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This study presents a low-cost environmental chamber designed to replicate
tropical temperature and humidity conditions for calendar-aging studies of
LiFePOs lithium iron phosphate (LFP) cells. The system integrates passive
insulation with an Arduino-based active control system for real-time
monitoring. The design’s novelty lies in its cost-effective ability to maintain
tropical-specific profiles, validated against Meteorology, Climatology, and
Geophysics Agency (BMKG) meteorological data to ensure correlation with
diurnal cycles. Experimental results demonstrate stable operation for 13
consecutive days, with an average temperature of 29.47 °C and a stability
metric of +0.61 °C, keeping 100% of data within the 25-35 °C target.
Although relative humidity (RH) showed an average of 76.52%, its stability
was quantified by a 96.98% success rate in maintaining the 70-80% target
range. The chamber’s suitability for long-term degradation studies was
confirmed via a one-month calendar-aging test on a 15 Ah LFP cell, where
tha battery capacity decreased from 100% to 99.58%. These results
demonstrate that the proposed chamber reliably maintains tropical
environmental conditions and is suitable for long-term, low-cost battery
aging studies.
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1. INTRODUCTION

Lithium-ion batteries are prone to degradation over time, a process categorized into cycle aging and
calendar aging. While cycle aging occurs during charge-discharge, calendar aging-degradation during
storage-is heavily influenced by environmental conditions [1]-[5]. In tropical regions, high temperatures and
humidity exceeding 80% relative humidity (RH) significantly accelerate electrochemical side reactions,
promote solid electrolytic interphase (SEI) layer instability, and increase condensation risks in test systems
[6]-[10]. Therefore, an environmental chamber capable of precisely controlling temperature and humidity is
essential for high-fidelity degradation research.

While several countries have reported low-cost chamber implementations, comparable systems
remain limited in Indonesia. Existing literature primarily utilizes high-precision commercial chambers,
which, despite their standardized precision, require prohibitive investment costs for researchers in developing
countries [6], [11]. For instance, Gailani et al. [12] used a Thermotron chamber to observe an 8% capacity
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fade in lithium iron phosphate (LFP) cells over 30 months. However, such equipment is often inaccessible for
localized, small-scale studies. A specialized low-cost chamber offers a high-value solution by focusing on a
narrow, tropical-defined control range rather than the broad flexibility of expensive industry-standard
systems.

This study aims to design and validate a sub-USD-60 environmental chamber using readily
available components to reproduce tropical temperature—humidity conditions for LiFePO. calendar-aging
tests. Developed using locally sourced materials and an Arduino-based system, the chamber’s stability is
validated against Meteorology, Climatology, and Geophysics Agency (BMKG) data [13]. This research
addresses the limited accessibility of battery testing facilities in Indonesia by providing an affordable
infrastructure for long-term battery degradation experiments in tropical climates.

2. METHOD

Although battery degradation manifested as reduced capacity (capacity fade) and increased internal
resistance (power fade) is caused by internal changes such as the growth of the SEI layer and the loss of
active lithium, was mention from [14], [15] the rate of degradation is highly sensitive to external factors,
particularly high temperature [16]. In the context of calendar aging research, based on [15]-[18], where time
and storage factors are the primary drivers, maintaining a consistent and stable thermal environment is
imperative, especially for simulating tropical conditions. Therefore, this study focuses on the development
and implementation of a low-cost environmental chamber. This cost-effective chamber is specifically
designed to limit temperature fluctuations and provide controlled tropical storage conditions, thereby
enabling the accurate monitoring of the battery calendar aging rate at the laboratory level without expensive
instrumentation investment.

2.1. Hardware design

A low-cost environmental chamber is a controlled chamber designed to regulate temperature and
humidity for battery storage and testing. It is built using affordable peripheral components that are readily
available in the Indonesian marketplace. As shown in Figure 1, the chamber is controlled using an Arduino
Uno, with a DHT11 sensor for temperature and humidity measurement. For the actuator, a heating lamp as a
heating element, a direct current (DC) fan as a cooler, and an ultrasonic humidifier to regulate RH also been
used. The lamp, fan, and ultrasonic humidifier are switched by 5 V relays. To synchronize the timing, real-
time clock (RTC) is used so that the stored data matches the reading time.

DHT 11
- e u
l "n
B ‘ ‘ m

Arduino Uno R3

Laptop/PC Logger

python to CSV

Current
Sensor

Figure 1. The electrical schematic and component interconnections

The environmental chamber in this study was designed using a styrofoam box, then the box was
coated with aluminum foil on all inside sides, except for the temperature and humidity sensors. This material
was selected due to its good insulation properties of styrofoam, which is expected to be able to reduce heat
transfer from the outside environment into the box. In addition, the aluminum foil layer functions as a heat
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reflector and a moisture barrier, so that the temperature distribution inside the test chamber becomes more
stable. Another to maintain the temperature and humidity inside the chamber, besides the voltage and current
sensors are used to maintain the battery during the testing. All of the data about the battery and chamber
conditions are sent into the computer via serial communication using python programming. The data then
stored by the CSV file inside the computer, so the data is always maintained in every second as a real-time
data. The design of the chamber is presented in Figure 2, where Figure 2(a) is the design from left side,
Figure 2(b) is the design from right side and Figure 2(c) is the chamber implementation view from top side.
As shown in Figure 2, the control box is placed separately from the testing room to keep the inside of the
chamber clean and to ensure safety. The dimension of the box is 34 cm x 25 cm x 31 c¢m, the width of the
styrofoam is 2 cm then the width of the aluminium foil is 0.1 mm. A 50-watt heating lamp is used to provide
sufficient heat inside the chamber placed above the DC fan as a simple heating element, which also receives
airflow from the fan, ensuring even distribution of heat and preventing hotspots. To ensure homogeneity of
air circulation, a DC fan is installed on the right side of the chamber as a source of air flow. Directly opposite
it, a ventilation hole is installed, allowing for controled air exchange and maintaining an even temperature
and humidity distribution throughout the chamber. In addition, an ultrasonic humidifier is utilized to generate
fine water vapor, ensuring that the testing room maintains the appropriate humidity level.

(b)

Figure 2. Chamber design and impelementation: (a) left side, (b) right side, and (c) top side

This design concept follows the principle of low-cost thermal management of the chamber, where
the combination of passive insulation (styrofoam + aluminum foil) and active control (DC fan + ventilation +
heating lamp) can provide adequate temperature stability for LiFePO. battery calendar aging testing,
especially in tropical conditions with high temperature and humidity fluctuations. To ensure measurement
stability, the temperature and humidity sensors are placed in the center of the chamber. This placement was
chosen because the center represents the average environmental conditions inside the chamber and minimizes
bias due to temperature or humidity gradients that may occur near heat sources, fans, or ventilation holes.
This principle also aligns with battery testing standards, which require measurement points to be located
within a representative area of the test volume. Meanwhile, the humidifier is placed in the corner of the
chamber, just before the ventilation hole. This placement allows for controlled and uniform distribution of
water vapor into the chamber, while utilizing the airflow from the DC fan to evenly distribute the humidity.
The location near the ventilation hole also serves as a mechanism to prevent excess water vapor buildup that
can cause condensation, ensuring that humidity remains within the target range without damaging the battery
or sensor samples. With this combination, the chamber is able to maintain a relatively uniform temperature
and humidity throughout the test chamber volume, while maintaining the safety of LiFePOu battery testing in
a calendar aging scheme in tropical conditions. In the 5V relay control system for heaters or lamps, insulation
using insulating sleeves on cables and electrical components, along with the installation of fuses to protect
against overcurrent, is crucial to prevent short circuits and damage, ensuring the safety and reliability of the
system.

2.2. Control and software design

The environmental chamber software is designed to continuously measure and read sensors, as a
closed-loop system. This is because the environmental chamber is primarily used to test batteries for calendar
aging. Software design as in Figure 1 where the logical thinking of the algorithm is based on the truth table in
Table 1.

The logic of the environmental chamber software is as follows in Table 1. The conditions in the
chamber are set for a temperature of 25-35 °C and a humidity of 70-80% as a targeted and ideal condition.
The first thing to do is check the temperature conditions, then the humidity conditions. If the conditions in the
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chamber are less than 25 °C, and the humidity is less than 70%, the lights and humidifier will turn on, this
condition is in status 1. If the conditions in the chamber are less than 25 °C, and the humidity is more than
80%, the lights and fan will turn on, this condition is in status 2. If the conditions in the chamber are less than
25 °C, and the humidity is safe (70-80%), then only the lights will turn on, this condition is in status 3. and so
on until status 9. While some operational states appear duplicated (e.g., status 2 and 8, or status 5 and 6),
these redundancies occur because the fan serves a dual purpose: it reduces humidity through air exchange and
lowers temperature when heating is inactive. This logical structure ensures that the control system maintains
the target ranges regardless of which threshold is crossed first.

Table 1. Logic of environmental chamber software (truth table)
0=OFF/1=0ON
Lamp Fan  Humidifier

Temp Humidity (%)  No status

<25 deg <70 1 1 0 1
70-80 3 1 0 0

>80 2 1 1 0

25-35 deg <70 7 0 0 1
70-80 9 0 0 0

>80 8 1 1 0

>35 deg <70 4 0 1 1
70-80 6 0 1 0

>80 5 0 1 0

2.3. Calibration and uncertainty

The DHT11 readings were compared against two low-cost reference devices (Xiaomi and HTC2) to
estimate systematic offsets; these were not used as formal calibration standards. The total expanded
uncertainty (U) is calculated by systematically combining all sources of standard uncertainty (ui) classified
into type A (statistical) and type B (system-based) evaluations. All calculations maintain consistent units (°C
for temperature and % RH for humidity).

— Type B - resolution uncertainty (Ures) = /Re”l% = % (Based on the 0.1 °C resolution, assuming a
rectangular distribution)

— Type B - manufacturer’s specification uncertainty (Uspec) =%C ~ 1.15 °C (based on the £2 °C accuracy
limit, also assuming a rectangular distribution)

— Type A - repeatability unertainty (Urep) =\/iﬁ (calculated statistically from repeated measurements)

Then the individual standard uncertainties U, are combined using the root sum of squares (RSS) formula,
known as the law of uncertainty propagation:

U, = \JUzq + UZyoe + U, =~ 1,156°C 1)

Using a coverage factor of k =2 (representing a 95% confidence level), the total expanded
uncertainty (U) for temperature was determined to be £2.31°C. A similar procedure was applied to humidity
measurements to ensure consistent reporting in %RH. This level of uncertainty confirms the sensor’s
reliability for monitoring non-critical tropical environmental profiles. This result is consistent with the sensor
remaining reliable for non-critical environmental monitoring applications.

2.4. Test protocol for battery LiFePQOs as the testing battery

Scientific rationale for tropical stress testing: although lithium iron phosphate LiFePOs is chosen for
its long cycle life and high thermal stability, degradation still occurs through complex mechanisms involving
increased impedance at the anode due to SEI instability and potential lithium plating, as well as cathode
degradation resulting from lithium dissolution and non-active phase formation. Mentioned from [2], [19],
[20], these mechanisms are drastically accelerated by tropical environmental conditions, where high
temperatures and humidity promote parasitic side reactions that damage the SEI and disrupt Li-ion
intercalation kinetics. Therefore, a tropical chamber is crucial for testing, not merely to measure the slow
capacity fade inherent to LFP, but specifically to identify and mitigate the accelerated systemic degradation
driven by the extreme thermal and humidity stress prevalent in tropical regions.

Experimental procedure (storage-check cycle): this long-term calendar aging test protocol is a
“Storage-Check” cycle that begins with a baseline (day 0) at a reference temperature of 29 °C to record the
initial capacity and internal resistance. After that, the battery is set to a target state of charge (SOC) of 80%
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and placed in an environmental chamber at a tropical aging temperature, where it is stored (Rested) under
stable conditions for 30 days without interruption. After 30 days, the battery undergoes a reference
performance test (RPT) at 29 °C to quantify capacity and resistance changes. This process is repeated
continuously (on day 60, 90, and 120) to map the battery’s degradation curve over time.

2.5. Tropical climate environmental chamber

This environmental chamber was created to measure batteries in tropical conditions, especially in
Indonesia. Data from the BMKG is needed to validate this chamber. The following is data from the BMKG
on September 1-13, 2025. Data such as in Table 2 contains information about the temperature and humidity
in the Jakarta area, Indonesia, closed to where the author created the environmental chamber and conducted
validation tests.

Table 2. Data from BMKG online [13]

Date Temperature min (°C)  Temperature max (°C)  Temperatur average (°C)  Humidity average (%)
01-09-2025 23.2 33.0 28.4 71.0
02-09-2025 245 33.8 29.2 61.0
03-09-2025 24.0 32.9 28.8 53.0
04-09-2025 23.0 32.8 28.8 66.0
05-09-2025 24.3 335 28.8 70.0
06-09-2025 24.8 33.8 28.9 65.0
07-09-2025 22.6 33.4 28.2 67.0
08-09-2025 23.7 338 28.4 64.0
09-09-2025 235 32.0 25.7 86.0
10-09-2025 23.3 32.8 28.2 76.0
11-09-2025 24.2 30.6 27.4 77.0
12-09-2025 24.3 33.0 27.3 75.0
13-09-2025 235 34.7 28.4 75.0

According to Table 2, the highest average temperature was recorded on September 2, 2025 (29.2 °C),
while the highest humidity occurred on September 9, 2025 (86%). These temperature and humidity levels can
be used to validate the environmental chamber, making sure that 29.2 °C temperature and 86% humidity are
achieved and maintained accurately throughout the experiment. At the highest temperature of 29.2 °C, the
chamber needs to maintain temperature stability to reflect real-world conditions. In addition, the high
humidity level of 86% needs to be controled to prevent corrosion or other negative effects on materials,
especially on lithium-ion batteries which are sensitive to humidity. The recorded temperature and humidity
conditions provide a good reference for simulating a real environment in the chamber, allowing experiments
to be carried out more accurately and closely matching the actual operating conditions of batteries in real life.

3. RESULTS AND DISCUSSION
3.1. Hardware

The chamber is shown in Figure 2, by using the dimension of 34 cm x 25 cm x 31 cm, the chamber
volume value obtained is V = 0.02635 m3. Then, by using styrofoam as the chamber material with a thickness
of 2 cm and covered with aluminum foil, the thermal insulation in the chamber without humidity can be
calculated using Fourier’s law of thermal conduction, besed on [21] as:

_ kAAT

Q="4 @)

where Q = heat flow rate (W), k = thermal conductivity of the material (styrofoam and aluminum),
A = surface area of the area exposed to heat, AT = temperature difference between the inside and outside of
the chamber and d = thickness of the material (styrofoam + aluminum). According to Incropera and DeWitt
[22] the conductivity of styrofoam is ~0.033 W/m-K and aluminum foil is ~205 W/m-K. So, the total surface
area exposed to heat is:

A =2lw +2lh + 21 ©)

where A = total surface area, | = length of the styrofoam box, w = width of the styrofoam box and h = height
of the styrofoam box, so that A = 0.5366 m?. With a styrofoam thickness of 2 cm = 0.02 m and an aluminum
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foil thickness = 0.001 m, temperature outside the chamber = 30 °C and temperature inside the chamber =
29.2 °C, then the temperature difference (4T) is calculated as:

AT =T inside — T outside = 29.2 — 30 = —0.8 °C 4)
AT = 0.8 °C| ()

Then the thermal resistance for each material can be calculated by (6):

d
R=— (6)
where R is thermal resistance, d is thickness of material, k is material thermal conductivity and A is cross-
sectional area, we got Rsiyrofoam = 1.129 KIW and Rapyminium ron = 9-09 X 107° K/IW then Rypeq =
1.129 K/W. The total heat flow rate (Q) is as:

AT
Qeotar = 7 —=0.708 W (7

total

From above calculation, it can be seen that the difference of the temperature is very small (0.8 °C)
results in a very low heat flow rate through the chamber (0.708 W). Meanwhile, if the humidity during the
test is included, where the humidity in the chamber is 77% and the humidity outside the chamber is 79%,
then the thermal conductivity of the styrofoam which was initially =~0.033 W/m-K, is assumed to be
~0.035 W/m-K. This is the effect of some of the water vapor that will be absorbed by the pores in the
material. Water has a much higher thermal conductivity than air. Therefore, styrofoam that absorbs moisture
will experience a slight increase in its thermal conductivity because of water replaces air in the porous
structure. So based on (6) it is obtained Rgtyroroam = 1.065 K/W. For the thermal resistance of aluminum
foil does not change, because aluminum foil is a solid material that does not absorb moisture like styrofoam.
So the value of aluminium foil thermal resistance remains R minium ron = 9-09 X 107 K/W. From the
calculation, R Total is obtained by considering humidity as Riyta = 1.065 K/W. Based on (7), the value of
Qtotar = 0.751 W. Thus, the effect of humidity on styrofoam slightly increases its thermal conductivity from
0.033 W/m-K to 0.035 W/m-K, which increases the heat flow rate from ~0.708 W to ~0.751 W.

After the calculation of Q and R described, the calculation of each actuator should be described as
clear. Because the chamber is wrapped, the air inside the chamber is needed to be calculated by using
thermodynamics equation clearly as:

With V of the chamber = 0.02635 m?.

Mass of the air m = p.v (8)
Mass of the air = 1.2 x 0.02635 = 0.0316 kg

Using heat capacitance cp ~ 1005 J/kg °C, the calculation of energy required to raise the temperature by 1 °C:

Q = m.cp. AT 9)
Q =0.0316:1005-1 =31.8J~32]

So, 32 J is the energy required to raise 0.0316 kg of air in the chamber by 1 °C. by using 50 w
heating lamp, if we assume that the aluminium foil doesn’t absorb the heat, the effective power can be
calculated by:

Posf = Pheater — Qstyrofoam = 50 — 0.71 = 49.29 W J/s (10)

Time consumes to raise 1 °C temperature inside the chamber is:

t=-2 =3 _ 0,645 second (1)
Peff 49.29

The temperature in this chamber is rising intensely fast. It causes there’s only a little air inside,
about 0.03 kg, so it takes little energy to heat it up. A 50-watt heater lamp provides enough power to quickly
raise the temperature. Also, styrofoam as insulation works very well, so almost no heat is lost outside, and the
energy from the light is almost completely used to heat the air inside the chamber.
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Next for the 12 V 0.15 A DC fan, by using the thermodynamic law (12) we got the required energy
to reduce the heat inside chamber, assume that the fan only moves air and causes heat transfer (passive
cooling), and some of its electrical energy is lost (efficiency <1) and the power of DC fan should be:

P=VxI (12)
P =12x015=18W

Then by using (12), the time consume to reduce 1 °C temperature inside the chamber is 17.7 = 18 seconds.

The last is to calculate the humidity by using law of latent heat of vaporization, based on [23], if
targeted humidity is around 70-80%, assume that the temperature is 25 °C, saturated humidity =~ 23 g/m?,
latent heat of water evaporation Lv=2260 J/g, max power P = 1.5W

Initial water mass: m;,iriqy = 0.5 X 23 X 0.02635 = 0.303 g (13)
70% water mass targeted: m,qq, = 0.7 X 23 X 0.02635 = 0.425¢ (14)
80% water mass targeted: mgge, = 0.8 X 23 x 0.02635 = 0.486 ¢ (15)

Then Am water should be evaporated for 70% is 0.425 - 0.303 = 0.122 g and for 80% is 0.486 — 0.303 =
0.183 g. Then the energy for evaporated the water by using [23] is:

Q=mxLV (16)
For 70% humidity: Q = m x LV = 0.122 X 2260 = 2761
For 80% humidity: Q =m x LV = 0.183 x 2260 = 413

This means that the humidifier must supply 276-413 J of energy just to convert the air into vapor
(without raising the temperature). To increase air circulation so that the humidity distribution be spread
evenly, when the humidifier is on the fan will also be turned on, although in theory the fan does not increase
the amount of water evaporated, but speeds up homogenization so that the room humidification time becomes
faster. The power of humidifier is use together with the power of fan. While the power of fan is 1.8 W, then
the combined power is 3.3 W. If we assume that the fan increases the evaporation efficiency ~ 2x (common
in small chambers), the time for humidification can be reduced, by using (12) the time consume to
humidification will be:

Q _ 276 _ 184 second

trog = P 92 second 17
_ Q413 2735 _ N
tgoy, = =I5z = 137.65 =~ 138 second (18)

The humidifier needs around 92-138 second to increase the humidity inside the chamber and this is
normal time, where factor 2x as the evaporation efficiency is a conservative estimate. It can be faster or
slower depending on the fan flow direction and water distribution.

3.2. Software

As described in section 2, we used two programming languages in this case, namely Arduino IDE
and Python. The Arduino IDE was used to program the Arduino as the controller to control the measurement
devices, such as the temperature and humidity sensor, voltage and current sensor, as well as to control the
actuators through a 5 V relay, such as the heating lamp, fan, and humidifier. The result is shown in Figure 3.
Python was used to log the data from the Arduino IDE’s serial monitor, which was stored in a CSV file for
real-time monitoring. In the CSV data logging, the stored data included time, temperature, humidity, status of
the lamp, fan, humidifier, voltage, and current of the monitored battery. This data was automatically logged
and saved, as shown in Figure 3. It showed that the status would change when the temperature or humidity
conditions inside the chamber changed.

Based on the analysis of data over 13 days from one-point DHT 11 sensor inside the chamber,
covering more than 104,000 measurement points, the chamber’s performance showed two different results
(Figure 4). On one hand, the temperature control operated perfectly (Figure 4(a)). The average temperature
was recorded at 29.47 °C with a very small deviation (0.61 °C) and the overall range was (min/max: 27.90 -
32.80 °C). Most importantly, 100% of all temperature data was precisely within the set target range, which
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was 25-35 °C, demonstrating exceptional stability and reliability. On the other hand, the humidity (RH)
control showed slight instability (Figure 4(b)). Although the average value of 76.52% (with an overall
recorded range of 68-91%), was in the middle of the 70%-80% target range, the data was recorded outside
these limits approximately 3.02% of the total time. These deviations occurred on both sides: the data
sometimes fell below 70% (too dry) and, more often, rose above 80% (too humid). Shortly, this chamber is
very precise in maintaining temperature, but it shows slight variation and deviation in strictly maintaining

humidity which is possibly due to the use of only a single sensor (DHT11).
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3.3. Calendar aging test

In the context of environmental chamber testing, controled temperature and humidity conditions
play a crucial role in simulating battery degradation. Temperature cycling and calendar aging in the chamber
can affect the degradation mechanisms occurring in the anode and cathode of the battery. For example, high
temperatures in the chamber can accelerate reactions that lead to increased internal resistance and
degradation of the SEI [7], [12], [20], which in turn increases electrolyte consumption and worsens battery
capacity. Burow et al. [24], the influence of humidity is also significant, as high humidity can accelerate gas
formation reactions and metal dissolution at the cathode, increasing the risk of gas evolution and structural
damage to the battery. Mentioned from [14], [25] by using an environmental chamber for calendar aging
testing, we can better understand the relationship between temperature, humidity, and degradation
mechanisms in lithium-ion batteries as well as how these conditions contribute to battery aging and
performance decline in real-world applications such as electric vehicles and energy storage systems. In this
research, the environmental chamber is used for test battery calendar aging, during testing, the battery is
placed on the special port. The data about battery and chamber is maintained everyday.

Figure 5 is trendline temperature and humidity inside the chamber for 13 days, it shows that the
temperature and humidity is always on the track of controle environmental chamber. Where the temperature
is always around 30 °C and the humidity is always in 70-80%, means that the environmental chamber can
keep the tropical temperature as used. A straight line in the linear analysis graph of temperature indicates that
the temperature rises or falls at a constant rate over time. In other words, the chamber maintains the
temperature in a predictable and stable manner, even when changes occur. These changes are due to the
effects of air circulation and the influence of external air; however, the chamber’s control system
immediately adjusts conditions to keep the temperature and humidity stable in a tropical climate while
ensuring smooth airflow.

Temperature and Humidity
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Figure 5. Trendline temperature and humidity inside the chamber

Figure 6(a) shows the battery monitoring inside the chamber for 13 days, as we know that the
chamber can monitoring 2 batteries inside in one time, the data shows that the batteries are in idle condition.
The battery voltage remains almost in 3.3 V, which allows us to conclude that the battery is in an idle state
for demonstration of suitability for calendar aging tests. At the beginning of the testing, the LiFePOs battery
exhibited voltage fluctuations, mainly due to the battery not being fully stable when first placed into the
testing chamber. This occurred because the battery required time to adjust to the temperature and humidity in
the testing environment, which could cause slight voltage variations. However, after a few days, the LiFePOa
battery achieved better stability, with more consistent voltage and fewer fluctuations. Unlike other types of
batteries, LiFePOa. tends to be more stable and experiences slower capacity degradation under normal
temperatures, and it is more resistant to high temperatures. Overall, despite the initial fluctuations, LiFePOa
demonstrates excellent long-term stability. This voltage stability indicates that the chamber is functioning
properly in maintaining environmental conditions that do not interfere with the battery’s performance in the
short term. Based on the comparison of BMKG and chamber data (Figure 6(b)), the temperature inside the
chamber follows the trend of the external environmental temperature, indicating that the chamber functions well
in accurately and stably replicating tropical temperature conditions. In other words, the chamber can replicate
tropical temperature conditions accurately and stably, which is crucial for ensuring experimental results that are
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relevant to real-world conditions. This similar temperature trend also suggests that the chamber’s temperature
control system works effectively, responding to external temperature changes appropriately, and maintaining the
temperature within the desired range. Additionally, for humidity (Figure 6(c)), it is observed that when the
external humidity is very low, the chamber’s controler is able to keep the humidity inside the chamber stable.
This indicates that the chamber’s humidity control system works well and can regulate humidity levels even
when there are fluctuations in external humidity. After one month of calendar aging testing, the 15 Ah
cylindrical LiFePO4 battery demonstrated exceptional performance stability, the battery capacity decreasing
from 100% to 99.58%. This impressive result attests to the reliability of the low-cost chamber. The chamber
is designed with an effective control system capable of stably maintaining the temperature (25-30 °C) and
humidity (70-80%). With its ability to ensure precise environmental conditions and shield the experiment
from external disturbances, this low-cost chamber is a fully reliable solution for battery aging experiments
that demand consistency in environmental variables to prevent negative impacts on long-term performance.
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Figure 6. The result of (a) battery monitoring inside the chamber, (b) temperature chamber VS BMKG, and
(c) humidity chamber VS BMKG

4. CONCLUSION

A low-cost environmental chamber for the long-term calendar-aging testing of LiFePO. batteries
under tropical climate conditions was successfully designed, built, and validated. This chamber accurately
and stably simulates tropical temperature and humidity conditions according to initial calculations. The
temperature and humidity control system functioned effectively, consistent with BMKG data. Due to its low
cost and reliable performance, this chamber is ideal for research with limited budgets. The chamber provides
a practical alternative for institutions with limited resources and can serve as a foundation for more advanced
environmental control systems. Future work will focus on improving humidity stability and conducting
extended calendar-aging experiments to quantify LiFePO4 degradation under controlled tropical conditions.
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