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This study presents the design and implementation of a solar power generation system
(SPGS) to harness solar energy as an alternative power source for greenhouse operations.
The system is developed to support vertical hydroponic crop cultivation while operating
independently through an off-grid configuration. The specific objectives of this research
are to optimize the energy efficiency of the SPGS, ensure the reliability of power supply
for hydroponic operations, and evaluate the system's effectiveness in supporting
sustainable agricultural practices. The SPGS utilizes solar panels to convert solar radiation
into direct current (DC), which is stored in batteries or converted to alternating current
(AC) to power various loads. The results showed that the SPGS operated effectively and
was capable of supplying consistent energy to the greenhouse. The highest recorded solar
irradiance was 1072.82 W/m?, resulting in a voltage of 42.8 V and current of 6.9 A. The
maximum power output reached 295.32 W, with the solar panel system achieving an
efficiency of 18.72%. The combination of a solar energy system specifically created and
fine-tuned for greenhouse use, along with a vertical hydroponic system. This research
offers a customized energy approach that guarantees effective energy collection, storage,
and delivery, perfectly aligned with the fluctuating energy needs of a greenhouse setting.

1. INTRODUCTION

Energy is the ability to do work or cause change. In physics,
energy is a measurable quantity that indicates the capacity of
a system to do work. It can take various forms, such askinetic
energy, potential energy, thermal energy, chemical energy,
electrical energy, and others. Several alternative energies
sourced from nature can be used as renewable energy.
Renewable energy is a clean alternative because it does not
cause pollution, is safe and has anunlimited supply [1]. A solar
power plantis a system for generating electrical energy that
hamesses solar energy as its primary energy source [2].
Indonesia has a lot of clean and environmentally friendly
renewable energy potential, including solar energy. Indonesia
is a tropical country and is located on the equator, so Indonesia
has abundant solar energy. The intensity of solar radiation
throughout Indonesia hasan average value of 4.8 kWh/m?2 per
day[3]. Solar power offersa clean, unlimited energy resource
with minimal maintenance costs and zero greenhouse gas
emissions [4]. Solar power generation system (SPGS) can
produce electrical energy by converting the intensity of
sunlight through the photovoltaic process into electrical
energy using semiconductor components that we commonly
refer to assolar panels[5]. SPGS are designed to capture solar
energy on sunny daysandretain heat for use during the night
or on cloudy days [6]. SPGS can be used for a variety of
relevant purposes and in various places such as housing,
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offices, factories and others. The use of SPGS can also be
utilized in other fields, one of which is in agriculture. In this
study, researchers will use SPGS as a source of electrical
energy in greenhouses. SP will beused asa source of electrical
energy forall components in the greenhouse such as pumps,
misting, exhaust fans and lights. A solar panelsystem provides
low-cost green energy, making it an ideal solution for
agricultural operations in remote areas [7].

Hydroponic farming is a plant cultivation system using
water and the addition of nutrients to replace soil and fertilizer
to provide nutrients to plants [8, 9]. Hydroponic cultivation is
generally carried out in a greenhouse or indoors so that the
plants grown can be protected from the influence of external
elements such as weather, climate, pests, and so on.
Hydroponic cultivation requires a method of cultiva tingplants
in a controlled environment. One of the hydroponic methods
is the Tower Hydroponic System method. The Tower
Hydroponic System is an innovation in farming methods that
utilizes vertical space, ideal for urban environments with
limited land [10, 11]. This system uses nutrient-enriched water
asa growing medium, replacing soil, and allowing the efficient
cultivation of various plants. With its vertical design, the
Hydroponic Tower optimizes the use of space and water,
allowing plants to grow faster with better yields. In addition,
the system is environmentally friendly, as it does not require
the use of pesticides or herbicides, making it suitable to meet
the needs of modem agriculture amidst the challenges of
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urbanization and climate change. A greenhouse is a building
designed to create environmental conditions that are
manipulated according to the needs of plants [12].

Greenhouses are helpful in protecting plants from extreme
temperatures, protecting them from dust and dirt, and keeping
plants away from pests and diseases [13]. In tropical regions,
greenhouses serve to shield plants from excessive solar
radiation, minimize water loss through leaf and soil
evaporation, and lowerthe likelihood of pestinfestations[14].
Plants often cultivated by farmers in greenhouses are usually
vegetable plants grown using the hydroponic method.
Greenhouse plays a crucial role in optimizing environmental
conditions necessary for effective plant cultivation, leading to
improved crop quality and yields [15]. To get quality crop
results, it is necessary to carry out regular maintenance and
control of the environmental conditions of the greenhouse and
hydroponic plants. For the environmental conditions in the
greenhouse to be maintained, it is necessary to control the
temperature and humidity conditions that are suitable for the
plantsin the greenhouse [16]. To maintain the temperature and
humidity conditions to keep it suitable for plants, several
components are needed such as exhaust fans and misting to
help create an optimal environment for plant growth by
controlling temperature, humidity, and air circulation and
greenhouse environmental management to help create optimal
conditions for plant growth and health. The objective of the
research is to develop a solar panel technology to utilize
existing alternative energy as a source of electricity for all
components in the greenhouse and apply automation to all
components to make it easier to control environmental
conditions in the greenhouse.

2. MATERIAL AND METHODS

2.1 Design a greenhouse

The greenhouse is designed to determine the appropriate
size on the land used for making greenhouses. In this design,
the greenhouse will be designed with dimensions of 5.85
meters long, 4.30 meters wide, and 2 meters high. As for the
dimensions of the triangularroof, with a length of 5.85 meters,
a base of 4.60 meters, and a height of 1.05 meters. The
greenhouse framework is constructed using TASO mild steel.
The walls and roof of the greenhouse will be covered with UV
plastic and insect net. The following greenhouse design made
using Solidworks software can be seen in Figure 1 below.

1.05m

Figure 1. Greenhouse design
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Then after designing the greenhouse, make a design on the
Tower Hydroponic System. The Tower Hydroponic System is
used as a medium for plant growth that will be placed in the
greenhouse. In one set of THS (Tower Hydroponic System), 8
towers will be made. Each tower has a total of 26 planting
holes with a distance of 15 cm between holes. The tower pipe
is designed using a 4-inch pipe with a tower pipe height of 125
cm in each tower. In this design, we will make 3 sets of THS
so thatithasa totalof 624 planting holes. The following is the
Tower Hydroponic System design made using Solidworks
software can be seen in Figures 2 and 3.

Figure 3. Greenhouse and solar panel

2.2 Solar power plant system design

The SPGS system in this research is designed to utilize solar
energy to convert it into electrical energy, which will be used
asanalternative source of electrical energy in the greenhouse.
Solar panels are an important component in building a SPGS
system. Solar panels convert solar energy into electrical
energy, whose output will produce direct current (DC). The
SPGS will be assembled in this design with a series of off-grid
systems. Off-grid SPGS systemsare designed to supply DC or
alternating current (AC) loads [17]. Generally, the electric
current produced by solar panels is a DC electric current, so
the electrical energy produced can be stored in batteries.
However, the electronic equipment used in the greenhouse is
mostly AC electric current. Therefore, it is necessary to
convert the DC electric current into AC. One way is to use an
mverter. Inverters are used to convert DC into AC. So, the DC
electric current stored in the battery can be directly converted
into AC by flowing it through the inverter so that the output
can be directly used for electrical installations in the
greenhouse. The circuit scheme of the off-grid solar system is
shown in Figure 4.



Figure 4. Schematic of an off-grid solar system circuit
Image caption: 1. Solar Panel; 2. MC-4 Connector Cable; 3. MCB DC; 4.
Solar Charge Controller; 5. MCB DC; 6. VRLA Battery; 7. MCB DC; §.
Inverter Pure Sine Wave; 9. Automatic Transfer Switch; 10. MCB AC; 11.

MCB AC; 12. Source of Electricity PLN; 13. DC Electrical Load

In order for the design results on the SPGS system to run
well and optimally, it is necessary to know in advance the
capacity of each component in the off-grid SPGS system
circuit to be installed. If the entire capacity of each component
has been determined properly, the PGS system will avoid
obstacles or errors in the electrical part, so that the SPGS
system has a long service life. The way to determine the
capacity of each component in the SPGS system can be
determined using the following formula.

Table 1. Solar panel specifications

Specifications
Maximum power (Pmax) 550 Wp
Maximum power voltage (Vmp)  41.58 V
Maximum power current (Imp) 13.23 A
Open-circuit voltage (Voc) 5027V
Short-circuit current (Isc) 14.01 A
Module efficiency (%) 21.68%
Maximum system voltage 1500VDC

Maximum series fuse rating 30A

Power tolerance +3%
Area 2.58 m?

Weight 32 kg

The system uses a monocrystalline solar panel (1) rated at
550 Wp, with a maximum power voltage (Vmp) of 41.58 V
and maximum current (Imp) of 13.23 A, as outlined in Table
1 of the manuscript. The MC-4 connectorcables(2 and 5) are
used to connect the solar panelsafely to the rest of the system.
A DC circuit breaker (3) is installed for overcurrent protection
before connecting to the MPPT solar charge controller (4),
which is rated at 20 A, exceeding the minimum calculated
requirement of 16.53 A for added safety.

The charge controller regulates charging to the VRLA
battery (6), which is rated at 12 V, 100 Ah, supporting the daily
load demand of 1573.8 Wh. Another DC circuit breaker (5) is
placed between the charge controller and battery, while a third
DC MCB (7) protects the line between the battery and inverter
(8). The inverter has a capacity of 3000 W, providing AC
output with an efficiency of 90-93%.

To enable automatic source switching between the solar
system and utility grid (PLN), the system incorporates an
Automatic Transfer Switch (9). AC MCBs (10and 11)provide
safety protection before and afterthe ATS. Load 13 represents
DC-powered components (e.g., sensors or small controllers),
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while Load 14 includes AC-powered devices in the
greenhouse such as pumps, misting systems, fans, and lighting.

2.3 Calculating the electricity used per day

In determining the amount of electric power needed per day
can be calculated using Eq. (1):

Et=P Xt (1)

where, Et: Daily energy consumption (Wh); P: Power (Watt);
t: Operational time (hour).

Table 2. Total electrical power requirement per day

Electrical Power Op erfxtlonal Energy .
Load Amount (Watt) Time Consumption

(Jam) (Wh)

Pump 3 36 12 1296
Misting 1 60 0.13 7.8
Exhaust I 45 6 270

fan
Total energy consumption (Wh) 1573.8

Electronic devices that will be used in the greenhouse are 4
pumps, 1 misting, 1 exhaust fan and 1 lamp. The amount of
electrical powerrequired perday canbeseenin Table 2. Based
on Table 2, it is known that the totalamountof electrical power
demand from 3 pumps, 1 misting and 1 exhaust fan used per
dayis 1573.8 Wh.

2.4 Calculating the number of batteries required

In knowing the number of batteries needed in the SPGS
system, you must first determine the capacity of the battery or
battery to be installed. To determine the required battery
capacity can be calculated by Eq. (2):

AH =—

Vs @)

where, AH: Current per hour (Ah); Et: Energy consumption
(Wh); Vs: System voltage of battery (V); AH = 1738Wh _

12V
131.15 Ah.

In most cases, the Depth of Discharge (DOD) of a battery is
indicated in percentage. A typical battery hasa DOD of 80%,
which meansthatonly 80% of theavailable energy can be used
and 20% remains in reserve. The DOD setting plays an
important role in extending battery life. So, to find the value
of battery capacity with a DOD of 80% can be calculated by
Eq. (3):

AH X AD
=——— 3)
%DOD

where, Cb: Battery capacity (Ah); AH: Current per hour (Ah);
AD: Autonomy days (Day); %DOD: Depth of discharge

(80%); Cb = % = 163.93 Ah.

Based on the results of the above calculations, it can be
determined for the suitable battery capacity to be used which
hascapacity of 163.93 Ah. However, the SPGS system in this
research will use one battery with a voltage of 12 V and a
battery capacity of 100 Ah because,in this SPGS system, the



battery is used with thebattery in charge so thatit can supply
the maximum electrical power needed.

2.5 Determining the capacity of a solar panel

After determining the total electrical power needs used per
day,we can determine the capacity of solarpanels that will be
needed. The maximum amount of solar energy that can be
absorbed by solar panelsin Indonesia is five hours every day,
from 09.00 to 14.00. Furthermore, to find the value of the
required solar panel capacity can be calculated by Eq. (4):

Et

Tmax

SP = )

where, SP: Solar Panel capacity (Wp); Et: Daily energy
consumption (Wh); Tmax: Maximum time of solar energy

(hour); SP = Z=22Wh _ 314 76 Wp.

Based on the results of the above calculations, it can be
determined that the right solar panel capacity to use has a
minimum capacity value of 314.76 Wp. So the SPGS system
in this study will use one solar panel with a capacity of 550
Wp. The reason forusing a solar panelwith a capacity of 550
Wp is that it will maximize the condition of the battery can be
used with the battery on charge. The following solar panel
specifications that will be used can be seen in Table 1.

Determining the Capacity of Solar Charge Controller

The capacity of the solar chamge controller can be
determined by Eq. (5):

Pmax X Sf

Vmp )

Cscc =

where, Cscc: Solar Charge Controller capacity (A); Pmax:
Maximum power of solar panel (Watt); Sf: Safety Factor

(1.25); Vmp: Maximum voltage of solar panel (V); Cscc =

550 W X1.25 = 16.53 A.
41.58V

Based on the results of the above calculations, it can be
determined that the capacity of the solarcharge controller that
is appropriate foruse hasa minimum capacity value of 16.53
A. So, theinstallation of a solar charge controller in the SPGS
system in this study will use a solar charge controller with a
capacity of 20 A.

2.6 Determining the capacity of the inverter

The inverter capacity canbe determined by the following Eq.
(6):

Cinv = Dw X Sf 6)

where, Cinv: Inverter capacity (Watt); Dw: Demand Watt
(Watt); Sf: Safety Factor (1.25); Cinv = 1573.8 x 1.25 =
1967.25 Watt.

Based on the results of the above calculations, it can be
determined that the right inverter capacity used in the SPGS
circuit system this time has a minimum capacity of 1967 25
Watts. The inverter that will be used in this research will use
an inverter with a capacity of 3000 Watts. The inverter used
has a rated conversion efficiency of approximately 90-93%,
which is typical for off-grid solar applications [18]. This
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efficiency range reflects the proportion of DC electricity from
the solar panel or battery that is successfully converted to
usable AC power, with the remainder lost as heat.

2.7 Observation

2.7.1 Solar intensity

The intensity of sunlight is observed to find the input power
value of the solar panel Light intensity is measured using a
lux meter instrument that can get the value of light intensity.
The unit of light intensity obtained from the lux meter is lux.
The unit will be converted to W/m? to calculate the output
power of the solar panel later. Observations of light intensity
are made every 30 minutes from 08.00 — 16.00 WIB with a
span of data collection every three daysfor one month. Value
conversion 1 lux = 0.0079 W/m?2.

2.7.2 Input (Pin) and output (Pour) power of solar panel

Solar panels are used to convert solar energy into electrical
energy whose output produces a DC electric current. The input
power of the solar panel is obtained from the intensity of
sunlight (W/m?) and the cross-sectional area of the solar panel
(m?2). While the output power of the solar panel is obtained
from the current and voltage generated by the solar panel
Observations were made every 30 minutes from 06.00 — 18.00
WIB with a data collection time span of three days for one
month. To determine the P;, and Pou: of the solar panel, the
following Egs. (7) and (8) can be used:

Pn =G XA ™)

where, Pin: Solar panelinput power (W); G: Sunlight intensity
(W/m?2); A: Solar panel cross-sectional area (m?).

P, = Vmp X Imp

@)

where, Pour: Solar panel output power (W); Vmp: Maximum
voltage (V); Imp: Maximum current (A).

After obtaining the value of the P;, and Pous on the solar
panel, observations can be made on the efficiency of the solar
panel.

2.7.3 Solar panel efficiency

Solar panelefficiency is obtained from the ratio between the
Poyurand the P, ofthe solarpanel. Observation of the efficiency
of solar panelsis carried out every 30 minutes from 06.00 —
18.00 WIB with a span of data collection every three days for
one month. Then the value of the efficiency of the solar panel
is obtained from the following Eq. (9):

©)

2.7.4 Battery capacity

Battery observation is carried out to find battery power by
finding the current and voltage values of the battery when used.
The tool used to find the current and voltage values of the
battery is using a multimeter. Observations were made every
30 minutes from 06.00 — 18.00 WIB with a data collection time
span of three days once forone month. To measure the amount



of battery power when used can be obtained from the
following Eq. (10):

P=VxI (10)

where, P: Battery Power (Watt); V: Voltage on battery (V); I:
Current on battery (A).

2.7.5 Temperature and humidity

Temperature and humidity observations were made at
ambient temperature and humidity conditions inside and
outside the greenhouse. The instrument used to take
temperature and humidity values this time is a
thermohygrometer. Temperature and humidity observations
are also motorized using a DHT 22 sensor and the data will
immediately appear on the web database used. Observations
are made every 30 minutes from 06.00 — 18.00 WIB.

3. RESULTS AND DISCUSSIONS
3.1 Solar intensity

The intensity of sunlight was measured using a lux meter.
Sunlight intensity was measured every 30 minutes from 06:00
— 18:00 WIB. The method of taking the value of sunlight
intensity is by positioning the lux meter parallel to the solar
panel facing the sunlight source. Based on Figure 5, it can be
seen thatthere is an increase in the light intensity graph from
06:00 until it reaches the peak value at 11:30 with a light
intensity value of 1090.20 W/m?2. Then, from 11:30 to 14:30,
the decrease and increase in the graph are not very significant.
The smallest light intensity value was recorded at 06:00 with
a value of 14.68 W/m?2. Temperature and sun intensity are
strongly positively correlated. The temperature tends to rise in
tandem with an increase in solar intensity. This is due to the
fact that the Earth's surface receives the majority of its heat
from solar radiation.
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Figure 5. Graph of solar intensity measurement
3.2 Voltage and electric current solar panel

Measurements on the voltage and electric current generated
by the solar panel were carried out every 30 minutes from
06:00— 18:00 WIB. Measurements of the voltage and electric
current generated by the solar panel were obtained from the
display on the solar charge controller connected to the solar
panel. Based on Figure 6, it can be seen that the highest voltage
value was obtained at 13:30 with a voltage value of 42.6 V,
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and the highest current value was obtained at 09:00 with a
current value of 7.4 A. Meanwhile, the lowest voltage and
current values were obtained at 18:00 with valuesof 13.8 V
and 0.3 A, respectively. The difference in the highest voltage
and current values not occurring atthe sametime is caused by
the temperature factoron the solar panel. The temperature on
the solar panel also affects efficiency, so the voltage and
current values obtained at the peak of the highest light
intensity are not always high.
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Figure 6. Solar panel voltage and electric current
measurement

Though the SPGS creates DC, we opted to employ an
inverter to change the DC into AC, asthe majority of electrical
devices utilized in the greenhouse—including pumps, misting
systems, exhaust fans,and lighting—operate on AC. These air
conditioning parts are more commonly accessible, affordable,
and simpler to incorporate with typical greenhouse setups in
our area. Although using an inverter leads to energy
conversion losses (usually about 5-10% based on the inverter's
quality) [19], this method provides greater compatibility and
flexibility, particularly when future integration with the utility
grid or hybrid energy systems is taken into account.
Furthermore, air conditioning systems make maintenanceand
the replacement of parts easier. However, we recognize that
employing DC-powered devices may enhance energy
efficiency by minimizing conversion losses. Therefore, future
system development might investigate the direct use of DC,
especially regarding DC microgrids for agricultural purposes,
as suggested in recent research [20].

3.3 P;y, P,us, and solar panel efficiency

The Pin, Pout, and efficiency generated by solar panels were
measured every 30 minutes from 06:00 — 18:00 WIB.
Measurement of P;, was carried out by multiplying the light
intensity value obtained by the cross-sectionalarea of the solar
panel. Pous was obtained from the value that came out of the
display on the solar charge controller. Meanwhile, the
efficiency ofthe solar panel was obtained by dividing the Pou
by the Pix.

Based on Figure 7, it can be seen thatthe value of incoming
power and outgoing power generated from solar panels tends
to be high. In the graph above, it can also be seen that the
incoming power is directly proportionalto the outgoing power.
Itis caused by severalfactors, such asthe intensity of sunlight,
the surface area of solar panels, and the voltage and electric
current generated by solar panels. The incoming power of the
solar panel is influenced by the intensity of sunlight and the
panel's surface area. Atthe sametime, the voltage and electric



current produced influence the output power of the solarpanel
In this research, the solar panelused hasa surface area of2.58
m?2. The most considerable incoming power was obtained at
12:00, with a power value of 2767.9 watts. In contrast, the
lowest incoming power value is obtained at 06:00 with a
power value of 30.7 watts. Then the largest output power value
is obtained at 10:30 with a power value of 295.32 watts, and
the lowest value is obtained at 06:00 with a power value of
2.70 watts.
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Figure 7. Graph of input power and output power
measurement results solar panel

Meanwhile, in Figure 8, the graph shows that the highest
efficiency value occurs at 08:00 with a value of 19.93% and
the lowest efficiency value at 06:00 with a value 0of 7.29%. The
efficiency of solar panels is influenced by several factors,
namely the intensity of sunlight, weather, environmental
conditions, the effect of dirt on the panel, and temperature drop.
To achieve high efficiency, solar panels must be placed in
environmentalconditions where no obstructions can cover the
raysof sunlight. The cleanliness of the panelmustalso always
be considered because if there is dirt on the panel, it
dramatically affects the value of the incoming power
generated by the panel Hence, the efficiency obtained is also
tiny. Temperature drop also affects the efficiency of solar
panelsbecause the higher the paneltemperature, the lower the
efficiency obtained. The panels used in this study have
specifications with a maximum efficiency of 21.68%. The
panels' temperature must be carefully considered to increase
the use of solar panels. Solar panels work optimally ataround
25°C, and every 10°Cincrease in temperature from the optimal
temperature can reduce the panel's efficiency by up to 0.4%
[21].
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3.4 Battery voltage and current measurement

The results of the voltage and electric current measurements
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on the battery used in the SPGS system were carried out every
30 minutes from 06:00 — 18:00 WIB. The measurement of the
battery voltage and electric current was obtained from the
values on the solar charge controller display connected to the
battery. Figure 9 shows that the battery voltage and current
increase gradually from early moming until they peak around
12:00, with a voltage of about 13.8 V and a current of 20 A.
This pattern reflects the battery's maximum charge in the
middle of the day when the sunlight intensity is highest.

Voltage (V)

Current (I)

Time
—a—Battery Voltage —8— Battery Current

Figure 9. Graph of the results of measuring voltage and
electric current on the battery

This charge was essential forensuring the system functioned
properly during the late afternoon and early morming times,
when solar energy was low. The battery functioned
successfully as a buffer, guaranteeingthat crucial components
(like the exhaust fan and misting system) continued to work
even when solar energy production decreased. This greatly
enhances the overall functionality of the system by minimizing
periods of inactivity and ensuring consistent environmental
control within the greenhouse [22, 23].
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Figure 10. Distribution of power supply by the solar panel

Meanwhile, the graph in Figure 10 shows that the power
generated increased sharply from 06:00, reaching a peak of
around 300 W at 08:30 and remaining stable until 15:00, then
gradually decreasing until 18:00. Meanwhile, the power used
remained stable at around 150 W throughout the day,
indicating that the system only utilized a portion of the
generated power, with the excess power likely stored for use
when the battery charging conditions began to decline in the
late afternoon. The excess generated power was used for
power needs in the late afternoon when battery chargingbegan
to decrease and for power needs the next morning when
battery charging was not yet maximized.

Additionally, the stable power usage (150 W) throughout
the day, in contrast to fluctuating power generation,



demonstrates that the battery helped regulate and balance
energy supply and demand. By storing excess energy during
peak sunlight hours and releasing it during low irradiance
periods, the battery enhanced system resilience and ensured
uninterrupted power delivery. This analysishasbeen added to
clarify the importance of battery behaviorin supporting the
energy needs of the greenhouse system [24, 25].

The SPGS makes it adaptable for larger greenhouse sizes.
The system can be scaled by increasing the number or capacity
of solar panels, batteries, and inverters to meet higher energy
demands. For example, in a larger greenhouse with more
electrical loads (e.g., multiple fans, pumps, or grow lights),
additionalsolarmodules can be integrated in parallel or series,
and energy storage capacity can be expanded accordingly.
Moreover, the system is not limited to a specific crop.
Although this study was conducted using a tower hydroponic
system for leafy greens, the energy system canbe adapted for
other crops with different environmentalcontrol requirements
by adjusting the load specifications. This flexibility makes the
SPGS suitable for various controlled environment agriculture
applications.

3.5 Plant observation

Observations on plant growth include measuring plant
height, leaf width, leaflength, and the numberofleaves on Pak
choiplants grown inside the greenhouse. Observations will be
conducted every threedaysat9:00 AM WIB. Figure 11 shows
the relationship between plant age (in HSS) and plant height
(in cm)for three different plant samples,namely Plant 1, Plant
2, and Plant 3. Each plant exhibits a similar growth pattem,
with a consistent increase in plantheight as age increases. At
3 HSS, the height of the plantsis still around 5 cm forall three
samples, and it gradually increases over time. At 30 HSS, all
three plantsreach a height of nearly 20 cm. Although there are
slight variations amongthe three plants, the height differences
between the samples remain relatively small, indicating
uniform growth under the same conditions. This indicates that
the three plants grew well and had almost identical growth
patterns throughout the observation. In general, all the plants
show a positive growth trend, where the leaf width increases
with the age of the plants. The three plants have very similar
growth patterns, with slight variations at some points. At the
early growth stage (3 HSS), the leaf width is still very small,
around 1-2 cm (Figure 12).

However, over time, the leaf width consistently increases
until it reaches about 10 cm at 30 HSS. The consistently
increasing leaf width indicates that the plants are able to
optimally absorb nutrients, water, and light to support
photosynthesis. The leaf growth reaches a size that meets the
pakcoy cultivation standards, which is around 8-15 c¢m for
optimal harvest, then this process is considered good [26].
Overall, the graph shows that leaflength increases consistently
with the age of the plants, from about 2 cm at 3 Days After
Planting (DAP) to around 14-15 cm at 30 DAP (Figure 13).
The three plants exhibit a nearly uniform growth pattern with
slight variationsatsome age points, indicating stable and even
growth. The cultivation standards forpakcoy indicate that the
leaf length of pakcoy at harvest age, which is around 30-35
HSS, ranges from 12-20 cm, depending on the variety and
environmentalconditions [27]. With leaf lengths on the graph
reaching 14-15cm at 30 HSS, this plantis within the optimal
range for harvest. This good growth indicates that the plants
are receiving enough light, nutrients, and water during their
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vegetative growth phase.

Figure 14 indicates that the number of leaves consistently
increases with the age of the plants. Initially (3-9 DAS), the
numberof leaves was relatively few (around 2-4 leaves), then
increased significantly after 15 DAS until reaching 14-18
leaves at 30 DAS. The small differences between the three
plants indicate that the growth was relatively uniform,
although Plant 2 had slightly more leaves compared to the
others at 30 DAS. The increasing numberof leaves over time
indicates that the pakcoy plants are growing well. In pakcoy
plants, the number of leaves is one of the main indicators of
the success of the vegetative phase. A large numberof healthy
leaves indicate that the plant has optimal photosynthesis
conditions, with sufficient nutrient and water intake. The
numberof leaves 14-18 at 30 HSS corresponds to the optimal
growth standard forpakcoy atharvest age, which is around 12-
20 leaves [28].
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Figure 11. Plant height graph
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Figure 12. Leaf width graph
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4. CONCLUSIONS

Based on the research, the SPGS successfully utilizes solar
energy to convert it into electrical energy thatwill be used as
an alternative source of electrical energy in the greenhouse.
Solar panels are an essential component in building a power
system. Solar panels convert solar energy into electrical
energy, the output of which will producea DC. This SPGS in
a greenhouse can support growing crops with a tower
hydroponic system. The results showed thatthe SPGS worked
perfectly and was able to supply energy for the greenhouse.
The results showed the highest light intensity data obtained
was 1072.82 W/m?, which produced a voltage and electric
current of 42.8 V and 6.9 A. The highest electrical energy
generated during the observation reached 295.32 W, with a
solar panelefficiency of 18.72%. In order to produce pak choi
of the highest standard, the plants must meet the required
growth characteristics, such asleafwidth, leaflength, and leaf
number.
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NOMENCLATURE

Et daily energy consumption (Wh)

p power (Watt)

t operational time (hour)

AH current per hour (Ah)

Vs system voltage of battery (V)

Cb battery capacity (Ah)

AD autonomy days (Day)

%DOD depth of discharge (80%)

SP solar panel capacity (Wp)

Tmax maximum time of solar energy (hour)
Cscc solar charge controller capacity (A)
St safety factor (1.25)

Cinv inverter capacity (Watt)

Dw demand watt (Watt)

Piy solar panel input power (Watt)

G sunlight intensity (W.m2)

A solar panel cross-sectional area (m?)
Pou solar panel output power (Watt)

A% voltage on battery (V)

I current on battery (A)

Greek symbols

n efficiency

Subscripts

Pmax maximum power

Vmp maximum power voltage

Imp maximum power current

Voc open-circuit voltage

Isc short-circuit current
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