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Abstract: The rising global demand for medicinal cannabis necessitates the optimization
of cultivation, harvesting, and extraction techniques to maximize cannabinoid yield and
purity. This study investigates the Foi Thong Phu Pha Yon strain under controlled environ-
mental conditions, evaluating the effects of temperature, humidity, CO2 concentration, and
light exposure on plant growth and cannabinoid biosynthesis. A total of 170 seeds were
germinated, with an 85% germination success rate, and various growth strategies, including
soil composition, nutrient application, and irrigation methods, were tested to determine
the most effective approach. The research findings indicate that vegetative growth was
optimal at 27 ◦C, 70% humidity, and 1200 ppm CO2 while flowering required a reduced
temperature (22 ◦C), lower humidity (50%), and elevated CO2 levels (1900 ppm) to enhance
cannabinoid production and prevent disease. Furthermore, harvest timing significantly
influenced CBD yield, with peak cannabinoid content observed when 80% of trichomes
were cloudy white. Over two growing cycles, this study produced 43,200 g of fresh buds,
resulting in 7560 g of dried cannabis buds. The extraction process, utilizing dynamic
maceration with 95% ethanol, followed by winterization and chromatography, yielded
2343.60 g of cannabis extract, including 589.68 g of CBD, with an average purity of 86.599%.
Advanced techniques such as flash chromatography and distillation further refined the
CBD isolate, ensuring pharmaceutical-grade quality. These findings highlight the effec-
tiveness of precise environmental control, strategic harvesting, and advanced extraction
methodologies in optimizing cannabis production. This research provides valuable insights
for agricultural researchers, policymakers, and the pharmaceutical industry, supporting
sustainable cultivation practices and improved product quality in the expanding medicinal
cannabis market.

Keywords: cannabis cultivation; CBD optimization; sustainable agriculture; maceration

1. Introduction
Cannabis sativa is a versatile plant known for its diverse array of secondary metabo-

lites, including cannabinoids, terpenes, and flavonoids, which contribute to its medicinal
and pharmacological properties [1,2]. The primary bioactive compounds in cannabis are
tetrahydrocannabinol (THC) and cannabidiol (CBD), which are widely recognized for their
therapeutic effects [3]. THC is primarily responsible for the psychoactive effects and has
been used to alleviate appetite loss, insomnia, muscle spasms, and chronic pain, whereas
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CBD is non-psychoactive and has shown potential in treating epilepsy, depression, inflam-
mation, migraines, and anxiety disorders [4,5]. The biosynthesis of these cannabinoids
predominantly occurs in the glandular trichomes of female cannabis flowers, which serve
as the main site for cannabinoid production. While other plant parts, such as leaves and
stems, contain secondary metabolites, their concentrations are significantly lower than
in flowers. The composition of these metabolites varies depending on genetic factors,
environmental conditions, and agronomic practices [6].

Historically, cannabis was classified as a Class 5 substance under Thailand’s Drugs
Act of 1979, restricting its use for research and governmental initiatives [7]. However,
recent policy reforms have facilitated the controlled cultivation and use of cannabis for
medicinal purposes, aligning with global trends in cannabis legalization. Countries such
as Canada, the Netherlands, and parts of the United States have established regulatory
frameworks that enable medical cannabis cultivation under strict guidelines. In Thailand,
government policies promote cannabis cultivation under specific licensing agreements,
primarily for medical and research purposes. The Thai cannabis policy emphasizes the
localized cultivation of native strains to ensure genetic purity, adapt to regional climatic
conditions, and support economic growth [8]. By fostering indigenous cannabis production,
Thailand can reduce reliance on imports, enhance local revenue, and establish a competitive
position in the global cannabis market [9,10].

Several agronomic and environmental factors play a crucial role in influencing
cannabis growth and secondary metabolite production [11]. Genetic strain selection is a key
determinant, as different cannabis strains exhibit varying cannabinoid profiles, directly im-
pacting their medicinal and industrial applications [12]. Environmental factors, including
temperature, humidity, light intensity, and soil conditions, significantly affect cannabinoid
biosynthesis and overall plant yield. Additionally, cultivation practices such as indoor
versus outdoor growing conditions, nutrient supplementation, and irrigation techniques
influence plant development and metabolic expression [13,14]. Beyond cultivation, har-
vesting and post-harvest handling play a critical role in maintaining cannabinoid potency,
with factors like harvest timing, drying, curing, and storage conditions directly impacting
cannabinoid stability and degradation. The extraction methods and metabolomics’ analysis
determine the efficiency of cannabinoid isolation, influencing both the purity and concen-
tration, while advanced metabolomics’ techniques help identify bioactive compounds [15].

The “Foi Thong Phu Pha Yon” strain, a native Thai cannabis variety, has been chosen
for its high adaptability to local climatic conditions and rich cannabinoid content, making
it an ideal candidate for sustainable cultivation. This strain aligns with Thailand’s policy-
driven approach to developing high-quality, locally sourced cannabis for pharmaceutical
applications, ensuring genetic consistency and economic viability. To contribute to the
advancement of standardized cannabis production, this study aims to evaluate cannabis
strains and environmental conditions that optimize cannabinoid production, investigate
harvesting techniques and post-harvest storage conditions to maximize yield retention,
assess different extraction methods for improving cannabinoid purity and efficiency, and
analyze the chemical composition of extracts to refine purity enhancement techniques.
By integrating strain selection, environmental optimization, and extraction efficiency, this
research supports the development of Thailand’s medicinal cannabis industry and strength-
ens its role in the global cannabis market. Future studies should explore genetic stability,
alternative extraction methods, and environmental influences on cannabinoid biosynthesis
to further refine cannabis production and processing.
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2. Materials and Methods
2.1. Growth Materials

This cannabis cultivation study was conducted on the rooftop of the Faculty of Science
and Technology Building, Rajamangala University of Technology Phra Nakhon, Bangkok,
focusing on the “Foi Thong Phu Pha Yon” strain to develop a high CBD-to-THC ratio (≥1:1)
for medicinal use. To mitigate the risk of contamination, five distinct varieties of growing
medium were sourced from reputable suppliers, as follows: elephant manure castings, peat
moss, fine coconut coir, bat guano, and vermiculite. These materials were combined in
specific ratios as shown in Table 1 and labeled as the formula (F1, F2, and F3) and subjected
to a fermentation process lasting 72 h before planting.

Table 1. Types and percentages of cannabis planting materials.

No. Growing Medium Control
(%)

Formula 1
(%)

Formula 2
(%)

Formula 3
(%)

1 Elephant Manure Castings 20 10 20 30
2 Peat moss 20 40 30 20
3 Fine coconut coir 20 40 30 20
4 Bat guano 20 5 10 15
5 Vermiculite 20 5 10 15

2.2. Experimental Setup

A total of 170 seeds were selected based on heart-shaped morphology (indicative
of female plants), with only those achieving a ≥85% germination rate proceeding to cul-
tivation. Seeds were soaked for 12–18 h, wrapped in moist paper, and stored at 25 ◦C
and 85% humidity until sprouting. A total of 15 plants were utilized to evaluate each
formula (Table 1) in triplicates. Seedlings were cultivated in two phases. Phase 1 involved
5–7 days of indoor growth in 3-inch pots under 90% humidity, 25 ◦C, and 18 h of LED
light (300–400 µmol PPFD) with liquid nutrients. Phase 2 lasted 7–10 days, with seedlings
transplanted into 8-inch coconut coir-filled pots until they developed seven pairs of leaves.
Plants were then propagated in peat moss pots under 90% humidity and 24 h lighting
for 10–15 days, followed by an 8 h light cycle for 15–30 days to encourage sex differentia-
tion. Once identified, female plants were cultivated indoors (48 plants/cycle) or outdoors
(24 plants/cycle), while male, hermaphrodite, and immature female plants were removed.
To enhance flower quality, plants were transferred to Smart Pots (60 × 40 cm2 for outdoors,
40 × 35 cm2 for indoors).

2.3. Flower Quality Improvement

Cannabis cultivation was conducted in a 40 m2 fully controlled environment to ensure
optimal growth. Conditions were maintained at 70% relative humidity, 20–25 ◦C tempera-
ture, and LED lighting (PPFD 500–800 µmol) for 8 h daily, with CO2 enrichment [16]. The
5 × 8 m2 cultivation room, built with ISOWALL material, provided a moisture-proof and
climate-controlled setting. An air conditioning system with filtration regulated temperature,
humidity, and airflow, while humidity sensors and automated fans ensured optimal air
circulation. A drip irrigation system supplied water and nutrients, and fans simulated nat-
ural airflow to enhance plant strength and flower quality. The setup included 48 QR-coded
planting containers (1–48), each reinforced with a two-tiered wire mesh to support branch
expansion and maximize light exposure. During pre-flowering (up to 8 weeks/60 days),
conditions were strictly regulated with an 8 h light/16 h dark cycle and CO2 enrichment to
accelerate flower formation. Pruning was discontinued as plants transitioned to flowering,
and watering was reduced to prevent waterlogging. By week 10, full flower develop-
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ment was reached, marked by resin exudation on leaves and flower clusters. Trichome
coloration analysis determined the optimal harvest time, ensuring premium medical-grade
cannabis flowers.

2.4. Harvesting and Pre-Processing

To optimize flower development, light exposure was reduced before harvest [17]. In
outdoor cultivation, cannabis plants were covered with black shade cloth for two days,
while in indoor cultivation, grow lights were turned off for 48 h under controlled conditions
(25–27 ◦C, 50% humidity). After harvesting flowers were hung upside down on racks in a
well-ventilated, dark curing room at 18–20 ◦C, with 50–60% humidity, ensuring gradual
moisture loss over 10–14 days while preventing mold formation. Fans maintained airflow
stability, and once dried, flowers were trimmed, removing excess leaves and reducing
stems to ≤0.5 inches. The trimmed flowers were then cured in a humidity-controlled room
(≤60%) to regulate moisture release. Fully dried buds were stored in airtight glass jars to
prevent odor emission and kept in the dark at 27 ◦C.

2.5. Extraction and Purification

The dried flowers were finely ground (200–300 µ) and analyzed for CBD and THC
content before undergoing decarboxylation at 150 ◦C for 90 min in a vacuum dry oven,
converting CBDA, CBGA, and THCA into their active forms (CBD, CBG, and THC). Terpene
emissions were captured at −80 ◦C during this process. For ethanol heat extraction, 7000 g
of ground cannabis was processed in a 50 L jacketed glass reactor with >95% ethyl alcohol
(35 L) as the solvent. The water circulator heater was set at 60 ◦C, and the DL-10-2000
condenser maintained 5 ◦C under 500 mbar air pressure, with a blade speed of 150 rpm
for a 3 h extraction cycle. The extract was then filtered (15 min) and residual material was
extracted using a compression machine (30 min) before the reactor was cleaned (15 min),
totaling 4 h per extraction cycle. The thick, dark-colored extract was mixed with 5–6 parts
ethanol, gently heated for dissolution, and then cooled at −20 ◦C for 24 h followed by
vacuum filtration of the mixture. To eliminate chlorophyll, activated charcoal (5%) was
added, with careful control to minimize CBD loss. HPLC analysis was conducted before
and after treatment to monitor cannabinoid concentration. The solution was stirred for
15 min with a magnetic stirrer, followed by vacuum filtration, yielding yellow-to-orange
CBD oil, depending on the strain. The filtered oil was subjected to solvent evaporation via
a rotary evaporator, removing ethanol and producing a concentrated cannabinoid extract
by vacuum distillation. An external condenser has collected terpenes, while cannabinoid
vapor condenses internally and flows into a collection flask. Higher boiling point impurities
adhered to chamber walls and were separately collected.

2.6. Bioactive Compounds Analysis

Flash chromatography was used to separate THC, producing broad-spectrum crude
oil. This method isolates CBD, CBN, and THC using a stationary phase column and an
organic solvent pump as the mobile phase. A UV detector identifies separated compounds,
which are collected by a fraction collector and then concentrated via rotary evaporation,
yielding cannabinoids with >90% purity (CBD isolate). A dense water-based CBD solution
was prepared by mixing 1 part CBD isolate with 5 parts NanoStabilizer-LT. The mixture
was then blended with purified water in a mixing tank using a high-intensity ultrasonic
machine, by controlling nanoemulsion droplet size. The emulsion was pumped into a
reactor chamber at a controlled flow rate, then filtered through a 220 nm filter into tinted
bottles and stored at 4 ◦C. Physical and chemical properties were assessed by measuring
moisture content, total ash, and acid-insoluble ash to determine purity and composition.
After extraction, unused cannabis plant parts were stored in a designated waste storage
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room. Components were categorized and stored under controlled conditions: roots, stems,
branches, leaves, and residual biomass were sealed in bags to ensure preservation and
safety. Unusable waste was incinerated in a specialized furnace at 1000–1400 ◦C.

2.7. Statistical Analysis

Data were analyzed using descriptive statistics. Independent t-tests compared indoor
vs. outdoor yields, while one-way ANOVA assessed cannabinoid variations across ex-
traction methods. HPLC results were validated using relative standard deviation (RSD)
and confidence intervals. Regression analysis evaluated the relationship between drying
conditions, extraction efficiency, and yield. Statistical tests were performed using SPSS 30
with significance set at p < 0.05 to ensure reliability.

3. Results
3.1. Germination Rate

Out of 200 seeds planted, 177 seeds germinated successfully, resulting in 131 vigorous
plants. Out of these, 87 were female plants (66.41%), 24 were male plants (18.32%), and 20
were hermaphrodite plants (15.27%). The consistent germination performance between
the two greenhouses, with only a slight variation, indicates that the cultivation conditions
in both areas were relatively uniform and effective. The elevated germination rate and
the advantageous ratio of female to male plants suggest that the “Foi Thong Phu Pha
Yon” strain is highly conducive for cultivation, assuming that suitable selection and care
practices are implemented.

3.2. Media Optimization

Five unique growing media were evaluated. The average weights of the dehydrated
cannabis flowers obtained from the indoor system were as follows: F1 generated 90.23 g,
F2 produced 115.63 g, and F3 resulted in 95.15 g (Table 2). The control group, maintained
under standard conditions, achieved an average weight of 92.82 g. This notable variation
highlights the importance of selecting an appropriate growing medium composition to
maximize cannabis yield [18]. The superior performance of the F2 indicates that a well-
balanced mixture of organic and inorganic components may provide the essential nutrients
and support required for optimal cannabis cultivation. Notably, the outdoor cultivation
failed to produce any dried cannabis flowers, yielding only leaves, which were excluded
from the weight assessments.

Table 2. Dry flower yield from indoor cultivation.

Control (g) F1 F2 F3
1 93.6 91.2 114.8 94.6
2 91.2 90.4 116.9 95.5
3 93.6 87.5 114.7 95.6
4 91.5 116.4 94.8
5 92.2 117.9 95.3
6 90.5 115.2 93.8
7 89.5 115.7 94.8
8 91.3 113.8 96.2
9 90.6 115.4 95.7
10 89.7 116.2 94.8
11 88.3 114.8 93.9
12 88.4 114.7 94.9
13 90.4 115.4 95.7
14 91.3 116.8 95.5
15 90.6 115.7 96.1
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3.3. Growth Parameters

The process of harvesting cannabis flowers to optimize CBD levels requires a sys-
tematic approach [19]. The findings indicated that the optimal harvest time for plants
was when approximately 80% of the trichomes appeared cloudy white. To achieve this,
a 48 h dark period was implemented within the cultivation environment, maintaining a
temperature of 25 ◦C and a humidity level of 50%. As the plants near the end of their
growth cycle, essential compounds become more concentrated in the flowers, while the
leaves begin to yellow, indicating maturity. The initial harvesting phase began when 60% of
the trichomes on the parent plants exhibited a cloudy white appearance. During this phase,
all environmental parameters were carefully controlled in the same manner as the final
harvest. After drying and curing, the flowers from both cultivation cycles were analyzed
to determine their CBD content. The results confirmed that peak CBD levels are achieved
when 80% of the trichomes are hazy white, reinforcing the importance of precise timing in
the harvesting process. This study revealed that when trichomes were only 60% opaque,
significant cannabinoid levels were still present, although they remained notably lower
than those in fully matured plants. This underscores the critical role of environmental
regulation and strategic harvest timing in maximizing cannabinoid concentration. These
findings demonstrated that precise environmental control during the final growth phase
directed the plant’s energy toward producing cannabinoid-rich flowers, ensuring optimal
CBD yield.

3.4. Analysis of Compounds

Indoors, 48 female plants were grown in a 40 m2 space (0.833 m2/plant), producing
an average yield of 400 g per plant, totaling 19,200 g of fresh buds. Outdoors, 24 female
plants occupied 30 m2 (1.25 m2/plant), yielding 100 g per plant, for a total of 2400 g of
fresh buds. The combined indoor and outdoor yield was 21,600 g of fresh buds from 72
plants. After drying, bud weight shrank by ~65%, reducing the yield to 105 g per plant,
resulting in 7560 g of dried cannabis buds. This analysis highlights yield efficiency across
cultivation environments. Annual cannabis cultivation across two cycles yielded 43,200 g
of fresh buds (21,600 g/cycle). After drying (~65% reduction), this produced 7560 g of
dried buds per cycle and 15,120 g annually. The extraction process achieves 70–90% purity
and can process up to 7.5 kg of oil per hour. Following distillation, the CBD extract reaches
70–90% concentration, often exceeding the 0.2% THC. From each cycle, 2343.6 g of cannabis
extract was obtained (31% yield), which when diluted fivefold, produced 11,718 mL of
cannabis oil, filling approximately 2343 bottles (5 mL). Additionally, CBD extraction from
dried buds yielded 589.68 g per cycle (7.8% yield), totaling 1179.36 g annually. This analysis
highlights the efficiency and scalability of cannabis cultivation and extraction across indoor
and outdoor cycles.

A comparative analysis of compound concentrations was conducted using HPLC,
focusing on the differences between the mother plants and the initial planting round.
Notable differences in cannabis CBD concentrations were identified between the mother
plant round and the initial planting round, as demonstrated by the high-performance liquid
chromatography (HPLC) analysis as shown in Table 3. The average CBD concentration in
the mother plant round was 0.424%, while no CBD was detected in the initial cultivation
cycle. Conversely, the average concentration of d9-THC rose from 1.176% in the mother
plant round to 3.160% in the initial planting round. Similarly, the average THCA-A content
experienced a significant increase from 5.473% to 48.214% across these two phases. This
fluctuation in THC levels underscores the influence of differing environmental conditions
and developmental stages on the chemical profile of cannabis plants. The marked rise in



Int. J. Plant Biol. 2025, 16, 38 7 of 13

THCA-A concentration during the initial planting round indicates that targeted agricultural
practices can effectively enhance the levels of specific CBDs.

Table 3. The concentration of bioactive compounds in cannabis plants grown in an indoor greenhouse
system during the mother plant cycle and the first cultivation round.

No. Compound Mother Plant Cycle
Sample 1 (%) Sample 2 (%) Average (%)

1 CBDV 0.457 0.454 0.456
2 CBDA 4.941 4.005 4.473
3 CBGA 0.036 0.442 0.239
4 CBG 0 0 0
5 CBD 0.753 0.095 0.424
6 THCV 0 0 0
7 CBN 0.01 0.019 0.0145
8 d9-THC 1.932 0.42 1.176
9 d8-THC NA NA NA
10 CBC 0 0 0
11 THCA-A 5.151 5.794 5.4725

3.5. Purification of CBD

The process of extracting and purifying cannabidiol (CBD) from dried cannabis flowers
involves several intricate steps that are crucial for obtaining a high-quality product [20].
They are subjected to extraction methods, including solvent extraction, CO2 extraction, or
steam distillation. Quantitative data on the yield of CBD obtained represent the purity
levels achieved, and possibly comparisons with other extraction methods; the meticulous
approach to extracting and purifying CBD not only enhances the efficacy of the final product
but also contributes to the growing body of research and understanding surrounding the
therapeutic potential of CBD. Three cannabinoid compounds CBDV (cannabidivarin),
CBDA (cannabidiolic acid), and CBD (cannabidiol) in two different samples were obtained
in the analysis as displayed in Figure 1. The results indicate that CBD is the most abundant
compound, with an average concentration of 86.599%, followed by CBDA at 0.407%,
and CBDV at 0.456%. The values for each compound are consistent across the graph
demonstrating minimal variation. This suggests a high level of uniformity and reliability
in the cannabinoid content of the analyzed samples. The significantly higher percentage
of CBD compared to CBDA and CBDV indicates that the samples are rich in cannabidiol,
which is a key factor in determining their therapeutic potential.
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The chromatogram (Figure 1) has a dominant peak at approximately 5 min, corre-
sponding to CBD (cannabidiol), indicating it is the primary component in the sample. The
intensity of this peak, reaching nearly 150 mAU, highlights the high concentration of CBD,
confirming its significant presence. Additionally, smaller peaks at earlier retention times
(~2–3 min) are labeled as CBGV (cannabigerovarin) and CBDA (cannabidiolic acid), suggest-
ing trace amounts of these minor cannabinoids. The absence of significant peaks beyond
the CBD peak indicates a high level of purity in the sample, with minimal impurities or
other cannabinoids detected. This result confirms that the sample predominantly contains
CBD, making it suitable for applications requiring a high-purity cannabinoid profile.

The overlaid chromatograms from Figure 2 and the data provided in Table 4 confirmed
that the CBD isolate is highly purified, with a dominant peak at approximately 10 min
corresponding to CBD (red peaks), as confirmed by alignment with the standard mix
(black peaks). The intensity of this peak in the isolate indicates that CBD is the primary
component, showcasing its high concentration. In contrast to the standard mix, which
contains multiple peaks representing a variety of cannabinoids, the CBD isolate displays
significantly fewer peaks, highlighting its purity. Minor trace peaks observed at earlier
retention times (~2–5 min) suggest the presence of minimal residual cannabinoids or im-
purities. Overall, the results confirm the successful isolation of CBD, with a clean profile
suitable for applications requiring high-purity cannabinoid content.
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Table 4. Types and quantities of key substances of CBD from the Foi Thong Phu Pha Yon strain
of cannabis.

ID# Compound Name Retention
Time Area Height Concentration Unit

CBG
CBD Isolate 01 20%, 1:4d 4.172 4549.51 1176 54.545 %w/w
CBD Isolate 02 20%, 1:4d 4.177 4547.19 1154 54.503 %w/w
CBD Isolate 03 20%, 1:4d 4.176 4555.51 1159 54.634 %w/w
Standard Deviation (SD) 4.000 6.110 0.091
CBD
CBD Isolate 01 20%, 1:4d 4.172 4549.51 1176 54.545 %w/w
CBD Isolate 02 20%, 1:4d 4.177 4547.19 1154 54.503 %w/w
CBD Isolate 03 20%, 1:4d 4.176 4555.51 1159 54.634 %w/w
SD 4.000 6.110 0.091
THCV
CBD Isolate 01 20%, 1:4d 0.000 0.00 0 0.000 %w/w
CBD Isolate 02 20%, 1:4d 0.000 0.00 0 0.000 %w/w
CBD Isolate 03 20%, 1:4d 0.000 0.00 0 0.000 %w/w
SD 0.000 0.000 0.000
CBN
CBD Isolate 01 20%, 1:4d 0.000 0.00 0 0.000 %w/w
CBD Isolate 02 20%, 1:4d 0.000 0.00 0 0.000 %w/w
CBD Isolate 03 20%, 1:4d 0.000 0.00 0 0.000 %w/w
SD 0.000 0.000 0.000
∆9-THC
CBD Isolate 01 20%, 1:4d 0.000 0.00 0 0.000 %w/w
CBD Isolate 02 20%, 1:4d 0.000 0.00 0 0.000 %w/w
CBD Isolate 03 20%, 1:4d 0.000 0.00 0 0.000 %w/w
SD 0.000 0.000 0.000
THCA
CBD Isolate 01 20%, 1:4d 0.000 0.00 0 0.000 %w/w
CBD Isolate 02 20%, 1:4d 0.000 0.00 0 0.000 %w/w
CBD Isolate 03 20%, 1:4d 0.000 0.00 0 0.000 %w/w
SD 0.000 0.000 0.000

4. Discussion
The findings of this study align with the existing literature emphasizing the signif-

icance of environmental conditions in optimizing cannabis yield and cannabinoid pro-
duction. Temperature plays a crucial role in cannabis growth, influencing photosynthesis,
respiration, and secondary metabolite biosynthesis. The research indicates that optimal
temperatures for cannabis cultivation range between 24 and 30 ◦C during the light period
and 18 and 22 ◦C during the dark period, ensuring efficient growth and cannabinoid accu-
mulation [21]. High temperatures can lead to heat stress, reduced stomatal conductance,
and increased transpiration rates, negatively affecting biomass production and cannabi-
noid synthesis [22]. Similarly, relative humidity (RH) affects stomatal function and water
use efficiency, with an optimal RH range of 50–60% recommended to prevent excessive
water loss and mold formation [23]. Another critical factor is CO2 concentration, which
directly impacts photosynthesis and biomass accumulation. Studies have shown that CO2

enrichment up to 1200–1500 ppm enhances photosynthetic efficiency, resulting in higher
yields and increased cannabinoid content, particularly THC and CBD [24]. Light exposure
is equally important, as light spectrum and intensity influence cannabinoid biosynthesis.
Blue and red wavelengths are most effective in promoting photosynthetic activity and
secondary metabolite production, with high-intensity LED lighting proving beneficial for
maximizing THC and CBD concentrations [25]. The results of this study, particularly on
the Foi Thong Phu Pha Yon strain, reinforce these findings by demonstrating the direct
impact of controlled environmental conditions on cannabis flower maturation, cannabinoid
accumulation, and overall yield. By optimizing these factors, growers can significantly
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enhance the quality and quantity of bioactive compounds, making controlled cultivation
strategies essential for both medicinal and industrial cannabis production.

This study effectively demonstrates how optimizing environmental conditions during
the vegetative and flowering phases enhances cannabis growth and cannabinoid biosynthe-
sis. During the vegetative phase, maintaining a temperature of 27 ◦C, relative humidity
of 70%, and CO2 concentration of 1200 ppm fosters enhanced photosynthesis, nutrient
uptake, and metabolic efficiency, which is in agreement with previous studies highlighting
the role of CO2 enrichment in increasing biomass production [26]. High humidity dur-
ing this stage is beneficial for leaf expansion and stomatal function, reducing water loss
and ensuring steady growth [27]. As plants transition to the flowering phase, adjusting
environmental parameters becomes essential to promote cannabinoid biosynthesis while
preventing microbial contamination. Lowering the temperature to 22 ◦C and reducing
humidity to 50% minimizes the risk of mold formation, particularly in the dense floral
structures of cannabis [28]. Moreover, increasing CO2 concentration to 1900 ppm enhances
carbon assimilation, providing additional energy for terpene and cannabinoid biosynthesis,
a trend observed in previous research that demonstrated increased THC and CBD levels
under CO2-enriched conditions [29]. The reduction in the photoperiod from 18 h to 12 h is a
well-documented requirement for inducing the flowering phase, as cannabis is a short-day
plant that requires extended darkness to activate flowering genes [30]. Harvest timing is
another key determinant of cannabinoid potency, as CBD and THC concentrations peak
when trichomes appear cloudy white. This study confirms that harvesting at 80% cloudy
trichomes results in the highest CBD levels, which aligns with findings that cannabinoid
biosynthesis reaches peak activity in the late flowering stages [31]. Conversely, early har-
vesting at 60% opacity leads to lower cannabinoid levels, reinforcing the understanding
that cannabinoid accumulation continues late into the flowering phase, and slight delays in
harvest can improve potency without degrading quality [32]. These findings highlight the
importance of precise environmental control and optimized harvest timing for maximizing
yield and cannabinoid content in cannabis cultivation.

Beyond cultivation, optimizing extraction and purification techniques is critical for
obtaining high-purity CBD suitable for pharmaceutical and medicinal applications. This
study successfully employed dynamic maceration with 95% ethanol, followed by win-
terization and flash chromatography, to extract CBD with an average purity of 86.599%.
Ethanol-based extraction is widely recognized for its efficiency in solubilizing cannabinoids
while maintaining their structural integrity [33]. The subsequent winterization process
effectively removed unwanted lipids and waxes, a necessary step to improve extract clarity
and purity [34]. Flash chromatography played a crucial role in isolating CBD from other
cannabinoids and impurities by leveraging differential solubility and polarity to separate
compounds efficiently. Similar studies have demonstrated that chromatographic separation
techniques improve cannabinoid isolation, particularly in refining CBD while minimizing
THC contamination [34]. Further purification was achieved through distillation, which uti-
lizes boiling point differences to selectively isolate cannabinoids. This approach aligns with
existing research confirming that distillation enhances cannabinoid purity by eliminating
residual solvents and undesired compounds [35]. The results of this study reinforce the
efficacy of modern solvent-based extraction combined with chromatographic separation in
maximizing CBD yield while maintaining high purity levels. These methods are essential
for producing medically viable cannabis isolates, ensuring consistency and compliance with
pharmaceutical standards. The high purity achieved in this study underscores the potential
of advanced extraction technologies in meeting the increasing demand for high-quality
cannabinoid products in therapeutic and industrial applications.
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This study provides significant contributions to sustainable cannabis production by
evaluating the genetic stability, growth patterns, and optimal cultivation conditions of the
Foi Thong Phu Pha Yon strain. The integration of controlled environmental conditions,
precision harvesting techniques, and advanced extraction methodologies highlights the po-
tential for scalable CBD production while ensuring product integrity. These findings align
with the existing research emphasizing precision agriculture as a key factor in maximizing
cannabinoid yield and maintaining consistency in medicinal cannabis production [27]. By
optimizing environmental variables such as temperature, humidity, CO2 concentration, and
photoperiod, this study reinforces the importance of precision-controlled cultivation in en-
hancing biomass accumulation and secondary metabolite production [36]. Additionally, the
application of advanced post-harvest processing techniques, including precision harvesting
and chromatographic purification, further supports the pharmaceutical industry’s demand
for high-purity cannabinoid isolates [37]. The emphasis on genetic stability is particularly
crucial for sustainable cannabis production, as genetic variations can lead to fluctuations in
cannabinoid profiles and yield efficiency. While this study provides a baseline for strain
optimization, future research should focus on evaluating genetic stability under varying
environmental conditions to ensure resilience and consistency in large-scale cultivation [38].
Furthermore, optimizing extraction techniques to refine cannabinoid isolation and purity
enhancement will be critical for maintaining pharmaceutical-grade CBD products and
minimizing THC contamination [39]. These advancements will be instrumental in bridging
the gap between cannabis cultivation and pharmaceutical applications, ultimately fostering
the development of standardized cannabis-based therapeutics.

5. Conclusions
This study successfully demonstrated the importance of optimizing environmental

parameters, precision harvesting, and advanced extraction techniques for maximizing
cannabis yield and cannabinoid purity, particularly in the Foi Thong Phu Pha Yon strain. By
maintaining controlled conditions during the vegetative and flowering stages, the research
identified optimal temperature, humidity, CO2 concentration, and light exposure that
significantly influenced plant growth, cannabinoid biosynthesis, and overall crop quality.
The findings confirmed that vegetative growth was best supported by a temperature of
27 ◦C, 70% humidity, and 1200 ppm CO2, facilitating strong leaf and stem development. In
contrast, the flowering phase required lower temperatures (22 ◦C), reduced humidity (50%),
and elevated CO2 levels (1900 ppm) to enhance cannabinoid production and minimize
disease risks. The importance of harvest timing was also established, with the highest
CBD concentrations observed when 80% of trichomes appeared cloudy white, reinforcing
that late-stage cannabinoid accumulation is essential for optimizing potency. In addition,
this study demonstrated the effectiveness of dynamic maceration with ethanol, winteriza-
tion, and chromatography in achieving high-purity CBD extraction (86.599%), ensuring
that isolated cannabinoids met pharmaceutical-grade standards. Techniques such as flash
chromatography and distillation played crucial roles in removing unwanted compounds,
leading to high purity extracts suitable for medical applications. These findings provide
valuable insights for cannabis cultivators, researchers, and the pharmaceutical industry,
emphasizing the need for precision agriculture, sustainable cultivation practices, and ad-
vanced extraction methods. Future research should explore genetic stability, alternative
extraction techniques, and environmental influences on cannabinoid profiles to further op-
timize cannabis production and medicinal applications. By integrating scientific advances
with sustainable practices, this research contributes to the growing body of knowledge on
high-quality cannabis cultivation and extraction, supporting the expansion of medicinal
cannabis industries worldwide.
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