenyong [15] on the impact of light pollution on public astronomical research services.
His research examined how urban expansion and unregulated artificial lighting affect observatory operations in
Thailand. That study clearly indicated that light pollution not only degrades the quality of scientific research data
but also deprives the public of their right to access astronomical learning services. On the other hand, the optimistic
scenario focuses on establishing Dark Sky Reserves and achieving carbon neutrality. This elevates environmental
management standards beyond conventional carbon footprint reduction. This approach is consistent with the
practices of global organizations like the European Southern Observatory (ESO), which proactively uses 100%
renewable energy to tangibly reduce greenhouse gas emissions. When comparing these localized future scenarios

with international astronomical facilities, similar environmental management trajectories become highly evident.
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Major global observatories, such as those in Mauna Kea, Hawaii, which emphasize community-based ecological
management [16] or the Atacama Desert in Chile, where international observatories have formed the Dark Skies
Council to combat light pollution [17] actively integrate rigorous environmental impact assessments into their
operations. The 'desirable scenario' identified in this Thai context aligns seamlessly with the global astronomical
community's broader shift towards the Sustainable Development Goals (SDGs) and mitigating observatory carbon
footprints to achieve net-zero carbon operations [18] [19]. This alignment implies that for Thailand's space learning
centers to remain scientifically competitive and socially responsible, they must adopt an environmental management
framework that is globally aligned yet practically adapted to local constraints. Furthermore, it aligns with Martinez-
Ramos et al. [3] who suggested that learning spaces in the next century must function as a Social-Ecological
Model, helping people realize the deep connection between human lifestyles and ecosystems. However, comparing
the findings from these future scenarios with previous literature reveals significant insights and differences. While
Youyuenyong [15] focused on reactive mechanisms, such as advocating for local ordinances to control light
pollution, this study presents a more strategic perspective. It suggests that future learning centers must shift their
role from being victims of environmental threats to becoming economic drivers through the Space Economy and
astrotourism. This transforms the pollution crisis into a strategic opportunity, utilizing the darkness of the sky as a
primary resource for value creation. Additionally, whereas Martinez-Ramos et al. [3] focused on the general design
of educational spaces, this research focuses specifically on the Thai context. It indicates that the sustainability of
Thai astronomy learning centers must be concretely linked to the national BCG (Bio-Circular-Green) Economy
model and Thailand's goal of achieving net-zero greenhouse gas emissions by 2065. Therefore, contextual
environmental management in this research is not limited to facility maintenance. Instead, it integrates institutional
stability with global Sustainable Development Goals (SDGs). This integration is a key strength and a novel finding
that this study contributes to the current academic field of astronomy and environmental management.

While a limitation of this study lies in the absence of measured environmental baseline data from
actual sites, the synthesized expert insights clearly demonstrate the feasibility of implementing practical
environmental solutions. Specifically, zero-waste initiatives and circular economy concepts can be operationalized
through eco-friendly exhibition designs utilizing renewable materials, as well as systematic electronic waste (e-
waste) management for specialized astronomical equipment. However, effectively driving these environmental
innovations in practice will still require further research to evaluate their detailed economic cost-effectiveness in the
next phase.

3. Integrating Technology to Reduce Inequality and Expand Learning Opportunities: A key issue
highlighted by the findings is the risk that high-cost advanced technologies could widen the inequality gap if learning
centers focus solely on modernity for commercial purposes. The researcher found that although virtual reality (the
Metaverse) and digital astronomy represent the optimistic scenario, in the most probable context, technology must
serve as a tool to reduce inequality. This can be achieved through hybrid learning and access to Open Educational
Resources (OER), creating a ubiquitous learning environment where astronomy education is accessible anywhere
and anytime [20]. This approach aligns with the futurist philosophy described by Poolpatarachewin [21] who noted
the necessity of considering fair alternatives to distribute scientific knowledge, ensuring equal access for all groups,
particularly those in remote areas. The concept of using technology to bridge the learning gap is consistent with

the study by Bamrungsetthapong et al. [22] on hybrid learning and the quality improvement of Thailand’s education
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in the 21st century. Their research indicated that transitioning to a hybrid teaching model is a crucial mechanism
for improving the education system and overcoming domestic inequality. The flexibility of this learning model
reduces physical limitations, enabling students who lack financial resources or live in remote areas to access high-
quality educational materials equally with urban learners. Regarding modern technology, these findings also support
the work of Mystakidis [23] who reviewed literature on the use of the Metaverse in educational institutions. His
research pointed out that the true value of virtual technology is not merely in attracting attention, but in its ability to
provide immersive experiences, such as space exploration. This allows learners who cannot physically travel to
learning centers to experience them realistically. However, Mystakidis emphasized that the success of such
technology depends on readiness and access to equipment—a concern that aligns with the views of the expert
panel in this study. Comparing these findings demonstrates that this research aligns with Bamrungsetthapong et
al. [22] and Mystakidis [23] in asserting that technology is a key enabler in expanding learning boundaries beyond
physical constraints. However, this study expands the analytical scope to include technological sustainability. In the
context of Thai astronomy learning centers, integrating technology must be accompanied by environmentally friendly
information technology management (Green ICT). This prevents the issue of e-waste from becoming a long-term
burden for the learning centers. Furthermore, future technological development should reduce overly complex
academic barriers by integrating ethno-astronomy through digital platforms. This serves as a bridge connecting
modern science with local wisdom. Ultimately, this approach will allow technology to act as a medium that fosters
a sense of ownership among all groups of Thai people, enabling them to utilize it in a concrete manner.

4. Institutional Stability Through Multilateral Networks and Social Participation: The findings across all
scenarios confirm that astronomy learning centers cannot survive sustainably if they operate without collaborative
networks. Transitioning the space from a conventional scientific institution or academic service center to a Social
Space via Public-Private-People Partnership (4P) mechanisms is a key variable in achieving the desirable scenario.
This emphasis on networking aligns with systems thinking and participatory theories presented by Jamkrajang [24]
who noted that the power of sustainable change comes from cultivating a sense of local ownership. This is achieved
by allowing citizens to influence the decision-making process from the beginning to the end of a project. Such a
process helps build trust and solidarity, leading to strong, collective environmental management. Furthermore,
engaging the community as citizen scientists to monitor light pollution and protect the environment surrounding the
learning centers aligns with the research of Kokamai and Weerapalangkoon [25]. Their study indicated that opening
spaces for community participation in operations yields concrete, shared benefits, including a cleaner environment,
better health, and an effective reduction in local resource degradation. This finding also supports Kyba et al. [26]
in their article, Citizen Scientists Report Global Rapid Reductions in the Visibility of Stars from 2011 to 2022, which
used observational data from global volunteers through the Globe at Night project. Their findings confirm that citizen
power is the most crucial mechanism for collecting massive scientific data (Big Data) that agencies cannot gather
alone. It is also a primary tool for raising broad public awareness about the loss of dark sky resources. However,
a comparative analysis reveals that while this study aligns with Kokamai and Weerapalangkoon [25] and Kyba et
al. [26] in viewing civic networks as vital mechanisms for environmental monitoring, it presents a broader strategic
conclusion. Specifically, while Kokamai and Weerapalangkoon focused on operational-level participation and Kyba
prioritized scientific data collection, this study finds that in the Thai context, participation must be elevated to create

a Community Economic Ecosystem. This can be achieved by linking the 4P network with innovative environmental
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management that generates local income. Examples include encouraging surrounding communities to operate eco-
lodges within Dark Sky Reserves or jointly developing local curricula with nearby schools.
This approach represents a shift from volunteer-based participation to engagement tied to local
livelihoods and economic sustainability. This socioeconomic integration is a concrete driving force that can steer
Thai astronomy learning centers away from the risks of undesirable scenarios, guiding them toward long-term

stability and sustainability.

Conclusion

This This study reports the qualitative findings obtained from Phase 1 (In-depth Inquiry) of an ongoing
Ethnographic Delphi Futures Research (EDFR) project investigating future environmental management scenarios
for astronomy and space learning centers in Thailand. Based on the perspectives and professional judgments of
24 experts, three future scenarios were identified: the worst-case scenario, the desirable scenario, and the most
probable scenario.

The findings suggest four strategic directions for future development: 1) shifting from infrastructure-
centered development toward dynamic management systems; 2) recognizing environmental sustainability as a
prerequisite for long-term organizational survival; 3) utilizing technology to reduce educational inequality and expand
learning opportunities; and 4) strengthening multi-sector collaboration and community participation as foundations
for institutional resilience. These findings highlight the importance of integrating scientific, environmental, and social
dimensions to support the sustainable development of astronomy and space learning centers in Thailand.

It should be noted that the scenarios presented in this study reflect the perceptions, experiences, and
expert judgments of the participating panel members rather than measured environmental baseline data. Therefore,
the findings should be interpreted as preliminary future scenarios developed during the first phase of the EDFR
process. These qualitative results provide the conceptual basis for developing research instruments and conducting
the subsequent Delphi rounds and quantitative assessment. The findings from Phase 2 are currently under
development and will contribute to a more comprehensive evidence base for future policy and management

recommendations.
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Abstract

This research aims to assess the organizational carbon footprint (CFO) and analyze transition risks toward
carbon neutrality in a case study of a compressor manufacturing plant. The study applies both quantitative and
qualitative research methods using the McKinsey 7S framework, PESTEL analysis, and risk assessment in
accordance with the Task Force on Climate-related Financial Disclosures (TCFD) framework.

The results indicate that the organization’s total greenhouse gas (GHG) emissions amount to 32,268 tCO.e
per year. The largest proportion of emissions originates from Scope 3 (other indirect emissions), accounting for
59.46%, primarily due to embedded carbon in raw materials such as steel and copper. This is followed by Scope
2 emissions (electricity consumption) at 23.68% and Scope 1 emissions (direct emissions) at 16.85%. The transition
risk assessment identifies 11 high-risk issues, particularly policy and regulatory risks related to the Carbon Border
Adjustment Mechanism (CBAM) and carbon taxation, as well as technological risks associated with the use of R-
22 refrigerant. The study proposes management approaches including the implementation of green procurement
policies, investment in high-efficiency technologies, and the integration of greenhouse gas (GHG) performance
indicators into corporate strategy. These measures are intended to enhance competitiveness and support the

organization’s transition toward a Carbon Neutrality.

Keywords: Organizational Carbon Footprint, Transition Risks, TCFD, Carbon Neutrality, Compressor Industry
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nyzanldiasniniesas 40 melul w.a. 2573 udathuuisanuidunarenisauan (Carbon Neutrality)
mulud w.e. 2503 uazmistsasimiIaunszangnTidugud (Net Zero Emissions) nelud w.a. 2608 Fomerian
ﬁaﬁﬂmaL%auhuwﬁa}‘iag}mmgﬁam%ﬂam‘i'}amalﬂugﬂﬁisw [3] 8t bsAanu mMIFuINAINIIRoaaNS
ﬂﬁiayﬁ”wsm,%auﬂsmnluﬂmQm’mmswﬁ'am%tgﬁaﬁ‘i']ﬁ'@éfmﬁunu wmalulad uazanunsanveiasding G9a1a
felWiAnanuLEsse I RDwH Vﬁiuﬁﬁmmngsnﬁw wmalulad aana Lm:wqﬁﬂsswjﬁinﬂ [4]

luyIunvesgasmmntunInaanauinIsioes eﬁaLﬂuqﬂﬂiﬂIz%Wﬂ”zylui:uuqmm%mmuaxwé’amu LT
JLULEADINNA JTUUYNANNLEY LazTsuuUTuanea wmfﬂﬂaumemaﬁﬂmﬂﬁﬂuqﬂﬂmiﬁwwé’wm"l%lﬂﬂu

o & o i o @ 0y o . 84 o
ﬁ(ﬂﬁ’]%g{i“ﬂE]GI’N(]’W%Q@]&TW%FI‘S?&J ‘Y]Gﬂﬂﬁﬂ’]’]&lLﬁU’J“ﬂE]\‘II@il(ﬂi\'iﬂ‘i_lﬂ’]iLﬁﬂﬂl‘Hﬁ’Tﬁﬂﬁﬂ’]’]&lLﬁu (Refrigerants) T3N1a3
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aglugramafouiiuanmnddrdnaninnsianiizlaniaugs (High GWP) ldgaimaienfidufinsde
FIUARBNAINTBANAY Kigali Amendment neladATansuaunIoea d\‘imlﬁ;&”wﬁmawLWS&L%%@T@NU%’U@T@W&‘L%
dunseanuuunianmel inaluladninda wazmsdanisislagdniu ieldreaadesnudainuadiu
FwasauLazANNFaINTIaInanalan [5], [6]

LLﬁiﬁawuiﬁ'ﬂﬁmumLﬁ'mﬁ'umiﬂi:l,ﬁum?uauv;lmw’%uﬁmaaaaﬁniﬁ]:mmsm:ql,msiaﬁmmaamsﬂ&ias
faSaunszantdadraduszuy Lwiﬁ'wmmsysmwmﬁaaaﬁ'mmm,“ﬁwﬁ'umﬁmﬁzﬁmmLﬁmﬁmmnﬂﬁw
| o & o & =2 A A A & s eo N & A A &
HWlUTZALBIANT A% ms@mmLwaLmaaﬂmwamsﬂizmumsuauvjmwm‘ﬂﬂummLﬂswz%mwmammanaqm
Safianududu esiusyunsdaduladuimauazmanaunumissnulwnaluladfunzay

A A2 . &K A & 2 ¢ & L o N & A Y a

NUIBRINIANEINMIUszITUATUa NN ANITWIVIaIANIAILENUMIAATIERANUENE B TR W
' ' & a2 a & o & A a a
dnganudunanimsensy aunlunsdidns lssnunianauinsasas Iﬂum@qﬂs:aqmw alvetdndIunmnis
ﬂﬁiasﬁ”wﬁauni:ansl,ugﬂLLuuﬂﬁuauvﬁmw%uﬁaaﬁm (CFO) 3miﬁ:ﬁmmLﬁmﬁmnﬁmﬁﬂumug}mwLﬂuﬂmd
NIATUOH Lm:muaLmeoL"Tmnaqﬂﬁé’(m%‘umw%mﬁ@msmw11Lﬁmﬁmmim§Uushu1uﬁ§@m 9 WA
midnmianainziiudszlomidanmagaswniaulunsdiudmgiarsgianiveud uazaiuaywdhnan oms
WauINg8% beln SDG 13 (Climate Action), SDG 12 (Responsible Consumption and Production) W&z SDG 9

(Industry, Innovation and Infrastructure) azh\‘ll,ﬂugﬂﬁ‘ﬁu

[ [ a o
2. 'J@lq‘ll‘i&ﬁdﬂ“ﬂadﬂ']‘i'ﬁ]ﬂ
1.L‘ﬁ'aﬂinﬁuﬂ?mmmiﬂdaUﬁ"ﬂsm%aum:ﬁmslugﬂLLUUﬂﬁuauv;lmw%uuﬁ’auﬁm (CFO) 2231599 UKAA
AONLWIELTESNITANEN
2.Lﬁia‘?mﬁ:ﬁmmLﬁimﬁmmsmﬁ'wmugmmLﬂuﬂmamam%uau LLa:LauaLmeaL%maqﬂﬁé'm%'u

MIVIMITIanMINeaamMIlasafigoiaunszan

1 v
=~ -~ Rl o a a o
3. LADINALLAZIWADWNITANUNIIIVY
NI IunIITBUUUHNRUNENY (Mixed Methods Research) 1 mgsmmsnws"umw:ﬁﬁagaL"EaﬂJ%mm
WASLTIA AN Lﬁaﬂinﬁuﬂﬁuauvﬂ@w%uﬁmaaaaﬁmuaz‘?mmzﬁmmLﬁm@Tmmsm§wmu§mm§ﬁam§uau

o ° =2 I o ~
a1 I(ﬂUﬂqﬂu@ﬂix‘u'}uﬂqiﬂﬂ‘]ﬂqﬂE]ﬂLlIu 3 TS QOLLﬁﬂﬂlugﬂﬂ 1

- 4 -
szueh 1 SEUEN 2 Truzh 3
AalRanfianTInasdnsnIuay . o . R EEGIGL P HELEG
e ; . sumuinalaziaie . ; . ..
AN IudazTaULn i slfsuduarivaunansun
TuTwlayananTil Swnmnideyarinmmmlanls i .
] ] 0 ¥ WHWNTHAIULEE (Risk Matrix)

(e, woutiuiind3anmg SWOT Analysis

oA W VoI
wamniveuranIuiosing
(tco,e)

ﬂ‘b’lll'ﬂia ?ﬂﬂlﬂh\ Tilﬂ"lﬁ' Az UWRINWNTITAANDLIDUNTZINVYDI

gusTavasesfing 299N3

Tayagalianm

. o e
Nunsdyinslaalasping
Faunizanyassifing

31 1 duaaumIduiiuniie
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A A & 2 e &
3.1 328N 1 ﬂ']iﬂi:LN%ﬂqiﬂauﬂﬂWSuﬂma\‘ia\‘iﬂﬂi

a A

nadszduaniuauawinriuadaddng (Carbon Footprint for Organization: CFO) l37ayanduniaind

W.A. 2567 %dmumummmdﬁagamUluaaﬁni Tetun loudsnitan i duinmslidowds (o shaiudirs
wazfMw LPG) MEnumMILInad91% ToyaNING® e R AT AT AT IR PAR At Iﬂﬂmamqmﬁﬁmiwmi
UaasMaiTaunIzanaul WIN19U8989ANTLIAIIIANIMTLIOUNTZAN (BIANITURITH). 2565 [7] ms@nenit
Frunnunssmsdsasfasounszansandu 3 seuwa dud vavae 1 Fadumivseslasassanianssues
23603 1% M3 ndidawdsluaiassnsuarnsia navesansvinanudu veua 2 Sadunssesneday
nmslEnssnwliin wszseuaa 3 FadunsUsesnedanan 9 15 WA I@sﬁmsmwﬁfﬂﬁm”tyﬂnawaum@i{
NN RIITTNIINTZALIIA ANUEIN1I0LUNIATINRAAY UaZANTLI Ay TarrualumIsw tuas
ﬁUmumﬁfuauvj@]w?;uﬁ‘naaaaﬁm. 2564 Wudunasdassfinulunsdsndn ldun waae 1 fuduazusnisd
0IFNI30TE WA 5 MIMSALBFETIANAINTINTIBIANT WaznNIa 7 MItAuNIVaIWTNNusesalasas
Uszinninda Nesdinidniiumssulinranddanioies

nsfmwimsSunmnisddesmamSaunszanldaunis CFO = ) (Ai x EFi) Tagd Al ﬁaﬁagaﬁaﬂﬁu LT
YSuramslgnin (kwh) Usunmmsldigainaa (lite/kg) wazUIuNmuadLde (kg) Waz EFi Aodaulssaninis
1/aay (Emission Factor: EF) ﬁl“ﬁ’[umiﬁﬂm‘ﬁ?ﬁ’mﬁdmﬂgmﬁagamad Intergovernmental Panel on Climate Change
LAZBIANTLUSMITIAMIMTSaunIzan LU A1 EF w84 lWin (kgCO,e/kWh) @1 EF PaginTudLTa (kgCO2ellite)
@1 EF 284 LPG (kgCOze/kg) Wazdin Global Warming Potential (GWP) 2ad&13¥a1uL i viaft msdnwmlduen
anuudszaannagstawnaldmansnaesaudaunsule (Traceability) [8]
3.2 320efl 2 MIROTALSUNDISNT

' [ '

mMylenziLIunasinIzangudiagnlnuiianaunImset lasdaianlasitnaifanuuuianzas
(Purposive Sampling) 1M I BATILNITTUNMILTEN W30 1 A WazlangsANYIT a9 lﬁﬁagm‘ﬁaqmmw
nMIsNN BN lasIaIe (Semi-structured Interview) lagasnuuudiniy LﬁaiﬁﬂsaUﬂquﬁaHa@TﬂquUuws
mM3giinen waraseifisatasiunisaafaisaunszan %dﬁmiﬁuﬁmﬁmLLaztm@mmeaHaLﬁiaﬁﬂm
=i

mylanzitTassmeolussdnslinsauunifia McKinsey 7S 184 McKinsey & Company i nagniuas
036N la39a$1989ANT S2DUNIE AU YAAINT inBeANUEITD JUUULINITUIHITIaNTS wazdfiouiiu
2840846073 [9] TaduA18uan N33 T1eH PESTEL %amauaquﬂﬁ]ﬁ'ﬂﬁmmnﬁau Lsugia &30 tnalulad
feadau WRENHUNY [10] L‘ﬁiaﬁnﬁagaﬁLﬁmﬁam’mﬂ&aﬂ%ﬁ‘i’smyimm:msm,an VAANTOILAZAARIAL
anuidgyasfay inaswslulfludszduanudosualamafiusndaandaludegiuuasiaainezdas
wTnluawaa
3.3 320 3 mydsnduanuiFesdunsfoudin

msﬂiuﬁummL%‘Uaﬁmmsmﬁzluchu;jmia@ﬁm%um:an’Lf’ﬁmtawa\‘l Task Force on Climate-
related Financial Disclosures G9utsamaninsaanidu 4 36 leun wlawng (Policy) inalulad (Technology) asna
(Market) waza1din9 (Reputation) [11] titasannidunseufilasunmssansulusauamnagnsumstsziuana
Lﬁmﬁmamwgﬁmmﬂlumﬂﬁqiﬁa [12]

msUssiuanudssldss Risk Matrix lagdna8auwinisain COSO-ERM 2017 was 1SO 31000:2018 [13]
Farvuanmainmsdszdudn 2 58 leun TanmaAie (Likelihood) uaznanszny (Impact) lagldszaunsuunasug

19095 LLa:ﬁ'lmms:@”um']mﬁmmnwaqmﬁuaaﬁaaaaﬁm‘i’a INBUIATZAUAINLRYS 89 L ULRIATWANNLFES 15
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wupdszduanusssumadfouinu %dﬂiznauﬁmpjr‘ﬁmmgmyuam‘hmu 5 A% laun faanIlasnis
Net Zero 848 NN3LSMIIMDI30UNTZaN FINANTENTINITNIINTUAZAILIAREN, NoITLLAREWMIaAMaSauNTZan
fndaaunazdszilinianisaaiioiiawnszanyaslszing LLazﬂﬁjwﬁﬁ'ﬁﬁmmmﬂﬁwﬁaumwﬂ fINANTUNTT
Lﬁﬁﬂmmmaquﬁmmmazﬁ'aumé’a3J ﬁmuﬂﬁmﬁaﬁ'ﬂLﬁaﬂmwmﬁﬂwﬁiLL@iS:@TﬁJgd"l,ﬂwﬁﬁm”uqomﬂ WD

i llglunsinuaniasns QaLﬁummLﬁmlm:é’ug\mm WAZIZALIS TALRAINA L UTIIRFN AL RLAT NIZADI

ﬁLLNuﬂ'ﬁﬂ'}UQNLLﬂzﬁT@ﬂ’ﬁﬂ’J’mLﬁﬂ\ima\‘la\‘lﬂ{ﬂi

4. HANTINATIZATOYA

4.1 %Lﬂi?iﬁiﬂﬂﬂﬂ%m?iﬂﬂ’ﬁﬂﬂlﬂ&Iﬁ"]‘m‘%a%ﬂizﬁlﬂ UARZVOULTAVBININTIN Lﬁ&l‘u's%'@fﬂ")%'iﬂﬂLLﬂﬂ'dﬁ']Lﬁ@lslugﬂLLUU

' 2 I & e P
‘Iﬁu?U@]uﬂ’]iﬂﬂuvl(ﬂaaﬂvlsﬁ(ﬂLﬂﬂuLﬂ'] @JLLN@NI%@’]?’NY] 1-3

P a ' [2J A 6 A o & a o
@137°9% 1 USurwnslaasmeaIannizanuadadnnuauiuan 1 (‘ﬂ']ﬂﬂ'ﬁLN']vl.V\llL“HE]LWﬂd LLEﬂzﬂ’]Ti'JVL‘V\ﬂ)

unaslaay #“iY U UM SAFIUNTT @1 EF RN
Uszian Saunszan  UsssiwiIew  (Emission 81984
(tCOelyear) nzan (30Laz)  Factor)

NIILHNN ﬁm“’m%mwaa Lite 470.00 1.27 0.02 2.71 IPCC Vol.2
sl (@1m) :nLadas table 2.2,
Fowds Al DEDE
fagny  LPG Ysznay Lite 6,619.05 11.13 0.20 1.68
7 NIV

LPG (Boiler n13 Lite 1,154,347 .48 1,940.72 35.69

\HouuazLanay 1.68

Fuam)
NITLHN M3 LPG 30 Lite 977,247.86 1,691.27 31.10 1.73
sl IWRaaNY
\Fowds (83 15 Aa3)
LUy ﬁm"’m%mwaa Lite 22,846.15 62.61 1.15 2.74
\nRaun  Glma

(IDVURIFUA)

‘Lim”umué?m 95 Lite 9,561.39 21.41 0.39 2.24

(MILAWNY

mulu)
ng R-22 (HCFC-22) kg 24.00 42.24 0.78 1,760.00 IPCC
Plwa R kg 1,005.91 681.00 12.52 2013, ARS
iazan 677.00
9 R-125 kg 287.50 911.38 16.76

3,170.00
R-134a kg 57.20 74.36 1.37 1,300.00
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HAasIN 2,172,466.54 5,437.39 100

31Na13197 1 miﬂdamﬁ"m‘%aummﬂmnmmﬂwaLTL"'ﬁ“vaLwﬁmuuaguiﬁ'uﬁ ATAUARUAINIINNNT
11393n®1 nIwda waznisdsznevamislulisennis LLazmiﬁﬁgﬁ'ﬂmm%‘aaﬁnﬁﬂﬂﬂw (Generator) N9
LA aIaULNLLEBUA 2 A3T VaETisTudsasine LI (Fire pump) linunsidnidamasluseudnm
fmsuRanssumsdsznauamsluhiue Imsliidomasiatlandouman (LPG) Tagdredsanniinasnaniiany
Siakeabty Tugure9nTzuInmMINGa wuiinisnaaloianndady (Boiler) TalglunszuanmIidonuasianay
Fuam Wnundsldwasnunan

msUsasfMoisaunizananunaiafoui mamquﬂwssl,"ﬁv‘ﬁ?aLwﬁﬂumuwmuumzqﬂmtﬁmuﬁamu‘lu
83/N5 308N $1Wn 7 o [FiBanEefe LPG 2mads 15 s I@yﬁwafﬁamﬂﬁagamiﬁﬁa snsuﬁﬁqﬁauqﬂﬂa
20389607 1EaTuundu 95 lagfuimanszozmesan 141,154.80 Alawas uazsasmsiuwlissdamaass
IOUTIMNAMTUIUSIAUAY 1% 4 A% fmadumaade 5 enedaiion Aaduszoenen 146,124 Alawas
Qmé"mwmsémﬂﬁaaL%aLwﬁamaainuisnnLaﬁﬁ

mydsssfmaiannizananunssialnaussfantsndu 9 Uszneudesruuihtaindsuaznisldasvi
AU sruuthsaidevesesdnsiduszuy Activated Sludge %aﬁmnﬁummmm:muquqmmwﬁﬂ‘ﬁvﬂﬁ
Wnldanuinasgu seuslildifianmsdsesiafinu Tusmvasszuudsveime linunmsd@usnsenuduly
vaul Lﬁadmﬂaaﬁnﬂ%zuumaLﬁuLLuuﬁwmguﬁmu (Cooling Tower) Lunan agndlsiann wumsltavinanu
dwanzlufanmaamaseunaunwisised lasdedsnniufindSinamisldmhanudueemisnuaivgu

qmmw

A195191 2 Usunawmsltiwinnneluasdnsveviwan 2

Yszian wAsdlaas FATeN]] YIuom JSunaino geaw @1 EF LARIB9D4
=) . .
LIDUNIZIAN n3 (Emission

(tCO.elyear)  iUday Factor)

ey
0%
n3zan
(30882)
m3ls mslg Wi lu Kwh 1.99 0.49 Thai National
T FLUUUFIFTN 303,446.90 151.69 LCI
sl WA Kwh 6.00 Database,
sruuszULGu 917,172.00 458.49 TISMTEC-
sl WA Tu Kwh 20.05 NSTDA, AR5
SEATH 3,064,762.00 1,532.07 (with TGO
Ln3asdsuanme electricity
M3l il Kwh 24.24 2016-2018)
TULIABNMA 3,704,760.00 1,852.01
M3l il Kwh 47.73
FUUMINEA 7,296,557.58 3,647.55
HAIIN 15,286,698.48 7,641.81 100
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INANI9N 2 NstaesmmIaunizanniaananmals i laslugSadntn 12 t@en IWRINInuaa:
Qnﬁiw"l,ﬂ‘ﬁs:uwa”ﬂ 5 8% LAWA STULLATEIINTNTHAS J2ULEAIMA S2UULATBIUTUMA S2UUTzUUINLE®

LRYITUULRIRINN

P a . o A I3 A v A
M1919% 3 YT IUea8MoiIawnIzANYDIDIANT VOLLUGN 3 (mdaauaw])

yzinn unadlansy Wihae) SRVl USunaie  gasin @1 EF WARY
L3aUNIZAN n3 (Emission 814984
(tCO.elyear)  idaw Factor)
Ma3an
n3zan

(30882)

wefi  tndssh m?3 62,333.00 16.05 0.08 0.54 Thai
1 National
IAINNT LCI
Gh Database,
anay TIIS-
e MTEC-
UIN3 NSTDA
(with TGO
electricity
2016-
2018)
Wandien kg 17.43 1.76 CFP TGO.
1,900,484.75 3,344.85 81984
WaNTanan kg 423 6.56 JEMAI Pro
123,871.06 812.56 using Thai
Electricity
Grid
RANRED kg 42.08 164 TGO
4,929,003.00 8,074.69 (Ecoinvent
2.2, IPCC
2007
GWP
100a)
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M99 3 YSunamaddesfoisaunizan1e9896nT VOULVAN 3 (NIBaNDHY) ¢o

dszian

AUIAN
5
INNNT
fnaa
A
YBILFE
A a
e
naNITN
PBJ

(3
NANT

W ERERE]

Yianadnass

unay

' 6
LHWARNRIIN

msld co,

Qb

NULUI

Coolant
M lulasian

m’sﬁﬁ'@ga
Hasvinldan

MININAY

mMInnaVEE
AUATILAY

n3bRn basl

A8 YIuo

kg
2,818,849.00

Lite
446,714.95

kg
13,699.27

kg
31,433.00

kg
37,504.00

kg
16,604.00

Lite
40,200.00

kg
3,396,120.00

kg
21,560.00

kg
556,747.30

YIurwnne

L3UNIZAN

(tCO.elyear)

4,594.16

98.28

25.77

33.02

24.94

35.24

33.44

1,687.87

12.31

285.77

ORI
13
SIRRH]
e
0%
n32an
(308
82)

23.94

0.51

0.13

0.17

0.13

0.18

0.17

8.80

0.06

0.04

@1 EF

(Emission

Factor)

1.63

0.22

1.88

1.05

0.67

212

0.83

0.49

0.57

0.01

LARIB9D4

TGO,
Suttakhunsantikan
et al., 2024

Thai National LCI
Database, TIIS-
MTEC-NSTDA
(with TGO
electricity 2016-
2018)

TGO (CFP FY23
072 0458)

TGO (CFP EF
Data v.2.01 283
ﬂnwmﬂﬂm
TGO (Ecoinvent
2.2, IPCC 2007
GWP 100a)

T-VER-TOOL-02-
02 Version1 N3
Awrmnirdsay
fMa3auwnIzan
NNRNEINAL
VUZYIH DTN
Thai National LCI
Database, TIIS-
MTEC-NSTDA
(with TGO
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d3znn wAaIlaas AU ST Vals)) USuauies  sasw @1 EF I RLRRGN)
3awNIzan N3 (Emission

(tCO.elyear) Uaay  Factor)

e
3%
n32an
(308
az)
electricity 2016-
2018) (CFP)
wanan  dwdawds  Lite 95,608.27 1.37 274 IPCC Vol.2 table
79 (nglagans) 262.03 3.2.1,3.2.2,
n3 DEDE
WUma snaiudainas Lite 124.10 0.65 2.74
299 (3nUF) 45,281.26
WIHNI
AGREREN 15,286,698.48 7,641.81 100

NA131N 3 MIddssimiiaunszanniadan nudan 1 MITaIAQAULAZLINNT ANUWIHINNU AN
USUNNTRITOBRZ AT FEINNAUILITWITIBHWNITHRATIN WUIAN 5 NIIANAVBILFINLAAINNAITA AW
AINTINVBIAIANT FuURNNUSNIIIIRINNNTIAAYaILRY NIRRT 2 Uszinneuny laun msﬁ’nﬁ'@ga
dauna lUannnIsdsnaumumIssdIwaIanIsuSHITEIua1La USunas 21,560 Nlansu/dl waznismdaaszauainy
leun 'S'aqﬂm’i‘lau MTuztmdan 81308 A28NIFINNAUSENANEUENGI8I TN b

1 t:i ' ) a v 1 o ‘v a A 6o ‘v 1 v o [

fnlizinnau 9 "Lugﬂmmﬂ@ 1A MIfIavBunIgawIniasaInIg Iiomuaﬂmlwqmumvlmﬂu
8113 8N vl,aiﬁnwﬁﬂﬂﬁaﬂamﬁaﬂﬁmﬁ'}ﬂsJ WAENIINNIAVaIFIUTLA NS LLAa bauA NITANE WAIRAN

a A = T o . A o o o ¢ A & w a ' A a
azpiliihoy nan wazlaRENEY §I519UNY Lwamﬂauvl,ﬂfl,’mhﬂwumaLﬂm@lq@ulw LRTUNIAN 7 NTLABNNG
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ABSTRACT

This cross-sectional descriptive study aimed to assess illuminance levels in a small-scale garment factory
and compare the performance of a standard light meter with a smartphone application to develop contour map for
safety management. A total of 24 measurement points were assessed using a grid-based sampling method. The

results revealed that the mean illuminance recorded by the standard light meter was 441.04 + 296.65 lux, whereas
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the smartphone application recorded significantly lower values of 111.43 + 64.95 lux (p < .001). The application
exhibited a high mean percentage error of 74.74% and significantly underestimated the actual light intensity.
Furthermore, Bland-Altman analysis confirmed a systematic bias, with a mean bias of 329.61 lux and a trend
showing increased deviation at higher illuminance levels. Consequently, the illuminance map generated by the
application lacked spatial accuracy and distribution precision, failing to reflect actual conditions. This study
concludes that smartphone applications currently lack the sufficient precision to replace standard, legally mandated
industrial hygiene instruments for safety certification. Their use should be restricted to preliminary surveys only, in
order to prevent inaccurate risk assessments that could adversely affect workers' ocular health in the long term.

Keywords: Light intensity, Contour map, Smartphone application, Agreement analysis, Industrial hygiene
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3.2 \p3adNan 1y lun13I9e

a A A o @ ' & 4 o A A Y
3.2.1 Lﬂia\mE]Vll”ﬂ%ﬂ’]i@ﬁ’)ﬁ]’)@]ﬂ’)’]&lL°113J°IJaGLLa\‘la’J’ldluwuﬂﬂ’liﬂ’m’]u B LAJYDIIALLNY

'
A

(Lux Meter) 8%a EXTECH *g'u 407026 AUTLLATLAIDY (Serial Number) A.067462 &l’]@ig’mm%ad CIE 1931
& 4 dl v ﬂ/ =Y v o
Foaseslenliiduldaruniasgiu arvuwanianisasirsdauasdszifnvaniwwrasanlunisinen
wazmsdiumInuwIENTUYLanNulasany andiewly wszsniwwiasanlunisieu w.e. 2554 [2] N9
Lﬂ%aafmm{lﬂ'\‘]ﬁa'ﬁwﬁmwLLajuz‘hgalumimmi’ﬂLLa:m'ﬁLﬂiﬁzﬁam'szmi‘v‘hmmﬁmﬁuLLaa @T\agﬂﬁ 1
<A A o Pt Av o A & A )
N9tk LAYl auaN Tl wNwIdnEId U U T SuaT NI UAKEILTIFIUNATY (Sensor and Spectral Response)
2 .. . ' [ % . . A

warldiouisasuuy Precision Photo Diode SANAUGINTOIF (Color Correction Filter) T3aanuuy

A ' i Aa v A o = &
l#in1saauauasdougiaIun1a3g U C.ILE. Photopic Curve ﬂmmﬂﬂal,ﬂmnuﬂ'ﬁuaamumaammmgws

a . . A A A a a A o o a

Lazd52Uy Cosine Correction Lwaa@mmﬂm@maawﬂLﬂm'ml,l,mmﬂmfmﬂquLam Faduiltodranlung
#3297 AURIFI9IA 81599 U I VI N T LR EI AL AALFIINHAILAANII LauTIIN1ITALAAINNALBYA
(Measurement Range and Resolution): §71A7843833UMTIaANNLTNLaIIURUIE aNF (Lux) wazWauawda
(Foot-candle) lauuuszramyiasanidu 3 52@U (2,000 / 20,000 / 50,000 Lux) ATALIARUANNADINIANNINATIH
wadgdnslugnrudsenaunanig ﬁmwua:l,'é'ﬂquq@ﬁ 1 Lux hazddnaa1uuainegn (Accuracy)

LA L. A o [ o A v
e + (5% + 2 digits) TIRBAANBINUINAIFWMANNUIBANLNIN T8I [8], [9]

FINNI ;ﬁ%’ﬂ@‘f@hLﬁumﬂﬁaamﬁaaLﬂuvl,ﬂmuﬂszmﬂﬂma’i’aﬁmma:ﬁmiaaLmdm 1389 RANLNDAH

FFN1IATINIA LAZNNTIATITHIANILAITYNIWNLINUILAUAMNTOU LFIFINT BIDLFUI TINNITLULLIRTLAL

Uizinnfiamsndasdniiums dezmelunsfanyguns aiun 12 fwen w.a. 2561 [6]
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3 1 LA3aIIALET (Lux Meter) 31 EXTECH 3 407026

3.2.2 m3lfuadwatasululnsdne Light Meter LM-3000 waUwaiagudiltlunmiasiataanuigy
wEIEiNe EnsuaaIN I (i0S) lasltlnsdwy iPhone 13 iuan1inlwuain Apple d‘ogﬂ‘ﬁ' 2

Light Meter LM-3000

317 2 wadwiiaTululnadne Light Meter LM-3000

I~ <3 [
3.3 ﬂumau‘lumsmnﬂmmwaga

3.3.1 N1381372910096% 1TwA1T81T7 9N UNNIINN9I B89 199 UNIRN @ Watnudayaidaadn

a o a & A o a o 2 a
lasn1siaudrsiausiamiunately (Walk through survey) [6] haz@tiunisaatufinsuazidoa

v a wa { Qs 1 a ¥ § Aa wa Q { a A’ > >

maa@ﬂgummﬁ‘lmuummwlumnmﬁuﬁﬂgumm FINDIANBULUFINNATY LAZITULIRNITRNNE
AVNLTNLFIRING w%auﬁ‘aﬁmimﬂﬁagaamwLL's@ﬁaﬂunﬁﬁwmu ANNI N1IININIVOINRDA bW
miﬁﬂ‘mqﬂnirﬁﬁumaamwﬂaaﬂﬁsmm_qlﬂﬂa F1URLLDIANUN ATTUIUNITHRA YU LHWEINITIAINS
LATDIINT LALHNINVBILATIINTNMBLEUEN

3.3.2 moLLNuﬁmu@@@mimi’m:ﬁULLadiuﬂi:uauﬂﬁwﬁm @Tﬂgﬂﬁ 3 2@ iunislasniIfnsa

¥ A a v o A o o ° ' ¥ A
lunuiiase laoldaauiuas (Tape measure) TIRNRUATEHENITATIANG Immmmmﬁuﬂnmw: 6.5 W@
nIouUIRuN IR Tuwmaanurnstszanm 2 was LLa:ﬁﬂmimm'S'@Lmdma'«g‘ﬂ@T@maam‘maﬁﬁwmiﬁﬂ%ﬂvﬁ[7] Nt
NISHLUINUALUUANTAUUIA 2X2 LN AT ﬁ"i'@]qﬂim{l@ﬂﬁalﬁvlﬁ'g@m’mi’@ﬁlﬂuéﬁ WNWUDINUN
2 9RINLEND ATOUARNLTINITINNWIIRNAIUNANIIATTIHNIIATIVIG LLa:LﬁasLﬁ”L@TﬂTagamma:LSﬂmlaa
Ao A A ' ° o o o Aa ' o v A
AN INaaan 15U URTIIUNUEHILRAITEAV LR (Contour map) MA AN LI WEN I@ﬂs'suLLa'Juﬁ;ﬂ
MIATIAIATINNATIWIU 24 90 BnndlddaasnaealWlulsnuiudamaidn aigui 4
Aa > { a o o o o A a

3.3.335N1303295AULFILNOUINANIILATIZHLAZIANTLHUEILFAITEAULRY TINoULIY

nmIavviadesdiuldiaTasiauaidudrngue (Photometer Zeroing) [4] 1Nadsuiinuaugndaduazlviniafia
) o X o o ' a & A v

AN U IUNITNTITANINTY LAUNITATITAANNL U B ILRIFINIUTI AN AN 1 aunanzuuuvaIng

@373 TAURILULUANUN (Area lluminance Measurement) 8N4 azd1tdun17aI197aluunrTzu1ugs
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NAH 75 LTuHLLas lagiadaNNTNTIUEIRINNN G 2 X 2 ITHIAT ATIVIATIWI 3 a1 wazdaluanaumn
FZAUNIANIAMULD @“’agﬁﬁ 5

3.4 n’nﬁms’u:ﬁi’l‘agauazaaaﬁii’{

MURIINNMINIUIINTDYANINTINIATLALANUTUUFIFI pﬁﬁ‘i’ﬂé’]’@‘i%ﬁumﬁmm:ﬁﬁgaimfl,‘f
Iﬂil,msuﬁnfmgﬂmaaﬁﬁ (SPSS version 21) wazlUsunsudnsumsdszuaanaBeiug asnoazduado Ui

3.4.1 R0ALTINTILWY (Descriptive Statistics) ;ﬁﬁ‘i’ﬂl% gRAALAAY (Mean) uazAdauLin LU
U1A337% (Standard Deviation: SD) sl,umiaﬁmmzéﬁ_lmmL?TuLmefNmﬁﬂiuu@iazqﬂmwfﬂ AN TN
$ounzUaInMuASIALARaY (Percentage Error) sf:wmLﬂ‘%aai’mmmgmua:LLaﬂwﬁLﬂfuluIﬂsﬁwﬁ

34280@1T90uu1u (Inferential Statistics) ;ﬁﬁ'ﬂ"ﬁ ai@nasaufiuuuiIug (Paired Samples
T-Test) Lﬁmﬂ‘%uuLﬁmumwmmmhwaammﬁ'ﬂmmL“}Tmmm'jwﬁmmfmvlﬁmnm%aa’i’mmammgm
wazuatwaiatululnsdnd laummuaszautbidynisaiafiszay .05 (p < .05)

3.4.3 MIILATERANUTOAARBIVDILAT8IS8 (Agreement Analysis) t;j’?ﬁ'i‘ﬂ’l,% 801@ Bland-Altman Plot
Tun13U32 i un1ugonARaIuAzAII9FaLAIINARIALAREREE19LTuTs UL (Systematic Error)
szwinaaiasdonisassiia lasdsziduaindrendiiade (Mean Bias) WasUaULUANNNANSS (95% Limits
of Agreement: LoA)

3.44 MIIANUHBHILTAITEAVUFS (Contour Map) T8N TayaNNaLAzAINNUTUUEIFINS
ﬁmaﬁ@ié’[uu@iaz@@m‘mﬂ%@ N3 AN AL LN WAILEAITZALUES (Contour Map) Va9Wuilssamdudn
Taol$lUsunsa Surfer version 19 LABLEAIRNHIAENITNTZANUAIVBITERUANULTUUSIFINILTIRUA uaz

WisuifiguanuuandsaulseEninnnIsuaaInaLSIRuiszndnsiesasiaussnIaIgIun ey witasule
Tnydwed

2m
.I'—I—‘l

2| @ o Lall=dl=k

@ @ Q
- ‘ Snmdudn I

i R |
§

o o ,, : & o
LHUNINTT2NUUUNTTATITIAATIULVULEIAITILUUWUN

® ® s @ 2
=1 E =
® ® (=)@ ® ®

Eﬂﬁ 3 'mLquﬁmu@ﬁ;@]mnf@Lmﬂmmﬁrﬁ@ 2 X 2 LAY
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4. HANNS)Y

197191 1 MUz dUITAUANNLTNILEIRIN (8nT) luaniwwlasaunviaulslssnwdufumaidnuis

= o o ' 4 o a ) o
wmlu‘*gmmamwwum szninasasIanaIIwLasualwaleTululnsdny (n = 24)

LA3DITALES .
woUnNaLAT Y , ,
4 . N1ATT 1 o ¢ §7KA19  ANNARA

2017321970 SD Tulnsdwi(]) sb 4

(L , (Lux) LARaW (%)

\ (¥inh8 Lux)

(128 Lux)
1 1,399.33 2510 272.00 12.50 1,127.33 80.56%
2 742.00 15.40 170.00 8.20 572.00 77.09%
3 612.33 12.00 293.33 10.50 319.00 52.10%
4 577.33 11.20 273.33 9.80 304.00 52.66%
5 852.00 18.30 82.00 5.40 770.00 90.38%
6 581.67 10.50 101.67 6.10 480.00 82.52%
7 623.67 14.20 87.67 4.80 536.00 85.94%
8 550.67 11.00 114.67 7.30 436.00 79.18%
9 315.67 8.40 83.33 5.20 232.34 73.60%
10 234.00 6.50 72.00 410 162.00 69.23%
11 202.33 5.80 68.67 3.90 133.66 66.06%
12 283.33 7.20 74.00 4.50 209.33 73.88%
13 167.33 4.90 107.67 6.20 59.66 35.65%
14 223.33 6.10 59.67 3.50 163.66 73.28%
15 242.00 7.00 74.67 4.20 167.33 69.14%
16 207.67 5.50 72.33 4.00 135.34 65.17%
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3esTauas - .
woUnaLaTw , ,
4 . N1ATZT 1 . . §AUA19 ANNAAA

2011037920 sD Tulnsdwdi (L)  sb 4

(Lh , (Lux) AR an (%)

\ (28 Lux)

(b8 Lux)
17 351.67 9.20 163.33 8.80 188.34 53.56%
18 271.33 6.80 79.00 4.60 192.33 70.88%
19 261.67 6.50 66.00 3.80 195.67 74.78%
20 282.67 7.40 75.00 4.30 207.67 73.47%
21 381.00 10.10 100.00 6.00 281.00 73.75%
22 222.33 6.30 84.00 4.90 138.33 62.22%
23 249.00 7.10 89.33 5.20 159.67 64.12%
24 253.67 7.00 79.67 4.60 174.00 68.59%
N mﬁﬂ 441.04 296.65 111.43 64.95 329.61 74.74%

NA1TN 1 Wuddanuuuaiaifanialdnniesesiannagiuiidigenituadwiiatu
% 6 1 a o o > [ a v A A =3 A o

lulnsdwriagnadiamanlunnaamiamaia lasd Savazanuamainfewadogsfis 74.74% uazlugad 5 Gawy
ArnnuamaLARaugINgails 90.38% uananiiiaRarsandnudoauuinasgiu (SD) wuimadwiaguden SD
4 9 ' a s o v & | o
fidgindrananduasiluifiounnye deszeuldiduinauisesvesauiinliulisininasiaiy
AnurkulIrasanuduLas ldadaziBoauaziinduriiaiaslannasgiu TayadslwiAudaiauwiimslsued
WALATY LM-3000 #3naliifinadruaniaiafiauat197uus9 (Significant Underestimation) uaz luinuiza
& o % A A a > a @ a
nazihanlsidwesasfanaunulumadsafinanudasansuszanrowdvlusnudsznauians

A19719% 2 HaMIUIBUNBUAMUUANGAIIVRIANRRIANUITNULFIAINS (Paired Samples T-Test)

m"%aaﬁai’mtm N Mean (Lux) SD t p-value
Lﬂ’%aﬁmmmmgm (Lux Meter) 24 441.04 296.65 5.561 < .001*
waUwaLATH (LM-3000) 24 111.43 64.95

'
o o a

naeng: * Sipdagniadianszay .05
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31NA13197 2 wud'whLaﬁﬂﬂawuL°1TuLLam'jwﬁf@VL@TamLﬂ‘%ﬂdi’@LLaouwmigwu (Mean = 441.04,
SD = 296.65) danuuand1inuadidngfanIaia fuenfldanuatnaiatululnseny (Mean = 111.43, SD
= 64.95) 132 @ U .05 (t = 5561, p < .001)Iﬂﬂﬁ’]‘ﬁlvl,ﬁﬁnﬂLLaﬂwaLﬂfuﬁﬁﬁﬁﬂﬂ’iﬂLﬂ%ﬂd’?@uﬂ@ligﬁu

DENIAU AT

nsasinuasiildunsgu

L4
AN 2

waunandululnsdni

1 o o o o & o & oA o o
Eﬂﬁ 6 Naﬂ’]iﬂﬂ‘ﬂqLLN%N\?LLa(ﬂﬂi;@]‘ULLﬁGluIﬁdﬂ'luLﬂl]N']?Ju’](ﬂLaﬂLL‘ﬁﬂ‘ﬁuﬂluﬁquuﬁN%’J@WZLU’]

mngﬂﬁ 6 L UNNIIAUNWHILFAITEALLES (Contour Map) tWaLLUIa Ui UN1INTEANEAIVBIANITN
waa w3 dudn wuanuuanassasansmenIimMeanwadslinoday lagluunuwdsnlaain 038990
W89 Lux Meter A @ au1a3371% u,imalﬁﬁuﬁaﬁuﬁdauimﬁﬁﬁmwLiTuLLaaﬂsaUﬂqumﬂmdwwwmigwu
A ° A ' ad Iy = ' a I o A & An o a A o
Angnanemrue Imsldaadnszianisanusivasinnunasindaussluiuildagazidon dolunsasanu
T3 WHWEHILRAITEALUEIN LHNNNSLTwaUWaLATY Light Meter LM-3000 T4n130T3970A NN TNLRIRINS LEAS
& A o ad =< ) o o A & . . A ' 9 o
A dulnudNUinenfITsaUANNTNLEIA Lo UNINNG (Under-reported intensity) T4 ligaaaaasnuanIwaINy
duateluiunintinu ansazasunudsiianuanainfaugiuazguifuoazidoaiBaiun (Spatial Detail) 281
nN1snszanpuEd thasantauigesvessgniinlWuidasinalunissvdgyrimugsnd
anudugIuazanuhdatisaduuainding nafl Teuandfilinglunnudingaszduusanisesgail
fuduitnislduatdwaiatululnsdnvidatavinliifanisudaninunungvasgninwirasanluniivinmn
NligoaadaInUTaLN359 s‘fidmfﬂdwam:‘nmiamﬁnLqumsu'%miﬁ'mmimaﬁmqﬂumam‘?qmmmw

LRZANNLURDANEY LAZNNTUIAITIANTTEALLRY ﬁ'j’]\‘ilﬁl% NERUNURNNMIZANULRENVDILA RS NN
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Bland-Altman Plot for Lux Meter Comparison

600
°
[ ]
500 L * s %
— ° < o o
x ° o geo
"? . os ‘.l"' e o
S 400 T L :'. ® e .
E=S ° co
g A e e e SN E |
a L] ® o
% 300 = UpPer LoA: +800.46 Lux
§ ® __ Mean Bias: +329.61 Lux
Q ---Llower{:0A+ -141.24 Lux-------------------
g 200
o [ ]
£
[a)
100
0 100 200 300 400 500 600
Average Two Measurement (Lux )
n=24

p-value < 0.001
Mean % Difference = 74.74%

311 7 N7 Bland-Altman U&AIANNFBAARBITTWINAIANUTULTIFINNATINIAGILLATEIIAUST Lux Meter

AT WAzUALWELATY Light Meter LM-3000

NAN1IILATIEHAINNREARA DY (Agreement Analysis) @28 @@ Bland-Altman Plot @Tagﬂﬁ 7
wunasasiiotaussmisessfiadanunaandanagioduszuy (Systematic Error) agnetatan lagidnandiasy
(Mean Bias) agﬁ' 329.61 and uaadlAAwIwaUnanTululnsanvidatiafuwilitnlunsiadianuiduuasaing
@‘i'm'j’nﬂ%aaﬁai'@uﬁmigwu (Underestimation) lutfiauynizduaa4a21uLtTu20IUFITINI
WazL e MITNVELILANNNANE (95% Limits of Agreement: LoA) Wu7N fanuTuasuaaieitieiniie g
71351319 -141.24 19 800.46 6N T FougasfIn1NAwLL T aad’au@iwﬁ'gaLﬁumf’ri:@”uﬁﬂaw%'u"lﬁ
lununeduanframdouazanulaeaiuaznIiua18819N M UgUAEN Tga 81NN WaNINH AN
N1INIZ0 ﬂ@TMJaaiagaﬁuuﬂﬁuLﬁ'wga%umui:é’m}muLﬂT&lLLaaLaﬁﬂ ( Proportional Bias)
LLaml‘ﬁ’LﬁwjﬂLLaﬂw§Lﬂ°ﬁ'm:ﬁm'1mm®Lﬂﬁau§uLLiamnﬁmﬁaﬂﬂﬂﬁuu’%nmﬁﬁmma’haga G KNS
"3Lm'1:ﬁm'1uaa@@ﬁaaﬁﬁammma@ﬂﬁiﬂ LaUWaLATY Light Meter LM-3000 2021184039 (Accuracy) 61 uas
vl,ajmmsnﬁ'lmsl,%mni'@mLmum%aoﬁammgwﬂumsﬂi:Lﬁuam'szl,nﬂﬁamlumiﬁwmumummsﬁmmgm
mangwnang e

5. anilsnaua

MmN UTELfsUHaN1IATT AT AUANUITULAIAI9TERIIATaITAUAY Lux Meter 1naT30
uazuaLWALATY Light Meter LM-3000 n3tidini Tulssnubuiamaidn dibidyuszaoandesnuiaglszasd
myisy SebanaAunewaldaail

5.1 ANMANLIATILATANMNAFIALARDUYDILAIDINDIN
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nansdnsnuuenitagulusaninlwulddanuiy LLﬁd@“ﬁﬂ'hLﬂ‘%aﬁ@mmgmamdﬁﬁm‘hﬁtyma
0@ (p< .001)Iﬂﬂﬁ%@ﬂa:mwaamLﬂﬁaumﬁyqdﬁd 74.74% 8nHauaa1nn31N Bland-Altman
finudan@iady (Mean Bias) §909 329.61 and Wunsiuduienuaaianionagrodnszuy Jaduns
mmnam%ﬂﬂﬂaﬂﬁgnaamm‘umLﬁiasl,%mumdmmﬁw smsaminTviauailasianiz lasrialdisusesus
(Ambient Light Sensor) Tulnsansidninfnaniiedsuanuainsminaesaluddrinim d19a1na3ostauss
mmig’m‘ﬁlﬁizuu Cosine Correction 8z Color Correction Filter Lﬁaﬂia\‘lLLaﬂﬁlﬂé’Lﬁmﬁ'ﬁJmiuauﬁwuaw%wﬁ
ATV U193371% CIE (International Commission on lllumination) [13] G‘é\‘l FOAANDINUT B Y8TBIINAN
wiaUs2La3g, 2565 [10] N8 weUwalaTuEMSUTaussadsdiTedanalunisltunnnune laganas
NUTHAVDIUNRITLAALES mﬂﬁaamsf@lﬂﬁmﬁgﬂﬁad wdadfanunasifiauaslunadniintuliaseny
MIlENuade

5.2 HANIENUABNTUTHARANNRLINALLHRHILFAITEALLES (Contour Map)

LNUBRNILEAITZAULES (Contour Map) ‘ﬁ"l,@i”mnLLaﬂwﬁLﬂﬁ’uLLamﬁuﬁa'sulﬂg Wussauussdn
(Under-reported intensity) LLa e HINUINTANUARIALA 5 auiugﬂ LLUY Proportional Bias ﬁwulumu%ﬁ'&lﬁ
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Abstract

The objective of this study was to investigate the properties and thermal efficiency of biomass fuel
briquettes using cassava starch as a binder, with biomass and coconut shell charcoal as primary components. The
experiment involved varying the mixing ratios of Binder : Biomass : Coconut Shell Charcoal, and setting the Binder-
to-Water (B:W) concentration ratios at 90:10 and 80:20. The heating values were analyzed using an Oxygen Bomb
Calorimeter in accordance with ASTM standards, and thermal efficiency was evaluated through water boiling tests.
The results indicated that both heating value and thermal efficiency were directly correlated with the quantity of
biomass. Furthermore, the B:W ratio of 90:10 consistently yielded higher performance compared to the 80:20 ratio
across all mixing proportions. The optimal mixing ratio was found to be 1.5 : 6 : 1 (Binder : Biomass : Coconut
Shell Charcoal) with a B:W ratio of 90:10. This formulation provided the maximum heating value of 21.43 MJ/kg

and the highest thermal efficiency of 30.55% . These findings demonstrate that the proportion of ingredients
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significantly affects thermal properties, and the identified formula shows potential for development as a high-
efficiency biomass fuel briquette.

Keywords : Biomass Fuel Briquettes, Cassava Starch, Heating Value, Thermal Efficiency
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laidnin 2,600 AlaunaaIdefilany AuTU (Moisture): Uszunmiauas 42 lasiiinin USunedn (Ash): Haw
v ¥ o f I3 o A A 1 ° [ % o o .

nhawaz 3 laphntinanilifonn mahaiResundadugdlasasednududaslinizuiunisdason (Hot Pressing)
A o o Y Ao a A o & & A o @ Ae A2 A wna o &
Tydaaltunsdagouaslidununisniongs aanu TunszurumaudsUdifesdnivnuidoit Sadenldiimadaiiu
Tasandy "dszan’ Whuntislunisiainng iNaaaumauainsisaneadltuaziioliurazaiwasdanuud s

lananindne

'
o

(2) nzmwzWia (Coconut Shell) ilwiagdafisnmansanaay lasdusmdfonudisuluzaima

o
'

o a o o e A oA A ' a o 'Y ° o g a o A
VW luaﬂmn:mmwsngnuaamLﬂma@;maa’lmmgammdmmgnam ungnm"l,ﬂl'mﬂwnaLwaaluﬂi'sLiau
%%auﬂsgmﬂummmamad'm VI NITUIE %%aff'swwn:mu:w%”nﬁqmaw”ﬁwiumamﬂmw Ao Januudanss

g Qs 1 L= =Y v Aa U v LY 1 é’ a o
NUNMUEI LI IRQIANUNIILLLL LRZENN1IDTARI PR AaANLNY 1da CRHGLCRIIV Rl ﬂa’guuﬁaﬁmsm
NEANEW NN URNYIAHIUNUAADNITTULILAATANTINVDIANUG LTU Tl 1030903200 waziadasudanme
. e e v . e e o N ; o
mmuiummaﬂﬁ"lmmﬂ:mu:mnmﬂizﬂqﬂ@ﬂmﬂmmq@mmlumma@mmwm‘ﬁama \eanguaNTEfA Y
udaazMIRAINTa NG
. _ . e ¥ A . ¥ 4
(3) @2U3zau (Binder) ﬁuwmwmamﬂumwugmmaLmal,wm T,mrmﬂﬂszmumgmﬂmaaﬁﬁamaz
v weR Qs ] U @ =) v L o Q ™ Qs ﬁl = Qs lﬂ' U
NEANTNIIEN AT AL NN AL Ed’Jﬁ]&lLaaﬂl‘Ii wilsiuddenad iuerdsezunan mmmmﬂmaqwm‘lmwlu
v a o ° A PN =< . Aa A A o A ' °
a9t ANFun U meqmawmlummmmz (Adhesion) NALE8ULTBNIBANNTOY TIRUNZENABNITHINN

= 1 .3’ a A
EATUULNILDDLNRITINIR

4 y
319 3 nzawzwa

an & a
3.3 QMGNU@I"UE’J\‘ILLWGL"HE’JLWE\N
a dw 1 v a v dl o a 1 g a A dl a v v ' '
1‘1«”1’15’3"92]% 3:!3L%%aﬂiﬂ"]ﬂmﬁﬂﬂﬂﬂﬁﬂﬂ’l’]wia%ﬂET’]ﬂZ]JU"IJ?NLWIGL"HQLWEI\“I"H’JN’JQV]NQ@]VL@ 2 133 vL@LLﬂ ARNINY

fau (Heating Value) uazdsz@nFaiwnsldanunisainusen (Thermal Efficiency) lasdiuazidoaitnmasay

¢
She
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3.3.1 MIMIAIANL U BILHILE LN ES (Heating Value) TP SRR RIT. SIT-RE TIPS
duinnslagldiniossineinasaiuanuiouszuuda (Oxygen Bomb Calorimeter) §%a ESSOM lagdnsds
V1AIFIUNINAFY ASTM funousait

1. MIAIPNAIBL 'ﬁ,w‘ﬁazhal,wial,%aLwaaﬁmumﬁfauﬁaU@]:Lmiammgm WIRLTTIN 1 NI UIN
adlutaanaasd (Capsule) LLa:@@@faaa@]qﬂ%uau (Fuse wire) A28 0NDh 10 LTWALNAT

2. MA@3ouszuy thieaiataldadlusziia (Bomb) inmssamaeandiauliianuaunisly 25-35
UTTHINA (atm) Lﬁalﬁl,ﬁmwa@iamnm"lmﬁamalstﬁ niuthszdessusludiia (Calorimeter bucket) ﬁ'msfgm{'}
naul5anas 2 aas nioudasssuunmwinuazmasluiines

3. MINAFIL L‘%'uLﬁum‘%aﬂumuﬁwLﬁaiﬁizuuLﬁwajamq:am;amamm%au (Thermal Equilibrium) 1%
nadszunm 5 Wi wi’auu”uﬁﬂqmwn“ﬁﬁmi"u mmfuﬁ”mﬁﬁ;mzl,ﬁ@ (Ignition) tWalkiAanisimn lnel dudinen
qmﬂgﬁﬁmﬁwuﬂamﬂﬂ 15-30 A7 sl,wzj'wﬁqmﬂnuﬁl,ﬁu‘*fuashammfn Lm:u‘“uﬁn@iaLﬁawuni:ﬂ%qquﬁmﬁ
1Jwaan 5 wifl

4. M3AeTzEe W alaSaRunmasey sasazaeiandenieluszdaeluinmse (Titrate) dae
srazaelaidonaiuaua (Na, CO,) AMNLTNTY 0.0725 N Taglfineniudiaie (Methyl Red) wia wiinaalsus
(Methyl Orange) \Jududiaiaas Lﬁaﬁ'lm‘ﬁ'vlﬁlﬂﬁwmmmmmm%’aqu%mmLwidl,%al,wﬁ\i@iavlﬂ

BOMB CALORIMETER
Thermometer
Oxygen Firing leads
inlet
Stirrer ——»
[
Sample ~ ﬁ
|
Oxygen |
Bomb | under |
pressure |
I:Llj Water

Eﬂﬁ 4 NELIUMINATEANEIRANUTauszuLTa

3.3.2 minasaudszanFawmslinuniianusan (Thermal Efficiency)

L?dv 6 di a a a 1 v ' d? a di o ¥ a a
mimaauum@qﬂi:mmwaﬂszmuﬂﬁ:ammwmimsjmm'lmaumaal,maL%aLwaamam"LﬂlmmasmuLm‘v;a
duilazAninngs lasli5nsduin (Water Boiling Test) fdunauuazaumiswinasiinmaaioudainds 1guns
LTBLNRIN RN TZUIBNTRAANUTUIBULAIETEN UTU0 250 NI MRTLUARZEATNFIRNEUNINATDL TLTDIWRY
VLiJLmvl,m“LuLmﬂsz?m%mwguLﬁaﬁuﬁm%mm 1,000 N3N (1 AAT) IUNILNILADAURLLTOLN RINOAALNTT

fwrns Tuiinanaauydne g inaiudmw sl szenimwiBinnuiauausuniiaad

x100 (1
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Ny, = UILANTAWLTIANNUTOUVDILAN (%)
m, = AIRBIINISUH (N3)
m, = AaUINTIRE e NaIIINNTRY (NF)
¢ = fhanuiausnnzrasia (callg°C)
L
T, = qmmqﬁﬁ'uﬁmaaﬁw (°C)

manuiauucivasmInaadnlavessin (calig)

T, = gannilgarinevasin (IaLdaa) (°C)
M

' dq, a dl v
VIRVBILNILTLWRIN BT (g)

H = diainusauaaIuriaaiwae (callg)

4. A5 BWN13IY

’Uy%@]ﬂ%ﬂ’ﬁ@‘i’uﬁ%\‘i'luiﬁrﬂLL@:@H@T‘U?‘I’]?YW]GQOLL@@]GE‘ﬂ‘ﬁ 5 lagineazdoanmsiiiuauasi

-

unaunIsANTUVILINYNISHAAURVITIIWAVEINIAUS:ANSNIWED

Mssgudnaau  msfikuadasi msdalugudos  n1saandwBu n1snadau
uazd@ouuay doucavlasuda stuuangoaliu  A2YWAaVVIUADI0 Us:ansaw
nvAISaU

s

Q} OOO » ==\

311 5 TuaaumImanad

41 UNUMNLAZT HABUMIF AWM TS LﬁialﬁnszmumsmﬁmLm:maauumLgaLwﬁaLfluvlﬂmummgm
IeiwuatuaawmInnuauieuasi

1. naessuiandu (Raw Material Preparation): el imwannnTaaa (Gasifier Stove) Wiialwled
RaB uazEaLeIBUnENEWITHIRN LA T TI Az

2. maassu@aLsza (Binder Preparation): Manudssiudznainuinlusamain BW udsiudzng
@1in) fis=eL 90:10 uaz 80:20 talsusnwanuwila

3. NIUIUMIWEN (Mixing Process): tndtaasian neanuzwii uazeatlszan maqnmﬁwmué’mwmuﬁ
Avualiighmudwitedon

4. mié'@%ugﬂ (Briquetting): ﬁwdmwamﬁ'}m%aaa“'mmat%aLwﬁwﬁ@]aﬂgé'mﬁu (Cold Press Briquetting
Machine) taaaiduuriinssnszuan

5. NTAUWRY (Drying): 15nLwiaL%ﬂLwﬁaﬁ"l@wlﬂammmﬁu@hyﬁauuﬁawé’ammmmﬁmﬁ(Oven/Sun Drying)
IUURIREN

6. NMINAROUFNLA (Testing) WiFomndssaunsldnagaudinnuten (Heating Value) #281A389 Oxygen

Bomb Calorimeter uaznagaulsz@NTNIWLTIANNTaw (Thermal Efficiency) @1835a N0
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o Aa

4.2 mim‘%wi’@qﬁuuaz"ﬁaga@hmwﬁmaamuwau Elrfjﬁ‘rtlvl,ﬁﬂy@]Lﬁaﬂ']WQWUIQUWQWiMWQWﬂNN‘JﬁYﬂd

MUNMWURZAIANTDUNUTIN Lﬁ'alﬁl,ﬁﬂﬂ‘szaﬂ%mwg\‘iqmﬁaﬂwmiwﬁ'u A9%h

Y §ogLN (Charcoal Sawdust) Tiiasin@darnnusouingiulidinia 2,600 Alaunseidailansy we
A o ' & ' . . ' % A & °
WarhaiwnzuIwn IR U (Carbonization) A1adnuTawazifugIdn (Jszuna 5,000 - 6,000 callg) ¥in
nindunlananvasdawdsntiulide Wlaauazlianusanatinsye

NEANWEWIN (Coconut Shell) daNuudsusinumu o daailanuniuiugd uazidanuiauiugugs
11N (U214 6,000 - 7,000 callg) MIHENNLAINEWINIRG MATTIBANAIANNTEUTIN (Heating Value) Wazze
=) v ‘&/
Havzaz e NI s B

#21v28% (Cassava Starch Binder) LLﬁLLﬂqﬁ'uﬁ"]ﬂzvxéi'\mzﬁ@im’nﬁauﬁﬁwniﬁ'&q%é’n (Uszunos 3,500
callg %38 14.7 MJ/kg) uadanumeanacnsbalumiasaussiiainiz (Adhesion) TaalinsGanaimeainiinumia
ARDILTINUNIL hinannnelunszuiunsoasdne

4.3 n’rsﬁ’mu@é’@]i’lmuwamm:mqNarl,umﬂﬁané‘@mu Q’?ﬁ?ﬂﬁmumé’mﬁmuwaﬂﬂsmai:ij A
Uszan : DABULHN : NTAINIWINT F1UIN 6 BATIRIURAN LAUTRINNTIUAITEBNLULFARIUA I

v 1a a & A o A o =2 ' A = v o '

MInUTEBUSIN T8 (DLRe8LHN) UTUIRNIINTZAU 2 §9 6 81 LNBANINANNENNUTLADATITZR IS

USunmanIasdurannulSuimanusanna lasu
= Qs Qs 1 v Qs Q- Q 1 v Ll 6 o a d‘y ﬁl lﬂl Qs

NN17039LAzUTURARIWNZAINT NIV T2 8% USURaaIwlARNA BT nUUSN mTLR e WU
FERINANULTINTIVRILTILTOIWAY (QuiFaTATeIMTzaU) uazAuTaunsIwIL (QuaNTAvaInzaINzNiN)

MILLUIRBAN VT NTBA2LUIZR W (B:W Ratio) nuaaainainutlvankitenaidaninn 90:10 uaz 80:20
WNBANRNINANNTUNTNaAaUTEENTMWNNT Ao U
sanannanlunInassslawn:

791 1:2:05

]
=

Tan 1:4:05

/13 1:6:05

14 1.5:2: 1

75 1.5:4: 1

7076 1.5:6: 1

4.4. mMinasaudszantaiwnisldaunisnlnusan (Thermal Efficiency) mswmauf’txjaﬂinﬁu
ﬂi:ﬁ‘n%mwmimsmmwaﬁaumnLwiaL"%?aLwﬁagmwu: Tagld58nsdudia (Water Boiling Test) U3£&NTNIWLTS

m’m%aummmﬁ']mm"l,éi’a’maumsau@awé’umuﬁ’ﬂuaumiﬁ (1)

5. Namsvmaml,l,azmﬁmﬁzﬁwa
waa'mmimaaaLﬁaﬁnmqmauﬂﬁua:ﬂszﬁﬂﬁmwL%amwﬁaumammLéaLwﬁa%'smaé’mﬁu Taglguds
SninUznaaduetlszas sanadenzinasneldaait
5.1 AANNTanIIuTsIEDINA (Heating Value)
HaMINAFEUMIAANITouTaIUITaINEIT BT a9 TzNE s AL TauszuuTa (Oxygen Bomb

Calorimeter) M3310331% ASTM UTNHAAINTIIN 1
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A1 1A71AINITDUV I TALWEY

AU szaH:BINIR:NLANNENI (kg) cahm'm%'auwaaLwiam";am'ﬁa(MJlkg)
B:W=90:10 B:W=80:20
1:2:.0.5 15.26 14.93
1:4:.0.5 16.83 16.27
1:6:0.5 17.94 16.88
1.5:2:1 19.50 17.27
1.5:4:1 20.22 17.41
1.5:6:1 21.43 19.98

Heating Value of Fuel Briquettes at Different Ratios

—e— B:W = 90:10

- 8w = 80
2 B:W = B0:20

21

20

Heating Value (MIfkg)

1:2:05 1:4:0.5 1:6:05 15:2:1 1.5:4:1 1.5:G:1

Binder : Biomass : Coconut Shell Charcoal Ratio (m/m/m)

= . > I~ a
E‘]J‘YI 6 ANAINUIDUVBDILNILDDLNR

gﬂﬁ 6 LEAILWILINANAINNTEU D ILHIT DI WEIL T DRUTHUDATIRIUNEY WUINAIAINNTOUTANUTNANUT

) @« 1a a A A a a = a o ' o a v a X '
BUUKLTHUATINUUSHN TN lagtlatRuUSunadiinaaan 2 1w 6 Alanisd AranuToniww liiuNunasg
1 t:i a E:gl (3 s d' v L A s 1 v
GaLitad HAANWTHREAANBINUNINTIIH SS-ISO1928 T,@]m;@wfl,‘mmmwmaugaqmaamﬂmuwaw 1.5:6:1 (1wl
o o a ) 2 A, s Aa [% o v & '
Nuitznasduadtsean) TelarNY 21.43 M/kg LLa:agﬂmmmwmaumq@ﬁa 14.93 MJ/kg WaaslALARIN
Q 1 = L = ] s o a 1 a a v ¥ a é U Qs
sagnpadTiniauazaiszmuinaaisinpdandodsz@ninmwanusousadaniiivgaaasadnunsAne
ursiatwasInluaulszAugnanan lud[10] LaenIANENATBIRASIUHENADFULANIINALZNIANITOU[5]
5.2 1352aN5NINBIANNTOW

Uszanimwmisldanuseuduaiwdsndraglumadieszdiszininmwassuagowdslasaaunsnii

o ° ' ¥ a A o o A ad o & ° o o o A

1a@8m U sawaIN la M ausin LA aabIdTna o W auNIFNN I I I Duaad 1 l1Aaaa 2.3.2 Haawsn

VL@TQﬂﬁﬂLLa@]aluelﬂiwaﬁ 2 uazgdfl 7 anuday

< a a a >
ANIVN 20T ANTMIWITIN T

AU szan:dINIA:NLAINENI (kg) UsEANBNINBIANNTDN(%)
B:W=90:10 B:W=80:20
1:2:.0.5 22.65 19.68
1:4.0.5 22.85 19.68
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1:6:0.5 23.86 21.50
1.5:2:1 25.76 24.41
1.5:4:1 26.89 2553
1.5:6:1 30.55 27.27

Thermal Efficiency of Fuel Briquettes

R

—a— B:W = 90:10
—4- B:W = B80:20

304

R P W
& -3 @

Thermal Efficiency (%)
L
[N]

b
=1

-
7]

Binder : Biomass : Coconut Shell Charcoal Ratio (m/m/m)

gﬂﬁ 7 Uz BnTnwieanusan

gﬂﬁ' 7 usasliduinuragamdsildsanauulidudznssdain (B:w) 4 90:10 fuUszansnwigs
ANNIBUFININDANEIN 80:20 Iunﬂé’f@muwau wonaniganuum L En s MwBsnu douasiud uay
USnadanaaiiaudn I@]m@hﬂs:a‘ﬂ%mwL%dmwﬁaugdq@agﬁ‘i"aﬂa: 30.55 ludanaiuaidszaudadiniade
druneanuswinn (aadiaasNn)* i 1.5:6:1 LLa:ﬁﬁiw‘ﬁq@ﬁ%ﬂﬁa: 109.68 Tusaain 1:2:0.5 it Uszansamw
L"Eammﬁ”auﬁuagﬁuﬂaﬁ?’smammmwwmsﬂszmi TaglanizAaMunLILe I8Ina lagasdas AN Taude
wing agslsiany mnideawssdsasinsien lwdisesuinly a’mﬁiaNalﬁl,ﬁﬂmigryLﬁymwﬁ”ammza@
UseAnSawm st nasens aaris msw”eumLwiav'fi"yaLwﬁalﬁﬁﬂizﬁ‘n%quaq@ﬁaﬁhLﬂuﬁaaﬁﬂﬁuﬁammau@;a
SRR NN BN TWLA AU T ANNIANUTOUTAN N Tas e TINUNAI AL AN IO UTEHININTOUURS

FrnanfidmddydeguniwiBawdae] iswdsanuanuduandidunulunmndaszaugumu12]

a o
6. §3Uman19798
= e Aa A a % L% @ o o & %
nnnsAnsuaznanatguantanazlizaninwidnnuieulasltuduindzndadudidszanu nay
o A F‘r lﬂl 1 v a ‘;/0 v v o a a l;/ lﬂl a J
Audwas@iesn) wazdunzanzwing widdsidududasldarlszaunininiandu (1ihes) ndadug
9 e o @ o g . A o % o o o %%
losasnlanlildduszau axdasld nszuaun1sdason (Hot Pressing) Sedndudaslfusidagannuazvilwdunu
mswﬁﬂgamﬂﬂﬁw A9 ;ﬁ%’sﬁaLﬁ@ﬂl’ﬁﬂizuauﬂ'lié'@l,ﬁu (Cold Screw Press) wazii "uilsduidznas” u1vi
v A s A ) =S A ) o Ag v [ v ] d‘i’ Aa A va
wihfdumdszmwiadislumsiaimzuny Seaztrisaameveiusiaandadldas uaztioliunadainwdn lad
anaudiuss hiwandndie smannsgduanimasasldasi
6.1 ANTWATIDAMNFIWAMULTUTUAUIZ8IUADNN (B:W Ratio): 9031824209020 32810 U EINE
niznuageingdAndadinnusan NNaNIINAsaIwLd1 MIlTANuTNTwYaaILlszEwaatif 90:10 lsien
ANWTDUFINTT 80:20 LUNNEATIEIUNAN FURARANNINEATIEI 80:20 FUTNANMUTUNFINT TaanaTu
luuriaigandazllgadundsauanuiounissiuiialdlunsszineiia (Latent Heat of Vaporization) ¥l

mm%aqu%ﬁvl,@‘fa@m
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a a s 1 a ‘g/ Aa A ' 2 =1 a s 6 a > a =
6.2 ANTNAVDIDATNFINUITVIDTBLNRITINIG: ANANNTORTAMNVFUANRTLLU UL THBATINUYTUWT
VIR Lﬁaﬁaﬂimﬂumjuﬂmmﬁuﬁu B:W 90:10 MIbANUSNIEINI891N 2 831 bD% 6 8% RINALAANAINNTIU
O
LNNAUB NI B
6.3 17LZANNFA (Optimal Point): uridiawdanlidanman lnsfuazdrauiaugigada a0
1 Qs a ' v li‘ L3 v U Qs lé v L3
SIUAIUTTE : TINIS : TWNZAINTNINI N 1.5 6 : 1 Muldanudutuallszan 90:10 Sﬁﬂﬂmmmiaugaq@
71 21.43 MJ/kg
6.4 WANITNUVIMUTERIUGADUTEANTNINNTITINU: §oAAFBINUNAVBIANIANNTIN NITLTBRTIRMMLTS
Nudsnadaainn 9o:10 Iﬁﬂszﬁ'ﬂﬁmwL%amm%auﬁgaﬂi’l 80:20 azhaﬁ'mﬁ]ulunﬂqﬂmsﬂmad NINA?
=1 v v s =3 J v [l v ] :3’ Aa A qzd' (:&/ a v
Uszaulenuidudugenazaniivanuduios 17 ﬂiﬂLLmL‘ﬁaLwawmnm%mauysmmmngmLaywamu
TERININITHN MRl
6.5 mmawqmwinﬂ%mmﬁamaLLa:ﬁaﬂS:mu: ﬂi:ﬁ‘n%mwL%\‘imm%’augaq@agﬁ%@ﬂa: 30.55
a J’ d' v s 1 > E;d £ 1 n’ [ 1 s J
m@mu‘l,wq@msmaaawimamwmuwau 1.5 16 : 1 (B:W 90:10) NAARWIHAWEWIT MINUFATINVIAILUIZRIUT
\u 1.5 dau (dafisuiuga 1 §u) aug ldaumsldnemuzwing 1 s Tesulansiurasamwiandany
RULHLANNZEN Y bEAaNTN e AgE ey e ”l&iqﬂmuL%’;Lﬁuvl,ﬂwgryﬁsmm%’auﬁa LRSRINITNENENAINY
%”auajm*’ﬁu:ﬁuﬁﬂﬁaﬂ'wﬁﬂizaﬂ%qudq@] luaneNonan 1: 2 : 0.5 (B:W 80:20) Iisz@nnwdgaiiss
008z 19.68
MU RUEAI AR wal "USHI VeI TN EITINAR" Azt unraIn N RanadunvinlwaianuTan
X e . . de o A . . o .
VNN L6 "DATIFEIRLRZFNITVRIANUITTRIW" ﬁamuﬂimuqmmmyﬂq@ PINIANITANNLTNT UV BINIUTERU
lamanzan (11 Sundinly) asvilddseinianlasiuaaadatnanin aaku §A31.5:6: 1 N32aU BW

90:10 34 Lflufg@amqaﬁﬁﬁqmzijmmm &l’liﬂl%ﬂ’ﬁﬁ@l Lﬂ’lZLLﬂ:ﬂ’]{LﬁW NNTUAMUTOU

7. DoLEOUKE

MINMIBATEEHaNIMases dToisusunzemInamuazAnmdoluawing aait

7.1 midnmaanmurn lnal wldanuiaugiazsdined wdnasimsfineises "szoznanlunswn ngd”
(Burning Rate) Liisifial Lﬁaaammm%mwﬁaLm"l,m]“ﬁaLﬁuvl,ﬂawﬁﬂﬁl,ﬁ@ﬂﬁ@zyL%'Umm%”auﬁaLm:a@mm@j”um
lunslgauass

7.2 mydiudpssud@nianmeniw: ATNIANEE09AURUILIL (Density) L8ZAINNTUVBIUTS
Fawdaiady Lﬁamaq@au@mmhammLrﬁameauwiu%mwama:mﬁ@"lw

7.3 Manageunumlszausiedn: ondinmadssufisuuliduiusnsonumlszaussrumaringug

2 o A, @ A A a a = vaa &
L‘WE]%TJ@@!WE’Jﬁa@mu“qu‘ﬁiaL‘W&Iﬂi:a‘ﬂﬁﬂ’l‘v\m’liﬁﬂLﬂ’l:vl,@]@lm?l%
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ABSTRACT

This research aimed to comparatively analyze the differences in mean PM2.5 concentrations during peak
critical days between 2025 and 2026, and to assess spatial distribution patterns utilizing geospatial modeling
(Map Charts). The methodology entailed a secondary data analysis encompassing all 77 provinces across
Thailand. Statistical analyses included descriptive statistics, Paired Samples t-tests, One-way Analysis of Variance
(ANOVA), and Two-way Repeated Measures ANOVA. The findings revealed that the highest mean PM2.5
concentration occurred in January 2025 (X = 51.52 pg/m?, S.D. = 22.14 ug/m?), with the maximum provincial
concentration reaching a level of 103.63 ug/m?3. Temporal comparisons indicated that PM2.5 pollution levels in
2025 were significantly more severe than in 2026 during January and February
(p < .01). Concurrently, geographical analysis demonstrated that the Central Region and the Bangkok Metropolitan
Region exhibited significantly higher pollutant concentrations compared to other regions during the early months
of the year. These results align with advanced statistical evidence confirming a significant interaction effect
between the "month" and "year" factors (F = 8.14, p < .01). Such findings suggest that PM2.5 variation patterns
are driven by year-specific conditions rather than relying solely on seasonal factors. This phenomenon is further
substantiated by the geospatial models, which identified critical PM2.5 hotspots densely clustered in zones of high
economic activity. In conclusion, the integration of rigorous statistical analysis with geospatial modeling facilitates
the precise identification of significant environmental shifts. This integrated approach effectively supports
evidence-based policy decision-making, environmental health management, and public health surveillance in

Thailand.

Keywords: PM2.5, Geospatial Modeling Map Charts, Interaction Effect
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WAz W.7. 2569 luudasifian

[

4.3.3 ﬂ’]‘iLﬂ%U‘ULﬁEJ'Uﬂ’J’]NLL@ﬂ@h\‘I‘E’]ﬂﬂﬁﬂ’]ﬂ: I%ﬂ’]‘iaLﬂ‘i’lt‘V\ﬂ’)WﬁJLLﬂTLJ‘i’)u‘Y]’NLaEJ’)

a '

(One-way ANOVA) L‘ﬁ'amaauﬂ'a'ml,mn@i'lwaa@hmﬁm}u PM2.5 52in9ndniadng g aasdszinalng

U
ey M InasauBgd183T Post Hoc Comparison tiawuaMuuanesadnidindey
a €a a ) v A o a I3 o ¥
4.3.4 Mmyllanzrantwainuazuw lhudsnanan: Mnmaensianuudsdswuuuiadn
(Two-way Repeated Measures ANOVA) iiNadnsdnTwanan (Main Effect) Lazdniwasinseningtdass
dudaw wazl w.a. Nidaanuintuuesn PM2.5

' aa

4.3.5 NMTILATITANITATLANUAITINUN: dAadan baun imﬂmsiwﬁ'mmugﬁ
W

e et

o 6

gﬂl,mm‘i'mau%ogﬁmam‘ (Map Chart) 1WaatUN8ANMNRUNBDIERINIAIRUNIIRDAUASAN W A

3

nMInszandTINaNENU NN UUUNBATmaaT
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5. NaN13)98

A1919% 1 a;ﬂmaﬁﬁwssmmmmszﬁuﬁu PM2.5 ludseinalng neodaw @ w.a. 2568 — 2569)

Gl
FAMANEN INUIN ﬂ"l(ﬁ"lqm g9 Do Wt
. aaag (X)
(Peak Day) (9137A) (Min) (Max) N1AIP N
(s.D.)
1 w.e. 2568
UNTAY
77 15.65 103.63 51.52 2214
(23 N3N W.¢. 2568)
AUAWUT
: e e 77 14.88 75.12 40.85 13.56
(15 NUAWUT W.f1. 2568)
Jurau
- 77 10.12 68.45 32.74 12.44
(12 fu1aN w.4. 2568)
1 w.¢1. 2569
UNTAY
77 18.22 62.45 38.65 10.87
(16 NI W.¢. 2569)
AUAWUT
: . o 77 14.15 45.32 31.02 7.95
(6 NUATNUD W.F1. 2569)
Jurau
77 12.56 65.18 34.18 11.23

(3 WA W.¢. 2569)

RNEUQ: AT THYaIAwazaas PM2.5 nsaedn vl,uimn%‘miagﬂmﬂﬁmm (Mg/m?), sayandsnd

u

mm’mmnéﬂﬁfmmw‘”@ummﬂIuIaﬁmmma:gﬁmiaumﬂ (B4ANTURITH) W38 GISTDA

3NA139N 1 wuddanudutuaiovesdu PM2.5 Tugrsiuiifiaaniunisalinga (Peak Day)
2040 W.¢1. 2568 Hdgengalwdaunnman (X = 51.52 + 22.14 pg/m®) lagwudanududugigaiiszaugeis
A o f v d4d ' ' o a @
103.63 pg/m® F990ag luTzALUNTUFINANTZNUADFIMNAE I TULTITUINITING I WL RILIa RN

dl a = s ) = Qs 1 U v v dl A = v
Wallsauineunul w.e. 2569 SL%“H’]\‘IL’JN’]L@IU’Jﬂu W'll’]']ﬂ?ﬂ’.]’]llL"IJ?J“I]%LQQUEL%L@E]‘H;&lﬂ'ﬂﬂ&l&lLLu’ﬂ%&l

anstatnainlada (X = 38.65 + 10.87 ug/m?) athslafiana lwdeuduay w.e. 2569 nauwuidnuadudu (X =

s 4 1 1 4 a & v e a a
34.18 pg/m?) fzaunganidnadoludawdsinuvesd w.a. 2568 Tiazviouiisnnuriuuduiimanavawaiie

'
A

‘Ymmmﬂﬁmﬂﬁ%’uSw%wamﬂﬁafﬁ'ﬂmaq@;ﬁmuﬁﬂmmmﬂ@mﬁ'uimwiazﬂ

wanind dduwdesuwanasgu (8.0.) Nidgiludauunaay 2568 (22.14 ug/m?) uaaslfiauiins

ﬂizmm‘i”maaQuﬁﬁmmLL@]ﬂ@iNﬁ'MﬂNN'}ﬂML%@ﬁ%ﬁ T,@ywumsm:gﬂ@ﬁmaacﬁu%muﬁﬂumaé’mi’@
A % [ A ° A A A o o & A
&9 aa@ﬂaamuLmugugmmumaaumnﬂumam%w LLammamsﬂs:mmmLLuum:qnmluwuﬂmﬂﬂmq

wazUSNuna

JEET 2026; 13(1): 72-85

77



78

n”ni'l:ﬁl,l,wunuﬁglll,muﬁ'maaL’Tnnuﬁma@ﬂumiﬂsnﬁui:ﬁut}u PM2.5 B03szineing mqsuﬁ NN TILAZA U

http://jeet.siamtechu.net

A13191 2 Lﬂ%‘ﬂmﬁﬁummﬁmgu PM2.5 (Peak Day) 7e#3190 W.¢1. 2568 Laz W.¢. 2569 TeLaan (N = 77)

WanfiSouiiay T w.el. 2568 (Peak Day) 1) W.¢. 2569 (Peak Day)
Mean Diff. t-value p-value

2a9l® PM2.5 (X£S.D.) (X£S.D.)
51.52+22.14 38.65+10.87
UNTAN 1287 5421 .000%*
(23 UNINAY W.€. 2568) (16 ANINAN W.¢1. 2569)
.. 40.85+13.56 31.0247.95
NUNWUD e . . 9.83 6.154 .000%*
(15 NUANWUE W.A1. 2568) (6 NUNWUT W.f1. 2569)
. 32.74+12.44 34.18+11.23
Jwaw 144 0985 0.327

(12 Iwau W.A. 2568) (3 Aw1AN W.¢. 2569)

nNBLG: ﬁfm%'lﬁ'ngmmﬁaﬁizﬁu 01, wihgvesdduia (pg/m?)

MANTF 2 wan1INaRaUNIRAAGE Paired Samples t-test WU luldauunmeauuaznunInus
csi'n,aﬁﬂﬂmun]’u"ﬁwaasgu PM2.5 3213190 W.a1. 2568 WAz W.4. 2569 HAauandItuataiisiayneaian
3200 .01 laoddulull w.a. 2569 Suwilinvaaainind w.e. 2568 agefivuddny urasldiduilszanianues
ANAITMNINILANNARERIaN TR TIBIEnN W MeluT 96Ul

luideuiuwiay cshl,aﬁmamvﬁuﬁmadﬂu PM2.5 32wi19nsmesl) lagin Peak Day w83/ PM2.5

lusau 3 1dau Lifanuuandrsnuadelnedaniegia (p > .05) udinlul w.a. 2569 azdidafuginin

[

WndasAany szauliiAuitgnizingaludisdeniwiauindanusunuiseansesnutadsdiwinin

@
[

LLazﬂ'ﬁmﬂuﬁI&iﬂm:ﬁuQﬁmﬂ ﬂ‘omﬁm'lm;w,l,iﬂﬂﬁTLﬁmﬁ'ulumaaaﬂﬁﬁnm

PM 2.5 Yudl 23/1/2025 PM 2.5 Jufl 16/1/2026
PM2.5 Tud 23/1/2025 PM 2.5 16/1/2026
110.7824885 70.82988089

I 4402959853

I 6508522197

19.36795544 17.22931617

NNN 1 (A) ﬂﬁﬂ“ﬁuwuﬂﬁgmmmﬁwamL%Qﬁmamﬂumiﬂiuﬁm:ﬁuQu PM2.5 1411 23 4nT1AN W.¢. 2568 (B)

mﬂﬁmugﬁgﬂme‘i’maoL%aqﬁmamﬂumsﬂiuﬁm:ﬁuﬁu PM2.5 747 16 INI1AN .. 2569
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a v & a o a a |4 1 v v 1
IAINAINN 1 LLﬁ@NIﬁLﬂuLLN%ﬂNEﬂLL'U'LI'%”IQE’JGL“D‘\‘lﬂllﬂ']ﬁ@]iLLﬁ(ﬂ\‘lﬂ’]ﬂ')W&lL°llll°l|u°1|ﬂ\ﬁ}!u PM2.5

Ao

U
o A A = ' o o A o '
o Tui 23 unmaw 2568 Tadutisniiddugiga (Peak Day) vodidian wumnzanmvsNansluszaugIadg
oy (Fuaatu) avauaguiniinianay Maazisean uwazdiumma lasfidanudniugigaagfivinia

a =

1973113 103.63 pg/m?* LLazﬁgwssmﬁ 91.06 pg/m® azviauisanzameadanainadanisazanaivasnafsly

9

v
g a A

FEAUHINY wazunugizduvudiaaafondiaiaaiusasdiaiuiduduaeddu PM2.5
W IUN 16 YNTNAN 2569 wuiwmm;mnwaamsm:ﬁnmT’nJaaQuﬁumiﬁwa@mLﬁaLﬁﬂuﬁ'wﬁ'mnmLﬁmﬁ'umaa
D uan Tasdanudududrulngniznsdiagluszauthunats (Fdu-nies) asauaguiniinananiuaznie

ariweanidounitanauds lasiidngigaiadsagnuszanns 50-60 ug/m?

PM2.5 Jui 15/2/2025
PM 2.5 Tuw 15/2/2025
- 6487513168
i I 41.21313195

17.55113222

PM2.5 YUl 6/2/2026

PM2.5 6/2/2026
46.59115189
I 29.50883424

12.60651659

2NN 2 (C) mﬂ#ﬂmunﬂﬁgﬂLmuﬁ'maal,%agﬁma@ﬂuﬂﬁﬂszl,ﬁu‘izé'mlqlu PM2.5 TUfl 15 NUNWUS W.e1. 2568

(D) mﬂﬁmugﬁgﬂLm‘m‘haaaL%@QﬁmamﬂumsﬂiuﬁmzﬁuI;J‘u PM2.5 TWil 6 NUNWUE W.¢1. 2569

IINNINT 2 waaaliiAuunundugadszauanututuvesdu PM2.5 lugrananadounuaiwus
W.e. 2568 WuingN1zNaREiIaInsiarluszaufidandiszss lastanisluiufinnainilonaznnn
aziuaantdudinilanauwuu %qﬂﬁﬂgLmuﬁuammmwmﬁ’uﬁugqﬂs:mU@ﬁl,flmqﬂ'j”n (X = 40.85 ug/m?)
aa@ﬂﬁaoﬁuﬁaaqgmaﬁﬁﬁaﬂﬁumim%'muﬁuﬁmwmm‘mLLa:m‘mzamﬁmmmﬁw BNTIMIUNINITaN AR
Tuwauau uazunu)iuaaInanlsziduszaudu PM2.5 luduidaunumwus w.a. 2569 Wui1AuTwLIITed
saRslunmnanasadaftsidydafouiudfduwn lesduanudutwadoilszmasasinia 31.02
pg/m? LLa:ﬂ’]iﬂiz‘ﬂ’]Uﬁ?“llﬂd‘lﬁ%‘ﬁl’jﬂﬂ@ (Hotspots) Aanwmznszdanszas ldnuuiwning w.a. 2568 azviaui
an’n:Lﬁ?a%gu%ﬂnanﬁazqqﬁﬂu?wﬁﬁ‘m%an']iﬂ'aﬂ”ﬂl%uﬂmiﬂﬁsc«mquwaﬁw

Aa A a &
NNUILENTNININNT W
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I 50.75443085
31.02077175

11.28711256

43.071075905

PM2.5 Yl 12/3/2026 PM 2.5 Yuti 3/3/2026
PM2.5 12/3/2025 F PM2.5 3/3/2026
i -y I £9.2233176

16.9188404%

2NN 3 (E) T‘l’lﬂﬁLN%ﬁﬁEﬂLLUUﬁ’]ﬂﬂdL%GQﬁﬂ’lﬁ@lﬂuﬂ’]iﬂiuﬁuﬁﬂy‘iﬁ!% PM2.5 1401 12 Junaa W.¢. 2568

(F) mﬂﬁmugﬁgﬂuumﬁaaaL%agﬁma@ﬂumsﬂ‘mﬁmm”mgu PM2.5 101 3 1A W.¢. 2569

NN 3 waaaldiinunupduaasszauanuidudurasdu PM2.5 lugasnarsifeniiuiau
W.¢. 2568 wué’nwm:mimzmﬂﬁwamaﬁuﬁlﬁmwLiuiuﬂmﬂmmsaumguﬁu'ﬁ'daulmymmﬂs:mﬂ
lagamzluamaniiauaznmaazinaanifisanianauu G'fiaﬂi'mgLmuﬁLLa@ammﬁwﬁa:ﬁauﬁamiamuﬁ's
maat’;}luazaaﬂuﬁuﬁudamzm (X = 32.74 pg/im?) awisanmmsailwwanmanasuazySumnaisufuwaliuans
stdaiilandafisuiutsdwlasung wazunu)iugasnandnduszaudu PM2.5 luduidoniiuian w.a.
2569 Wm"lgﬂLmumsns:maﬁu%aﬁu‘ﬁ' flanwlndiAosnud w.a. 2568 uddmngnauiauuais (Aerosol
Clusters) ﬁﬁmmLiuﬁuga%uslumu'«i’mi'@maamﬂmﬁa@]auuu (X = 34.18 pg/m?) ugasliifuiisanizingad
ﬂ'{imLﬁ@ifuasha@ial,ﬁaalwﬁaasawiaqgma BIFaNAREINUNANINARALNIIRAAT LINLAINLANAII8E19T
ﬁfﬁém”mui:wmaaaﬂluﬁauf: (p > .05) azﬁauﬁammﬂwﬁmaaLma'aﬁwLﬁ@]mﬁml,azﬂm‘fymaaq@;ﬁm%mlu

TS

M13191 3 ﬂﬂiLﬂ%UULﬁﬂuﬁﬂLaﬁﬂQu PM2.5 (Peak Day) 3zni19niinalull w.a. 2568 (One-way ANOVA)

nainA 1 (N)  ans1ax (X£S.D.) qumﬁ'%ﬁg (X£S.D.) HAw1aN (XS.D.)
mainiie 9 38.42+15.20 46.12+8.45 39.54+7.12
AManasiazUInuma 26 74.15+18.30 42.35£10.12 28.45+9.34
MAALIDDNLALIL WIS 20 52.60+12.45 48.90+7.56 40.12+8.22
male 14 25.34+8.12 19.45+4 .30 15.82+3.15
MANzIkBaN 8 45.10+10.25 35.40+6.80 24.601£5.40
nadszne 77 — — —
F-ratio 18.452 22.108 25.641
p-value .000** .000** .000**

NABLWR: * RUEAYNNEIANTZAY .01, %k pg/m?
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AMNAITN 3 WaNIaTERAMULUTUTIUN9LEL7 (One-way ANOVA) liNaNagaLUANULANA1I8d

'
' A

ALadndn PM2.5 321319 5 Qﬁmwé’nmaaﬂi:mﬂvlm (39 77 TIRI@) WUIRAMNUANEINwLINRIRIATY

Aad L ' A A o =S A v 2 Aa A s a ¢§' A v A
nWaiaNIzau .01 (p < .01) luyniadaniivhmfinm Seazviaufisdninavasfadoidinuiuazaninuindaud
sanadarzauuaisnamMauandiuluudazivaniimaad lasluansuzminszandivesnafislunianaiuas
Uiwama (N=26) luidauunman wudmanawiidiafoanudutusasugingaaiiaeuda (X = 74.15 pg/m?)
wazfianuuandrinpinaduedsdisddy drngmasitusasldiduisannzeimadaiuiuniazay
VAR BIINAINTINMAATHIAY MIINVINARILLL wazunadsiniianinaegasmnssaluiud luaniizns
wWasuulasgmamouazmaaziveanideaniie Wahgdeuiiman jduuuRuningaiinsafeudiaig
o A 1% A A A a ' v d o o ¢
Tan lasnmanile (N=9) uaznaazikeaniioanila (N=20) fduadoduginiinmanaisuaznald Gaaunus

v a AT ' a & A o v o PN Ao

lapassnuRanssamurnluilas lusngmaeioaiufiinsasnsia daznaunudatbdupfivsimeanidansoe

= : S a a y [ ' v
LﬂuLLaﬂﬂi:ﬂzluﬂqﬂL%ﬁa sﬁﬂa@ﬂi:aﬂﬁﬂ’lwn’lii:‘ﬂqUa’]ﬂ’]ﬂium‘j\ﬂjﬂflﬂ\jﬂa’]a luﬂquﬂqqmLaﬁﬂiﬂ’]waﬂaﬂaflﬂ'\ﬂ

' '
o =

a Q$L v = a ' val v v a ) s a
Uiq'ﬂﬁ ‘H;ﬂ']ﬂl(ﬂ (N=14) NMIYIBULNBUWLAN ﬂ’]ﬂI@]Nﬂ’]ﬂ'ﬂ’]NL“ﬂNﬂl%Lﬂﬂﬂ@] ﬂij@IuVlﬂ“ﬁ']dL'Jﬂ']ﬂﬂﬂE’]LLﬂtN

' a = ' o = a o & a a a % & 4 v
ﬂ’J’]MLL(ﬂﬂ(ﬂ’Nﬁ]’]ﬂﬂNﬂ’]ﬂa%aﬂ’]d"ﬁ(ﬂﬁ]% Luﬂd’ﬂ’]ﬂ&lﬂﬁ]'ﬂULﬂﬂﬂ%%ﬂ’NE‘]‘@‘}%EJQJ’J‘V]UWﬂLﬂuaﬂHMZWWY}Lﬂ@LLﬂZVL@TU

a a & = A a a . a & A e . 4
aﬂﬁWﬂﬁnﬂﬂ&mZLa“ﬂ\‘iﬁﬂdﬁx‘isﬁ\‘i"ﬁ'sElL‘WNﬂi:ﬁﬂﬁﬂ’]‘Wluﬂ’ﬁLLWiﬂi:ﬁ]’lEILLﬂZiz‘U’]U&lﬂW‘]&l'aaﬂi]’]ﬂW%“ﬂvL@]aﬂl’lG@]aL‘ﬁa\‘i

A15199 4 HAMTIATITRINTNATINTEWINSLAen wa T w.a. (N = 77)

uradaMNulslsIn (Source) df  MS F p-value N? (Partial Eta Squared)
aNdWaTadLAan 2 451234 28.45  .000** 0.272

andwauayld 1 1856.12 15.82  .000** 0.172

antwatin (1hew x 1) 2 984.56  8.14 .001** 0.097

Error 152 12045

Y Aaa a

NN 4 I8l EaAanTIATzAa AT TIRLLLIAD (Two-way Repeated Measures ANOVA)

2

\RafAnBBNSNanan LL@:SW’EWM"JMaaﬂw”mi”mnmﬁﬁ@iamwmﬁm]”umaasﬂu PM2.5 $39inmsitezsiada lu
d1udntwasan wudd8nTwasausenidng tdew uar O w.a. s dlidedrdyniigda
(F=8.14,p <.01) Sauaaslifiuin gmmumimﬁﬁmmawaaﬂu PM2.5 luLL@iazLaaufuifua%i TudfvinsAnm
laolull w.a. 2568 dn13naaszasduadnsTiatiianunianldiuiag TuwmeAd w.a. 2569
fauasnveIszaudunInnin Tududnswanan natasoeudonnazd w.a. RRRESEL L EE L gkt
WAty landn Partial Eta Squared (N? = 0.272) uaasliiinindadadiniiana (1faw) JonTwadananuniuls
pesfduganidadudul w.a. waemsdianziluduruiadning wudn N2 vesdniwatindiszau 0.097
LLa@alﬁLﬁudﬂﬁﬂﬁwm’amzmwLamu,a:flmmsnaﬁmnmmﬁuuﬂimadc':llu"l.@‘fﬂszmmi”am: 9.7

PIANNRWLLINIRNA
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6. ayduazanlsana

6.1 asuan1sdnm

v @
e A

ﬂ']iﬁﬂH"]’?fﬂyﬂﬂi{iurﬂuﬂ’]iﬁﬂ‘]ﬂﬂLLaZﬂi&Lﬁ%iZ@ﬁJﬂ’)'}N LU 3T e aaﬂuazaawm@vlmﬁu 2.5 Vlumau

v '
o o

(PM2.5) asaunguinil 77 3aniavasdizinalng IﬂUﬁi’@lqﬂi:mﬂ‘l,ﬁia?miw:ﬁmsﬂi:mU@Tal,"ﬁaﬁyuﬁ@hs
wnundzduvudisandagiimand LLazLﬁ'aL‘ﬂ%muLﬁyummLmﬂ@hwaaim‘”mgu PM2.5 5:%3197291817LAa
ANIUNNIOAEIRA (Peak Period) luidauunmaufisfiumian vasll w.e. 2568 uaz W.a. 2569

NANITILNLIN ﬁiwmﬁmﬁuﬁumﬁlwmﬂu PM2.5 LL@]:s:@“’uqaqﬂmﬁauummu w.a. 2568 lagiile
wWisuifisuanuuandssznindnud szauuaislutiadeuunT AN uNIWS W.6. 2568 AU

niNganadsIn keIl w.a. 2569 adnalivedaneaia (p < .01) lusmeNidaniuwiauvainizasdlainy

anuuandnuwegiisday ludiuniinszarsdndsiuinuanuuandasznitendninedritaian

'
A

& A a a LY ) s % . A da A @ o
IﬂEJW%‘Vm’]ﬂﬂa’ldLLazﬂiummaNﬂ’J’mLmumumaaﬂugdﬂaﬂlu%’)d@luﬂ ﬂauﬂwuﬂ’]ﬂﬂ(ﬂ‘ﬂzLﬂaau(ﬂq‘lﬂﬂd

q

Maitauaznaazineanidosnialudeniduiay

= [~ PRUNEE VR a o a a & = a a da a a
NANIIFANBIAII WL UIUIN LLN%Q&IE?JLLUU%’]&EJ«SIL’NQ&I?I’I&@]? (Map Chart) L‘]Jul,ﬂ‘ia\‘lllaﬂ&lﬂi:m/lﬁﬂ’lw

v &

Iuﬂ13izqﬁuﬁ3ﬂqm (Hotspots) LLa:LLamlﬂmugﬂLLuumsLLiJSLﬂﬁsJumaam’mLiuiucguslmmbuﬂszmﬂﬁ

2E19TALAW HBNINNH HANITILATIZANIRE A8 Two-way Repeated Measures ANOVA £39a352anu8nTna

o N a

1 ' 1 [l U a A IS v [l yo a { v
FIWITWINTUIR Lhawua: T w.a. agelisufmannieada (F = 8.14, p < .01) Saiudatsidannuaasls
N3 JduuunInzsdasnatsne maludizinalnodanudusounazinsudsiunainionls
a 1 a WJ 1 s = 1 a
viuniawizvasudal dldduagiudatonangmaiiosadiangan
mdszgndlfunwpizluuudraendpiimaniiaiduniansianvinsmaniuazinalulagnds

HNITAUNIUTI A WA NLFDINIITIwamIN s FILIaaan lda ii’NLﬂuEﬂﬁi‘i&l e luladigrannTutainnaves

[ '
a a A A

FO1HATIIANIAN AW ﬁ'ﬂ,ﬁmminﬁl,m'lzﬁl,l,a:m@mitﬁs:@Tuuaw“ﬂei’mamqwlunnﬁamawuﬂ nsudald

a o o

agaaﬁ@]ﬁ utaulie %ﬂug‘ﬂLLUUﬂWiLLﬁ@JNﬂﬂWWﬁf@Lﬁ]% dralAnnIsinisuazniisawnifedasaana

JzYWUNINYa (Hotspots) maatl‘llua:aaavlﬁmmimL%:ILLa:Linuﬁﬁ #anandh §9100AaNIINATIZRANUTUNUT
&

o
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ABSTRACT
This research aimed to 1) assess and identify the major sources of greenhouse gas (GHG) emissions, 2)

propose approaches for reducing GHG emissions, and 3) recommend environmental management strategies for
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the chemical industry through a case study of a chemical company located in Bangkok, Thailand. The study
employed an applied case study approach by collecting data on energy consumption, raw materials, transportation,
and waste management from internal organizational records, together with interviews with relevant personnel. The
collected data were used to assess the organization’s Carbon Footprint for Organization (CFO) in accordance with
ISO 14064-1 and the GHG Protocol. The assessment covered both direct and indirect greenhouse gas emissions
under Scope 1, Scope 2, and Scope 3, using emission factors provided by the Thailand Greenhouse Gas
Management Organization (Public Organization) and reference databases consistent with the GHG Protocol
guidelines.

The results revealed that the organization generated a total of 236,518 tCOg2eq per year. Other indirect
emissions (Scope 3) accounted for the largest proportion at 99.18%, followed by indirect emissions from purchased
electricity (Scope 2) at 0.59%, direct emissions from fuel combustion (Scope 1) at 0.19%, and other emission
sources at 0.06%. The findings indicated that the major sources of greenhouse gas emissions originated primarily
from supply chain activities, including raw material procurement, transportation, packaging utilization, and activities
associated with business partners. Appropriate emission reduction measures include green procurement, logistics
optimization, packaging reduction, energy conservation, the adoption of renewable energy, replacement of fossil
fuel-based equipment, and waste management based on circular economy principles. In addition, the establishment
of environmental performance indicators and continuous monitoring and evaluation are essential to enhance
systematic greenhouse gas emission management at the organizational level.

Keywords: Carbon Footprint for Organization (CFO), Greenhouse Gas Emissions, Chemical Industry,

ISO 14064-1, GHG Protocol
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Abstract

This study presents the design and development of a solar panel system installed on the hood of an
electric vehicle, with the objective of evaluating its energy generation performance under real environmental
conditions. The system comprises a total of 182 photovoltaic cells arranged into six series-connected modules.
Modules 1 and 6 each consist of 27 cells, generating 13.5 V per module, while modules 2, 3, 4, and 5 each consist
of 32 cells, generating 16 V per module. To assess system performance, measurement instruments including a

solar irradiance meter, a relative humidity sensor, and a wattmeter were integrated into the experimental setup.
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Data were collected at 10 minute intervals between 09:00 and 15:00 throughout December 2025. The experimental
results demonstrate that increased solar irradiance has a direct positive effect on the photovoltaic system, leading
to higher power output and improved efficiency. In contrast, elevated relative humidity negatively impacts system
performance, as atmospheric moisture can cause light scattering and refraction, thereby reducing the effective solar
radiation incident on the panel surface and decreasing power generation.

Keywords: Solar panel design and building, Electric vehicle, Solar panel efficiency
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ASEATY: 1038IUTUMALUULINEIN, WRIIH, ABNLWIRLTET

ABSTRACT
split-type air conditioners are the highest energy-consuming appliances in residential buildings, particularly
due to the compressor and the condenser fan within the condensing unit. Concurrently, air conditioning systems

continuously generate condensate water from the evaporator unit. This condensate water maintains a low average
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temperature of 15-20°C and is typically discarded. This research proposes an approach to enhance energy
efficiency by utilizing this waste condensate water for water-assisted cooling of the compressor discharge line prior
to entering the condenser, integrated with an automatic condenser fan speed control system to reduce the overall
electrical energy consumption.The developed system operates by using the evaporator condensate water to lower
the temperature of the compressor discharge line through heat absorption. Temperature sensors detect the
temperature differences to transmit signals to a controller, which subsequently modulates and decreases the
condenser fan speed corresponding to the real-time water-assisted cooling efficiency. Based on experimental
testing on a 9,000 BTU wall-mounted split-type air conditioner installed in an actual residential building, the power
consumption of the condensing unit was 980 Watts before system installation. Following the implementation of the
compressor discharge line cooling device combined with the fan speed control system, the power consumption
decreased to 930 Watts. This demonstrates that the system can achieve an electrical energy reduction of up to
5%. In addition to energy-saving efficiency, the continuous reduction of the thermal load substantially extends the
operational lifespan of both the compressor and the air conditioning system.

Keywords: Split-type Air Conditioner, Energy, Compressor
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WM‘L{']agm’mmm@vlﬂmmimauﬁ’uIaIGnu HAMIANHINLIT M31E MNBs + Ozone fidaninasdamssnsy CO,
Tuasulnidloinanuausasnmsaei 10-50 bar dwarirlw co, luaswlnfiiunmsivaianusesadafisuiu
Al ldmnumstniaaaudiais 81.76% NANuais 10 bar Uas 84.58% AANAK 50 bar HAUBINITANS
299 CO, HIROANRDINLNMIANSITEI NO Uaz CO Aatdudiady 45.43% AA1Nuen 10 bar uas 62.50% NA214
% 50 bar WAz 57.27% NAWAY 10 bar Uaz 72.60% NAUAY 50 bar AMUEIAL KANTISLUEAIIAIARIN a3
#1791% MNBs + Ozone HANNTITLLAAILALAWIN §1571197% MNBs + Lol ﬁmmmmsﬂumsgﬂﬁuLLa:ﬁTcﬁ'@
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Abstract

This research aims to investigate the smoke-trapping behavior of micro-nano bubble (MNB) technology
combined with ozone. In the experiment, smoke generated from coconut shell combustion was drawn by a suction
fan into a tunnel equipped with high-pressure nozzles. The working fluid utilized was a mixture of MNBs and ozone.
The results indicated that the MNBs + ozone treatment significantly influenced CO, capture in the smoke. When
the injection pressure was increased from 10 to 50 bar, the treated smoke showed a substantial reduction in CO,
compared to the untreated smoke, with an average reduction of 81.76% at 10 bar and 84.58% at 50 bar.
Furthermore, the decrease in CO, correlated with reductions in both NO and CO, which decreased by an average

of 45.43% at 10 bar and 62.50% at 50 bar for NO, and 57.27% at 10 bar and 72.60% at 50 bar for CO. These
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findings demonstrate that the MNBs + ozone working fluid effectively absorbs and eliminates pollutants, thereby
reducing emissions from biomass combustion. Additionally, this working fluid is environmentally friendly and holds
strong potential for application in air pollution control systems.

Keywords: Micro-Nano Bubbles (MNBs), Ozone, Biomass Combustion, High-Pressure Nozzle, Air Pollution

1. UNW

ﬂaﬁ;ﬁ'umﬂ‘*ﬁwé'amumwa@iamuﬁ@maﬁwmammﬂmﬂmzmumnmvlmﬁm‘%aouuﬁé’umﬂmﬂuuaz
mzmw,mvl,%ﬁl,%aLwﬁaWaas'Bamaaiiamqum%mm Panich Intra (2019) nEIRaINNITes PM 2.5 leun
ATuEBrasTnnud L3vlnih lasnugaamnysy FisndsniuiiaannszuawmanlnliBamdetinnadniy
mMInsduan ufiadainasiaeanlad (Sulfur dioxide n3a SO, Mwaanloduaslulasian wia NOx uazay
dunidiaiiszing (Volatile organic chemicals %38 VOC) a:Lﬂuﬁ'sﬁmgjﬁ’%mﬁ‘umi'éiulummﬂﬁﬂﬁﬁ@agmﬂ
azi8uald A1N19 31U MNTWVBIBINA (National Ambient Air Quality Standards, NAAOS) fpansulaluana
Immaagmmaﬁm 24 hr 9z@03%hasnd1 35 uaz 150 pg/m® wazTedazdastiounin 15 waz 50 yg/m® SIRTLIWIA
auNALANNIY 2.5 Uaz 10 pm eudau [1] maddes CO, sutasunanmsinndifondenastadniuly
NIZUIBNITNIIQARINNTTN Fededudszunm 37% 209n13ldwavanunannalan [2] [3]
MIANIVUAZANLALUASUE (CCS) t;mwaaasjwﬂ'j”ﬂw'mhLﬂumﬂhl@ﬁﬁﬁﬁﬂumm@miﬂa'asﬁ”mmﬁ?uau
"l,cﬂaan"lfmﬂufumammmnnka"lvxlﬂﬁLLa:Iiamuqmm%mmmm@lmyj ccs iluafanmamaiindniuisng
@nay Co, i‘fua%iﬁ'umﬂ%mumww:ﬁ'sLﬁaﬂ‘mamﬂﬁﬂ fNIUMIANTY CO, LT MIRATUMIUTUDILUNLLTHUAE
STUURUNII/mnig [4] agalsnay luwivesdsnsidaiiuuasdading 1gu MIPATUNNTANIY CO, il
PoFsfifaduitasann uwazflanuwugauaziiany ilundnginnn udiiasnadzdnsnnluuizes energy
siustasann [5] [6] [7] [8] [9] N3eNIU CO, dromalulafiuuiuInugaInunILERIaIN1IUIIILezl e ing
mwmmmﬂmfﬂ@uﬁ”a”l,ﬂgamﬂ iflasannanudasnislunisdassawaiinvasnszuaumsluniensuiuaiy
ﬁmmL°1J”m‘fumﬂ1uudﬂuaawai“ammﬁaamﬂni:mumﬁ:mmmmﬁ”@umaaL%aLwﬁa%”aummfhﬂu?aé’m”tymﬂ (5]
[6] [7][8] [9] [10] [11] iauﬁ{l@hﬂwgﬁﬂmLLa:m‘ioﬁWLﬁmm

Tulastuidaussuluiuda (MNBs) Lfluwaammﬂagmﬂmm@Lﬁﬂﬁﬁlﬁumuﬂuﬁnmo 10-50 pm U@
<200 nm enwde [12] (13] inaluladlulastudawszwnls tindaldsuanuanlaagrsannitasaninsldo
agensrnslunasmuivasingmaniussnalulad wu nsthdainds nedwdainssudansunng
waziaquilu [12] fasndadvnsdsznmIzasenuaansn lumssandiatugedsziniaiwnmstisinanags
sarmildsialaudlunsindassuafimnalulad lulaswlutuila (MNBT) 59das 9 dsgaauaulauas
ﬂi:aumwa%n%ﬂumsmquaﬁmiaﬁ'am@é”au [13]

a

nfAnaandyniiesdu PM2.5 uazuaisamadudymidrdgninidolianusuladniniuuinig
witywn deznaunuinaluladlaleswnluduidadunasaimasunaswaidndquant@dmniunisdszyndls
Nuraseu atnelifiautesiniwesnuids (Research Gap) Hlinwui1 mstyndlidmivaniuaiulnnie
a o & & = A Ao Aao e A A = a v o o >
uafEIaIMa asuudadulmduninuesnuitsiiidagszasdinaaAnswndnssunisanduainlneas
walulafdwasiaunaswalulasulu lasnseanuuuglasdvimihfianavaduln dronamnlndiddan

Nenduunasnais
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6 a s
2. qﬂ NIWLLASIDNITINA DI

2.1 1@5298070

qmawﬂ'@ma\‘iQ'ﬂmrﬁm%aaﬁai’@ﬁl‘fﬁm%’umimaau ‘ﬁ'uﬁﬂNaﬁagal,l,amvlﬁmumswﬁ 1

= - -
M1919N 1 Qmauu@]lﬂjaﬂua?@

I8N

AN ALANL

T & o
LAIDIILAINSWALLN avla
a
L&Y

(Exhaust gas analyzer)

ﬁlﬁa Multi-gas detecting alarm (product number: M2101001) HUNITIA:
NO (0-250 ppm), CO, (0.00-5.00 % vol), SO, (0—20 ppm)
CO (0—-1000 ppm)

w3asiufianaslulas-
wlu
(Micro-Nano bubble

usselWAnszuassy AC-input 220V/50Hz lEwasanlwin 1.65 kw nnslsiin
syswanlumadaswinlvnaedunesamwa lulaswluwionsatiivwaiin wanms
Fnupasassssanemainnielulaswlu o myhmolulasuunnsuiy
W53 FadIneasININGR 30 liters voafelalasian A9 500 liters M3

generator)
wWasnudasasingnalianumansalunsszasvaseandianluinanasan
7.8 mg/L W& 0.2 mg/L

wn3aarifialalon wn3asnananmelalouviolalon waaalolow 1 10G/3G 220V

(Ozone system)

USunmmsssaanvadlalaou: 10,000 mgh

WI9aW IWAN: 220V/50Hz fias tWsh: 90 W

YSunmfaean: 10 L anududuvainissiaan: 80 mg/ll Anuauaan: 3,500 V
avnarialalou: 260 x 67 x 46 NN, IWA: vialalouruna: 260 x 67 x 46 Ay
pnaunasingln: 150 x 56 x 40 aa

% 3G waneAlEnuAu A 50 anunar

% 10G iz AlEnuNw lahn 100 anuner

LA3BIIAANNLSIAN

(Mini Anemometer)

UNI-T, Model: UT363
Rang measure: 0 — 30 m/s (as standard)

Accuracy: (5% rad + 0.5)

dll o A& v
it ufindaya
% ey
a0 L3l

(Data logger)

GRAPHTEC Model: GL820, Input: 20 channels

Sampling interval: 10ms/1ch Max.10/20/50/100/200/250/500 ms/1/2/5/10/20/30 sec
Clock accuracy: + 0.002%

Power supply: AC adapter (100 to 240 VAC, 50 to 60 Hz

DC input (8.5 to 24 VDC (26.4 V max.) Battery pack (7.4 VDC (2200 mAh)

mﬁ@qmﬁgﬁ

(Thermocouple cable)

Thermocouple, Model: IES system, Type: K
Temperature range 293 — 1260 °C + 0.75%

JUuIIan

(Pressure pump)

Model: TOMITSU Power sprayer: Revolution: 800 — 1000 rpm, Discharge: 16.5 —
20.5 L/min, Pressure: 14.71 — 34.32 bar, Irrigation: Revolution: 1200 - 1400 rpm,
Discharge: 23 - 29 L/min, Pressure: 9.81 — 14.71 bar
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18119 AN ALANL
wada M”’Jﬁ@Wuazaaaﬁ%m@”ugwmﬂ 0.1 mm wiansanses smsuldluifedeoliieany
(Nozzle) MsRNANNT UG BBLaNITE
wn3asdhan Power: 19.2 W, Rotational speed: 3300 rpm
(Air-blower) Airflow: 345 CFM, Air Pressure: 142 Pa

2.2 imuaaunlamnageu

Gul3a7i (Constant variable) leuri a3wln (Smoke) a9fdsznaunisiadfswisnialdaininias
JiaeAuialalde (Exhaust gas analyzer) Usznauaiy CO,(%vol), NO(ppm) Laz CO(ppm) LARINANBTINIALA
souwnsoilasnssnassninln (Smoke) dronsian nalidaiwaatiuaa (Biomass fuel) lasiRenlfiawizgns
NMINHAT A WTWI? (Coconut) LL@I‘ELQWW:MWU@GLﬂﬁaﬂwafuﬂmd (Mesocarp: fleshy middle layer) %%a‘ﬁ‘ﬁﬂu
138N NINUEWTN (Coconut meal/Residue) qmautﬂ'@ﬂ’mmﬁ Proximate analyses @2835N17 the Association of
Official Analytical Chemists (AOAC) WUIININNZNIN a\‘lﬁﬂi:ﬂamﬁﬁ lignin 44.68+2.3%, cellulose 42.46+2.1%,
moisture 9.57+0.40%, ash 1.711£0.05%, crude protein 1.12+0.03% L8z crude fat 0.56+0.05% [14] UROITIHAZLDYA
L‘fi'auvlmmuminﬁ 2 Lfiaﬁm*sm'lmiﬁwmu (Working fluids) ﬁl"ﬁﬁa Micro/Nano-bubble + Ozone (MNBs +Ozone)
malulagulasmlusuids de Lﬂéaawﬁmwa\‘ni’]mg,mﬂmmmﬁumuﬂuﬁnmd seavlulaInsa 10— 50 pm
(lulasuas) uazidurugudnaisnaswlu dasndt 200 wilwwas [12] fesdisznaumaad £,0+0, quauiia
Alanauda mum*’uaw\laaﬁwﬁllﬁﬂmﬂa%mﬂmm@vl,uimlmiu axfiNuAfduiaNNN (Surface area) uazdniy
WIUGY (High porosity)

dul5Ba3e (Variable) lalA ANNAUYBINIAG (Injection pressure) FNWKa 13139 10 — 50 bar aauUsAe
P - P TapuSusanasuuandniiu AP= 10 bar anaauiiuduudsduasonudsunmuesnsia MNBs +Ozone
\Radn w%ﬁafymm\m”ugaqm 70 bar §I38IMMUAANNALFIFALNEI 50 bar

ANNSIAN (Wind speed) tunsannmyiasarisiveaniasdhanlasuadu 3 szaude V,.: 3.32 m/s;
iy, : 0.068989 kgls, V.

min

: 4.54 m/s; m,,: 0.094340 kg/s, V. : 5.42 m/s; rg,: 0.112626 kg/s anaianauls

™ o o a a X o A = [ ~ ' [ A & v
Num\muamwmﬂmmmmmmaqu"uu MBANULIIRNIZAU V. UANULANGNNNY Ve V. LWEILRNaE

min low max
AIBUIIAUAANUTIANIINTUNARIRD V, uaz V. L
4. 4
@137197 2 Honlamnageu
> dl
auls Saulansnagay
audsan Atul (Smoke) Ja36itlsznay CO,(%vol), NO(ppm) uaz CO(ppm)

Constants variable) | 813711974 (Working fluids) #a Micro/Nano-bubble + Ozone

Pressure pump: 10 — 50 bar

Andsodse P-P,: 10 — 50 bars
(Variables) AP =10 bar

Wind speed/Air mass flow rate

V, :3.32 mis; rir,,:0.068989 kgls, CO,:1.59(%vol), NO:7.33(ppm), CO:344.00(ppm)

low *

V . :5.42 m/s; 1, :0.112626 kg/s, CO,:1.67(%vol), NO:8.00(ppm), CO: 364.00(ppm)

max
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2.3 qﬂnszﬁtﬂéaaﬁa

qﬂﬂmfﬂi:ﬂammuaamﬂu 5 gunanidsznaumey dauusn wasiniiauaRsainmian lndnisuen
(Emission source of External combustion) &7 u'ﬁlaa\‘l qiuoﬁﬁ'ﬂﬁ?'uuaﬁw (Emission capture chamber) &7 u‘ﬁ'm;u
sruvlaulasanludy Lﬁa + lalow (Micro/nano-bubble generator system + Ozone system) dauﬁﬁlizuuﬁu LIIA

(Pressure pump system) LLa:d?ugﬂﬁ/’m \w3adlanTiaia laun Analyzer gases, Data logger, Wind speed LL&@3
a a
5’l£|§1$LaEJG]G]’1&JE‘1J'ﬂ 1

Ozone system MNBs-Generator system

—

Analyzer gases

Gas compositions:
S02, CO, NO, CO2

Tab = Ambient temperature, oC

Tin1 = Chamber temperature, oC
Tin2 = Chamber temperature, oC
Tin3 = Chamber temperature, oC

~

Data logger
317 1 uwusssndsznauman wdmeuannuszuu lulasan lududa

2.4 nalanmsinalfnuad

a

a aaa o A o ¥ 2 o a @ %
'ﬂ']ﬂWﬂ']im’]ﬂQﬂﬁﬂqizﬁqq\jﬂqsﬁw [N Hﬂ‘UIaIm‘Tﬂ.%uq HZO + 03 DINNLNANIWN avLﬂ AN TLATULLASNIINT

auyadasz («OH ) luszuy Micro/Nano Bubble + Ozone manInidiuaunislassiufigaudalaaad
CO,+H,0+0, (1)

6 6 1 a a 6 v K ' a € 1 3 ]
mivaulasanlodaglusnuzaanfiatugigasasaniven (+4) ui Iiligneandladealaslalawldadiie
Ivpdany
asuaulasanled co,

CO, + H,0+ 0O, — No reaction (2)
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nIaoANALNLIN IRz

CO, + H,0 = H,CO, 3)

ASUanNaKaN ke CO
CO+H,0+0, (4)

lalausansneandlad co liidw co, e
CO+0, - CO, +0, (5)

WNdaINMIuaad H,0 tuansluszuy snansadowlaidn
CO+H,0+0, - CO,+H,0+0, (6)

Tulasianaanlad Nox
NO+H,0+0, (7)

lalousandlas NO 1u NO, laatniTiaise
NO+0O; - NO, +0, (8)

[

A Ao ' a a % Aa o o A
\iailthag NO, RINTNANTA ba3N e lapgunsundeylfluszuutntade

2NO+30, + H,0 — 2HNO, +30, ©)

nanlauaylguantfvas Micro/Nano Bubble + Ozone ¥ ffiseniuasnais fanswadaaunisriud
WANTRNAIN

co, WiindfRseneandiatuiisdniy o,
CO  CO+0, —CO,+0,

NO  2NO+30,+H,0 —2HNO, +30,

o o o A aw ¥ > 9 va a 2 o
ﬁ']'ﬂillﬂﬂ‘lﬂﬂr]iﬂqa@]NQWHSLH\‘J']%'J‘D Uiﬂisﬁuluuqﬁqujiﬂﬁaqﬂﬂ']lﬁﬂ Lﬂﬂa%yjavlﬁﬂiaﬂ‘ﬁa ('OH) BN Lﬂu@]']

2ONT IATARNNTILANY TZRANTAIWNNIAI9@ CO waz NO luszuululasymnutuidale

2.595M NN

TRADTINTES m'i'g@L%aLwﬁd%amasl,%ﬂ'mu:w%%{’mﬁﬂ 1.5 kg @TUMTEN ITEnILUREaNaR laLRe
IfWasngaamadinauiiuszay leun Low Aa 3.32 m/s Min fia 4.54 m/s uaz Max @@ 5.42 m/s Win13
nagautdenldaianuiiauiies 2 seauiniu ldun Low uaz Max tiasanndasnislienainusuandroni
winnavnmytanauszufindnassusznavwesninln laun CO, NO uaz CO tfufin 5 asaiflandase

uAaunand NMIAATIFNNH (Working fluids) Laanldsinfrimesasiniianas apn1arwa lulasuly
sauruszuuTalam (Micro/Nano bubble plus Ozone system, MNBs+Ozone) L¥inii lagdsudiusssunisnisae

(Injection pressures) 1AM4A% 10 — 50 bar laglwNAaz 10 bar
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nnaniaIn Manadsznaunaudie suanslalie (Emission gas) inmsiaduans laldunawnan
whalasdanduuadis fa Tannthovialagaameamainlidiunisgadisnasugaaima usziadwadislalfy

wasnruglusdaniuuaRsdsmnuldsziandw g dammnlvasmahnuuazamninisluglusdaniy

VAN

2.6 nM3dsziiindsz@ansnn
NI wIBrIUTEENTAIWNIIANaLUaN (Collection Efficiency) Aa N13dwIsMIa@ & %Y IUTN

vaneNzuuanau laifsunulsnnauaRsnivuanldasoanun @uauENNGIUaISUNMINUZIU (10)

C -C
77:( in Out)XIOO (10)
fruali 7 fe UssRnFnwmsanduuaiy (%)
C, fia anuLnTusesNaNEnawdngIzuuaNIY
C,, Ao anuduTuveInafwnasngIzuuanNIY

out

3. Haansuazn1sandsgna

anSwa MNBs + Ozone yasm st Inaingwanaa CO,

uan13lE MNBs + Ozone fifiBninadansanst co, musnasuneldasdeluit

]N1z ¥, 3.32 m/s; rit,,: 0.068989 kg/s WU CO, Uad Exhaust gas LNy 1.59(%vol) aiuany
AUVBINIAA 71 10-50 bar NaUBIFN CO, AiHMNITTNLaaadIaRasni1A Exhaust gas fiszauANeR 10, 20,
30, 40 uaz 50 bar lagdIuaINanaILszanm 1.31(%vol) fardudnadvfasss 81.76% waImInaad

]N12% V1 5.54 m/s; 1, : 0.112626 kg/s WuI161 CO, 1849 Exhaust gas LNy 1.67(%vol) WalRa

AMUAKVBINNIAG 71 10-50 bar NaLBIA1 CO, NHIBMITUARAGIRIkaNINAN Exhaust gas N132aUANNAK 10,
20, 30, 40 W&z 50 bar laudInEINaAaILITzINI 1.46(%vol) Aaiduaiadosasas 84.58% UBINTAARILEAIAN

A
3N 2
u
1.8
16 - -« °
1.4 —&—— CO2 (%Vol) at Exhust
O o CO2 (%Vol) at 10 bar
12 ——-%-—— CO2 (%Vol) at 20 bar
. —-—A —.- CO2 (%Vol) at 30 bar
5 — —® —  CO2 (%Vol) at 40 bar
@ 1.0 1 — —0— — CO2 (%Vol) at 50 bar
o
S 08+
o
0.6
0.4 4
0= o s ——
0.2 T
0.0 T T T T T
0.06 0.07 0.08 0.09 0.10 0.11 0.12

Mass flow rae of Exhaust gas (kg/s)

5% 2 8nTwa MNBs + Ozone §a CO,

u
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BN5Wa MNBs + Ozone 289n13tHN IRRN18Wancaa NO

Aaa

namsld MNBs + Ozone fidianswasamsansy NO suisnasunsldnsaaluil

&Nz V,,: 3.32 m/s; iy, : 0.068989 kg/s WUIF1 NO Va9 Exhaust gas L¥innU 7.33(ppm) aiuany
AuUDINITAA 7 10-50 bar KaU8IAT NO AHIUNNITNTATAININAY Exhaust gas MAa1ueH 10, 20, 30, 40 ua
50 bar Tagdiuanafianaslszuno 3.33(ppm) Aaudueniadnsauns 45.43%

8Nz V.1 5.54 mis; 1ir,,: 0.112626 kg/s WU116i1 NO 2849 Exhaust gas 111171 8.00(ppm) 1l atiiu

AMNAKVBINNTAA 71 10-50 bar WaaIA1 NO aaG18IN31A1 Exhaust gas N1aua 10, 20, 30, 40 Waz 50 bar

landudafianaatszunm 6.00(ppm) Aaidudaiviasas 62.50% waasauzUf 3

9
8 /
7 -
——8&—— NO (ppm) at Exhust
O e NO (ppm) at 10 bar
67 ———v—— NO (ppm) at 20 bar
g_ — —A — - NO (ppm) at 30 bar
S 5 — —& —  NO (ppm) at 40 bar
% — —0O— —  NO (ppm) at 50 bar
4 4 e~
34 b —————_ B S S S
~~__ — 8
21 e
1 -l T T T T T 1
0.06 0.07 0.08 0.09 0.10 0.1 0.12

Mass flow rate of Exhaust gas (kg/s)
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Abstract

This research aimed to: (1) study the efficiency of electricity generation from rooftop solar photovoltaic
systems; (2) compare electricity consumption before and after the installation of rooftop solar power generation
systems; (3) analyze the reduction in electricity expenditure; and (4) evaluate the economic returns of rooftop solar

power generation systems. A mixed-methods research approach was employed. Quantitative data were collected
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through questionnaires from a sample of 411 companies, while qualitative data were obtained through in-depth
interviews with 11 experts and key informants, including executives, managers, and representatives from
government agencies. Data were analyzed using descriptive statistics, including frequency, percentage, mean, and
standard deviation.

The research findings revealed that the rooftop solar photovoltaic (PV) system demonstrated an average
electricity generation capacity of 122,500 kWh per month, or approximately 1,470,000 kWh per year. The system
effectively reduced dependence on externally supplied electricity. A comparison of electricity consumption before
and after the installation showed that electricity purchased from the utility grid decreased from 10,986,240 kWh
per year to 9,516,240 kWh per year, representing a reduction of 1,470,000 kWh annually, or 13.38%.In terms of
electricity expenditure, based on an average electricity tariff of 4.20 THB per kWh, the system was able to reduce
electricity costs by approximately 6,174,000 THB per year, resulting in a significant decrease in the organization's
energy expenses. The economic evaluation indicated that the investment cost for the rooftop solar PV system was
approximately 31-36 million THB, with an estimated payback period of 5-7 years. These findings demonstrate that
the implementation of a rooftop solar photovoltaic system is an effective approach to reducing energy costs while
supporting sustainable business operations.

Keywords: Solar Energy, Rooftop Solar Power System, Energy Cost Reduction, Renewable Energy
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AZUI FEALAMNAALAK
5 Lﬁuﬁ’mmﬂﬁq@
4 LAUA2LNIN
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2 PG
1 Lﬁu@‘fwﬁfaﬂﬁq@

a1 : Likert (1967)
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131 : Best and Kahn (1993)
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ANdIATY: ANLdUNAINIATLaY MUTaUNTZIN MINUNIWTITZUL

Abstract
This study employs a Systematic Literature Review (SLR), and the article selection process follows the

PRISMA (Preferred Reporting ltems for Systematic Reviews and Meta-Analyses) framework to analyze energy
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technologies and approaches for reducing greenhouse gas emissions toward Carbon Neutrality. Research articles
were collected from the ScienceDirect, Springer Nature, and Gale OneFile databases, covering the period from
2023 to 2025, based on systematically defined inclusion and exclusion criteria. A total of 4,704 articles were
initially identified, including 596 from ScienceDirect, 2,643 from Springer Nature and 1,465 from Gale OneFile.
These articles were screened based on titles and abstracts, followed by a full-text assessment according to the
established criteria, resulting in 42 articles selected for in-depth analysis. The findings indicate that the key
approaches can be categorized into four main groups (1) Policy Measures and Carbon Market mechanisms, (2)
Smart Grid systems and Virtual Power Plants (VPP), (3) Renewable Energy integration; and (4) Waste
Management and the Circular Economy. Renewable Energy and Energy Efficiency Improvements show high
potential in the short term, whereas advanced technologies such as Hydrogen and Carbon Capture are more
suitable for long-term development. This study proposes policy recommendations and energy system
development pathways tailored to the Thai context to support the achievement of Carbon Neutrality by 2050 and
Net Zero Emissions by the year 2065.

Keywords: Carbon Neutrality, Greenhouse Gas, Systematic Review
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