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Abstract

Brazilian aquaculture, particularly fish farming, has shown remarkable growth over the past decade,
becoming one of the fastest-expanding sectors in animal production. This study presents the
development and validation of an electronic system and a methodology designed to estimate carbon
dioxide (CO.) concentration in excavated fishponds, aiming to enhance understanding of the carbon
footprint in aquaculture. The proposed system, composed of small-scale greenhouses equipped with
ESP32 microcontrollers and CO; and temperature sensors, was tested in fishponds located in western
Parand, Brazil. Correlations between temperature and CO, concentration were analyzed under
different weather conditions—clear sky, cloudy, and nighttime periods. Results indicated a
significant negative correlation between temperature and CO, concentration outside the
greenhouses, suggesting that daytime heating reduces ambient CO, levels. In contrast, internal
concentrations within the greenhouses remained relatively stable, averaging 400 ppm on clear days
and 416 ppm on cloudy days. During the nighttime, average CO, concentrations reached 588 ppm
outside and 416.8 ppm inside the greenhouse. These findings highlight the temporal and climatic
variability of CO, levels in aquaculture environments and reinforce the importance of accurate
monitoring systems for assessing the carbon footprint in excavated pond systems.

Keywords: aquaculture; carbon dioxide; greenhouses; electronic sensors; carbon footprint

1. Introduction

Aquaculture, especially Brazilian fish farming, has shown continuous growth over the past
decades and has consolidated its relevance as one of the most dynamic segments of animal
production. This advancement results from a combination of increasing global demand for aquatic
protein, technological improvements, territorial expansion, and diversification of farming systems.
In the Brazilian context, production growth has been particularly significant. According to data from
the Municipal Livestock Production (PPM), national aquaculture output increased from 476.5
thousand tons in 2013 to 791.5 thousand tons in 2023, representing a growth of more than 66% over
a decade [1]. Nile tilapia (Oreochromis niloticus) stands out as the main cultivated species, with
production increasing from 169.3 thousand to 442.2 thousand tons in the same period, consolidating
Brazil as the world’s fourth-largest producer [1].

The territorial expansion of fish farming has also been documented through studies based on
remote sensing, which points to a significant increase in the number of earthen ponds, especially in
the South and Southeast regions [2]. This growth is associated with water availability, favorable
geomorphological characteristics, and the development of integrated production models, such as the
use of reservoirs and the alignment of aquaculture practices with family farming. Technical reports
from Embrapa Fisheries and Aquaculture reinforce that earthen ponds are one of the predominant
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systems in the country and present greater adaptability for species such as Nile tilapia and tambaqui
(Colossoma macropomum), which respond positively to controllable environmental conditions [3].

The intensification of earthen pond use alters the environmental dynamics of microbasin,
including changes in land use and land cover, increased landscape fragmentation, and modifications
in surface hydrological flows. Recent studies have shown that the expansion of ponds modifies
ecosystem processes and may affect physicochemical parameters of environmental interest,
including the dynamics of carbon dioxide (CO,) concentration [4,5]. This variable is highly relevant
because it is directly associated with the carbon balance of ponds and the metabolic processes of
aquatic organisms, especially algae.

In earthen ponds, photosynthesis plays a fundamental role in regulating dissolved oxygen and
CO, levels. During the daytime, sunlight activates algal photosynthesis, promoting CO, absorption
and the release of molecular oxygen (O,), which contributes to increased dissolved oxygen in the
water [6]. Conversely, during nighttime, photosynthesis ceases and cellular respiration
predominates, a process in which algae consume O, and release CO,. In ponds with high organism
density or high organicload, this dynamic can result in critical drops in dissolved oxygen levels, often
requiring the activation of aerators to prevent stress or mortality events among fish [7].

The environmental stability of ponds depends on continuous monitoring of key variables such
as phytoplankton density, dissolved oxygen, temperature, and CO, concentration. Adequate control
of these parameters helps reduce extreme oxygen fluctuations and maintain conditions conducive to
the growth of cultivated organisms [8]. Moreover, understanding CO, fluxes is essential both for
ensuring animal welfare and for supporting models that quantify the carbon footprint of aquaculture
activities, a topic that has gained relevance amid global transitions toward sustainable production
systems.

Globally, atmospheric CO; levels reached approximately 420 ppm in 2023, representing one of
the highest values recorded since the pre-industrial period, according to the World Meteorological
Organization (WMO) bulletin [9]. This context reinforces the need to develop methodologies capable
of assessing the contribution of different production systems to the global carbon balance, including
fish farming in earthen ponds.

Given this scenario, the main objective of this study was to develop and test an electronic system
to estimate CO, concentration in earthen ponds used in fish farming. The system was implemented
in experimental greenhouses installed over three ponds and equipped with electronic sensors
integrated into a microcontroller. The secondary objectives included (i) collecting continuous data to
assess the temporal dynamics of CO, during daytime and nighttime periods; and (ii) verifying the
existence of correlations between ambient temperature and CO, concentration. The results obtained
will serve as a basis for improving environmental monitoring methodologies, with the future
perspective of estimating the carbon footprint of earthen ponds, thereby contributing to the
advancement of sustainable aquaculture in Brazil.

2. Materials and Methods

2.1. Assembly of the Embedded Electronic System

The assembly of the embedded electronic system inside the greenhouses was carried out at the
facilities of the Western Paranda State University, in the municipality of Toledo. To estimate the
dynamics of carbon concentration during fish farming, an experiment was developed using three
identical greenhouses constructed in the shape of a truncated pyramid. The greenhouses had a square
base measuring 1.0 m per side, a square top measuring 0.8 m per side, and four rods measuring 0.61
m in length, resulting in an internal volume of 0.496 m?.

Three greenhouses were positioned directly over earthen ponds using plastic flotation devices.
The structures were built with iron framing and covered with transparent 150-micron plastic,
properly sealed to avoid gas exchange with the external environment. The truncated-pyramid shape
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was chosen due to its ease of transport and storage, allowing the greenhouses to be nested inside one
another.

Each greenhouse was equipped with an ESP32 microcontroller, containing a Tensilica Xtensa
LX5 microprocessor with two processing cores, to which the electronic sensors were connected. The
internal sensors included a CO, sensor (indoor SCO;) and a temperature sensor (indoor ST), installed
35 cm above the water surface. Externally, CO, and temperature sensors were mounted to record
reference environmental variables. Figure 1 presents a single-line diagram of the system.

° @

ST : SC02

Device Description

ESP32 Microcontroller
SC02 MH-Z19B CO02 sensor
ST Temperature sensor

Greenhouses 1 to 3

Figure 1. Single-line diagram of the embedded electronic system installed in a greenhouse for estimating CO,

concentration dynamics in earthen ponds.

2.2. Description of Materials

Table 1 presents the materials and components used in the construction of greenhouses, the
embedded electronic system, and the measurement devices.

Table 1. Main materials and components used in the embedded electronic system in the greenhouses.

Component QTY Function
ESP32 T-Beam with zitéei};szpport, GFS, 3 Microcontroller responsible for device processing
18650 Rechargeable Battery, 3.7 V, 6800 mAh 9 Lithium-ion battery to power the microcontroller
v s e o o
Micro SD Card Reader with 16 GB card 3 Storage unit for recording sensor readings
Real-Time Clock (RTC) DS3232 3 Clock for recording date and time of sensor readings
MH-Z19B Sensor 6 Infrared sensor for CO, detection
BMP180 Sensor 3 Sensor for measuring ambieflt temperature and
atmospheric pressure
AM2302 DHT22 Sensor 3 Sensor for ambient temperature and relative humidity
8 mm Rebar 12m Rebar for the greenhouse base
4.2 mm Rebar 18 m Rebar for the greenhouse rods and top
150-micron Plastic 24 m? Greenhouse covering
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5-liter Plastic Bottles 8 Used as floats for the pond greenhouses

2.3. Calibragdo dos Sensores e Programagio

The electronic circuit assembly followed the specifications of technical manuals, complemented
by consultations of repositories and specialized forums on ESP32 applications. After assembly,
communication tests were performed with all sensors, adjusting the logical routine according to the
flowchart presented in Figure 2. Programming of the microcontroller was conducted using the
Arduino IDE software, with successive tests of data reading and storage.

START
Sensor
settings

Report
initialized? startup
error
Loop
Read
sensor
temperature
Read €02 Report
from recording
sensors error
Read date
and time
from the
T -
Set up
Standby data
mode structure
and save

to SD card

Figure 2. Flowchart of the logical programming development of the electronic system.

For calibration, all sensors were exposed to the same environmental conditions for a continuous
eight-hour period in an outdoor environment with air circulation. Simultaneous readings were
compared to verify compatibility and reduce discrepancies among individual sensors. This step was
essential, given the importance of differences between internal and external readings for the research
objectives.

2.4. Data Collection

Preliminary tests allowed the identification of necessary adjustments in the hardware and in the
methodological use of the greenhouses. The sensors were programmed to record readings on a
microSD card every 1 minute, and readings showing excessively abrupt variations within 20-minute
intervals were discarded. Subsequently, the mean of each 20-minute interval (three values per hour)
was calculated and used for temporal analysis of CO, concentration dynamics.

The experiments were conducted on December 1 and 18, 2024, and January 7, 2025. January 7
was classified as a clear-sky day, whereas December 1 and 18 were classified as cloudy days,
according to INMET records [10]. The internal and external CO, readings from the greenhouses were
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used to evaluate concentration dynamics in earthen ponds. Additionally, ambient temperature data
supported correlation analyses between temperature and CO, concentration.

The system was installed in a fish farm located in the municipality of Toledo, in the western
region of Parand. The observed ponds had an average depth of 1.6 m and housed approximately
80,000 juvenile Nile tilapia. Figure 3 presents the map of the sampling area.
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Figure 3. Map of the location of the data collection area.

The collected data were used to construct temporal curves of CO, concentration for clear-sky
days, cloudy days, and nighttime. Correlation graphs between temperature and CO, were also
produced. Statistical analyses were performed in RStudio® [11], using the ggplot2 package [12], with
5% confidence intervals. To assess significance, the F-test and Pearson correlation were applied.

3. Results

3.1. Electronic Circuit

The electronic circuit with all hardware devices connected is shown in Figure 4. The ESP32
microcontroller constitutes the core of the system, providing high flexibility for configuring data
input and output channels, as well as expanding connections through additional modules. This
architecture enables an increase in the number of electronic sensors connected to the system
according to research demands and optimizes communication among components. Furthermore, a
single channel can be configured via software to function either as a power supply line or as a data
communication interface, increasing the versatility of the equipment in field applications.
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Figure 4. Schematic diagram of the ESP32 logical connections with the sensors.

3.2. Microcontroller Programming

The microcontroller programming was structured to ensure energy efficiency, operational
flexibility, and reliability in data acquisition. The use of microcontrollers in environmental
monitoring systems is widely adopted due to their low cost, customization capacity, and adaptability
to different applications [13]. The code was organized into independent modules, facilitating
maintenance and organization. Specific libraries were used for SD card control, RTC management,
sensor readings, and power-saving routines. Table 2 presents the structure of module import
instructions used in the source code.

Table 2. Module import structure used in the microcontroller program.

Line Command Line Command

1 #include "sdcard.h" 5 #include "sensor_co2.h"

2 #include "datetime.h" 6 #include "sensor_bmp180.h"
3 #include "sensor_dht22.h" 7 #include "power_mgr.h"

4 #include "sensor_ds18b20.h" 8 #include "sleep_control.h"

During the initialization stage, serial communication, sleep mode activation, and RTC
synchronization were configured. The system checks the timestamp to determine whether the
reading cycle should be executed, respecting the programmed interval (minutosEntreLeituras), as
shown in Table 3.

Table 3. Initialization procedure of the microcontroller program.

Line Logical instruction

1 void setup() {

2 Serial.begin(9600);

3 Serial.println(“Initializing Setup...”);
4 initSleepController();

5 initRTC();
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6 if (getMinute() % minutesbetweenreadings = = 0) {
7 ready = true;

8 initCO2();

10

11 initSDCard();

12 initDHT22();

13 initBMP180();

14 } else {

15 ready = false;

16 }

17 Serial.printIn("Setup done!");
18 }

In the main loop, the system evaluates the condition prontoParalLeitura to decide whether it
should proceed with data acquisition. When this condition is met, the microcontroller records
internal and external temperature and CO, readings, stores them in the file carbon.txt on the SD card,
and prints the values to the console for debugging purposes. Table 4 presents the programmed logical
instructions.

Table 4. Logical structure of the main loop for data acquisition and storage.

Line Logical Instruction
1 void loop() {
2 if (ready) {
3 Serial.printIn(" ");
4 Serial.println("Realizando leituras...");
5 String dateTime = getFormatedDateTime();
6 double temperatureDHT = readTemperatureDHT22();
7 double temperatureBMP = read TemperatureBMP180();
8 int co2Indoor = readCO2Indoor();
9 int co2outdoor = read CO20utdoor();
10 Serial.printIn("Date and Time: " + dateTime);
11 Serial.printIn("Indoor sensors:");
12 Serial.printIn("Temperature (BMP): " + String(temperatureBMP));
13 Serial.printIn("Carbon dioxide (CO2): " + String(IndoorCO2));
14 Serial.printIn("");
15 Serial.printIn("Outdoorsensors:");
16 Serial.printIn("Temperature (DHT): " + String(temperatureDHT));
17 Serial.printIn("Carbon dioxide (CO2): " + String(OutdoorCO2));
writeSDCard("carbon.txt", dateTime + ";" + String(temperatureBMP) + ;"
18 + String(IndoorCO2) + ;" + String(temperatureDHT) + ;"
+ String(OutdoorCO2), true);
19 Serial.printIn("Data recorded!");
20 } else {
21 Serial.printIn("It's not time to read yet. Waiting...");
22 }
23 sleepESP32();
24}

To increase the systems autonomy in field conditions—especially during battery-powered
operation—energy optimization mechanisms were implemented, including the use of sleep mode
(sleepESP32), which significantly reduces current consumption between cycles. Energy management
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strategies are essential in continuous environmental monitoring systems, particularly in aquaculture,
where sensors must operate for long periods under field conditions [14]. Finally, data were stored in
semicolon-delimited text format, ensuring compatibility with statistical software. The structure of the
final file is shown in Table 5.

Table 5. Structure of the data stored on the microSD card.

Date and time  Temperature Internal Temperature External
(BMP) CO, (DHT) CO,
2025-05-13 14:30 25.2 410 28.3 420

3.3. Embedded Electronic System Inside the Chamber

The final model of the embedded electronic system installed inside the chambers, developed to
monitor and estimate CO, concentration in aquatic environments, is presented in Figure 5. The
structure integrates the ESP32 microcontroller, internal and external temperature and CO, sensors,
an RTC module, a microSD storage unit, and a rechargeable battery. All components were mounted
to ensure mechanical protection, structural stability, and safety during transportation and field use.

The internal layout was designed to minimize interference and allow adequate air circulation
inside the chamber, ensuring that the measurements accurately represented environmental
variations. Installing the sensors above the water surface enabled the system to capture the gaseous
dynamics within the internal microenvironment of the chamber, while the external sensors provided
reference values for comparison.

Figure 5. Embedded electronic system installed inside the chambers during preliminary field tests.

3.4. Preliminary Tests of the Electronic System

The preliminary tests made it possible to verify the operational efficiency of the system and the
suitability of the proposed methodology. The literature indicates that embedded technologies are
essential for continuous monitoring of environmental variables and for preliminary estimations of
carbon footprint in aquaculture [15-17].
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3.4.1. Results for Clear-Sky and Cloudy Weather Conditions

The results related to carbon dioxide (CO;) concentration during clear-sky and cloudy periods
are shown in Figure 6. The one-way ANOVA revealed that, on the cloudy day, there was a significant
difference between indoor and outdoor environments (F(1, 44) = 12.35, p = 0.001, n = 46), with higher
concentrations outdoors. On the clear-sky day, no significant difference was observed (F(1, 46) =1.87,
p=0.179, n=48), indicating a more homogeneous distribution. During periods of high solar radiation,
a decrease in internal CO, concentration was observed, reaching the sensor’s lower detection limit
(=400 ppm).

Clear Sky Cloudy
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8 Qutdoor 28
3% %
55 55
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Figure 6. Comparison of CO, concentration (p.p.m) and mean temperature for clear-sky and cloudy days.

Solar radiation directly influences the photosynthetic process of microalgae, a key mechanism
for CO; uptake in aquaculture ponds [18]. Temperature ranged from 18-38 °C on the clear-sky day
and 20-25 °C on the cloudy day. Negative correlations between temperature and CO, were recorded
in both scenarios, with R?2=0.75 (clear sky) and R? = 0.76 (cloudy sky), as shown in Figures 7 and 8.

Clear Sky Correlation

Indoor: y = -5.17x+587.85, R = -0.75
° Outdoor: y = 0.28x+402.89, R = 0.21

550

500

CO, concentration (ppm)

400

20 25 30 35
Temperature (°C)

Figure 7. Correlation between temperature and CO, concentration indoor (blue) and outdoor (red) the chamber

on a clear-sky day.
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Figure 8. Correlation between temperature and CO, concentration inside (blue) and outside (red) the chamber
on a cloudy day.

3.4.2. Results for the Nighttime Period

The data regarding CO, concentration during the nighttime period (7:00 p.m. to 5:00 a.m.) are
presented in Figure 9.

Outdoor greenhouse
1000

Indoor greenhouse

800

CO;, concentration (ppm)
(0.) @injesadway uesyy

20.6

600

20.4

19 20 21 22 23 1 2 3 4 5

0
Time of Day
Figure 9. CO; concentration (p.p.m) and mean temperature recorded during the nighttime period.

The mean values were 417 ppm for the internal sensors and 558.7 ppm for the external sensors,
with a significant difference between environments (F(1, 94) = 18.51, p < 0.0001). After 10:00 p.m., an
exponential increase in external CO, was observed, possibly caused by thermal inversion and plant
respiration, as reported in other studies [19-21]. Internal concentrations remained stable (~410 ppm),
a pattern associated with the physical barrier of the chamber, which reduces gas exchange.
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Temperature ranged between 20-20.8 °C. The correlation between temperature and CO, was
negative in the external environment, whereas no significant correlation was observed internally, as
shown in Figure 10.

1000 Outdoor greenhouse: y = -639.74x+13580.32, R = -0.86
Indoor greenhouse: y = -6.96x+558.46, R = -0.09

800

600

CO, concentration (ppm)

400

200

20.0 20.2 204 20.6 20.8
Temperature (°C)

Figure 10. Correlation between temperature and CO, concentration indoor and outdoor the chamber during
nighttime.

4. Discussion

The results obtained in this study demonstrate that the embedded electronic system, based on
the ESP32 microcontroller and CO, and temperature sensors, provides adequate performance for
environmental monitoring in earthen fishponds, enabling continuous data acquisition and the
characterization of temporal variations in carbon dioxide (CO,) concentrations under different
climatic conditions. The capability to simultaneously record internal and external values in relation
to the chambers provided insights into the influence of environmental conditions and aquatic
dynamics on the concentration of this gas, an essential parameter for the sustainable management of
fish farming.

4.1. Influence of Climatic Conditions on CO, Variation

The results showed that climatic conditions play a decisive role in the dynamics of atmospheric
COs. On clear-sky days, internal concentrations approached the lower limit of the sensor (=400 ppm),
while in the external environment, a continuous reduction occurred throughout the morning and
early afternoon. This trend is associated with increased solar radiation, which stimulates the
photosynthesis of microalgae present in the ponds, reducing CO, dissolved in the water and,
consequently, in the adjacent atmospheric microenvironment [6,7].

A similar phenomenon was described by [18], who reported that high radiation intensities
promote higher photosynthetic rates in microalgae exposed to elevated CO, concentrations.
Conversely, on cloudy days, the lower availability of radiation reduces photosynthesis, increasing
CO;, concentration. This sensitivity of photosynthesis to light confirms its relevance as a regulator of
gas fluxes in earthen fishponds.

In addition to solar radiation, meteorological factors such as wind speed and relative humidity
influence the transport and dispersion of CO,. Urban and rural studies show that stronger winds
promote enhanced air mixing and therefore reduce local CO, concentrations [22]. This helps explain
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part of the variability observed during cloudy periods, especially when associated with higher
humidity and reduced air circulation.

4.2. Nighttime Dynamics and CO, Accumulation

During the nighttime period, external CO, concentration showed a progressive accumulation
pattern, reaching values above 550 ppm, whereas inside the chamber the values remained more
stable. The external increase can be explained by the predominance of plant and aquatic organism
respiration, the absence of photosynthesis, and the occurrence of thermal inversions typical of
subtropical rural environments [23].

Similar situations have been documented in rural regions of Japan, where temperature reduction
and low nighttime turbulence favored CO, accumulation near the ground [22]. The internal stability
of the chambers is related to the physical barrier imposed by the 150-micron plastic covering, which
reduces gas exchange and maintains more constant microclimatic conditions, corroborating
observations by [15] regarding semicontrolled microenvironments in protected structures.

4.3. Performance and Applicability of the Electronic System

The adoption of embedded systems for environmental monitoring has increased in aquaculture
due to their low cost, operational efficiency, and ability to collect continuous data [13,14]. In the
present study, the ESP32 proved to be a robust and energy-efficient platform, especially when
operated in sleep mode between readings—an approach widely used in agricultural IoT systems.

This type of architecture has been advocated by several authors as a viable alternative for
enhancing the digitalization of aquaculture and providing a basis for more sustainable management
models [15,16]. The integration of CO, sensors is particularly relevant, considering that this gas plays
a central role in metabolic processes, biogeochemical cycles, and carbon balance in earthen ponds
[7,8].

The system’s ability to clearly differentiate CO, dynamics between internal and external
environments validates its potential as an instrument for more advanced studies, including future
estimations of carbon footprint. This advancement is essential in a sector that is rapidly expanding in
Brazil —an expansion documented through remote-sensing studies conducted by Embrapa [2] —and
that faces increasing demand for sustainability and environmental certification.

4.4. Connections with Carbon Footprint and Sustainability

Continuous monitoring of atmospheric CO, and CO, related to the biological activity of
fishponds represents a necessary step toward the future development of methodologies for
quantifying the carbon footprint in inland aquaculture. Recent literature highlights the urgency of
integrating real environmental variables into emission estimation models [17]. The system presented
in this study provides empirical data capable of supporting such models.

Furthermore, the dynamics of CO, in earthen ponds depend not only on phytoplankton
photosynthesis but also on fish respiration, organic decomposition, and air-water gas exchange —all
influenced by temperature and meteorological conditions [6]. Thus, the present work contributes to
an integrated understanding of these processes, which is fundamental for adopting resilient and
environmentally responsible production practices.

5. Conclusion

The electronic monitoring system developed in this study demonstrated solid technical and
operational feasibility for tracking the temporal dynamics of carbon dioxide (CO,) in earthen
aquaculture ponds. By integrating an ESP32 microcontroller with low-cost environmental sensors,
the proposed architecture resulted in a lightweight, easily deployable, and economically accessible
platform suitable for field applications, particularly in small- and medium-scale operations.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Clear differences were observed between internal and external environments under contrasting
meteorological conditions. On clear-sky days, mean CO, concentrations were 401 ppm inside the
floating chamber and 412.2 ppm outside. Under cloudy conditions, the means increased to 416.7 ppm
internally and 470.9 ppm externally. These findings indicate that the floating chamber provided a
stable and representative microenvironment while still capturing real atmospheric fluctuations
driven by weather patterns.

The system also recorded characteristic diurnal and nocturnal behaviors, including nighttime
accumulation of CO; in the external environment and enhanced stability within the chamber. Such
patterns highlight the device’s ability to detect atmosphere—water interactions relevant to carbon
dynamics in aquaculture systems.

Overall, the results establish a robust foundation for future development of methodologies
aimed at estimating the carbon footprint of freshwater aquaculture. Although the CO; sensor used in
this prototype is limited by a lower detection threshold of approximately 400 ppm, the experimental
design allows for the integration of higher-sensitivity sensors and additional variables—such as
dissolved oxygen, pH, and turbidity—in future iterations. These improvements will enhance the
precision, scalability, and applicability of environmental monitoring frameworks intended to support
sustainable fish-farming management
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Abbreviations

The following abbreviations are used in this manuscript:

AM2302/DHT22 Digital Temperature and Humidity Sensor

ANOVA Analysis of Variance

BMP180 Barometric Pressure and Temperature Sensor
CAPES Brazilian Federal Agency for Support and Evaluation of Graduate Education
CO; Carbon Dioxide

Embrapa Brazilian Agricultural Research Corporation
ESP32 Low-power Dual-core Microcontroller
GEMAq Aquaculture Management and Studies Group
GPSs Global Positioning System

IDE Integrated Development Environment
INMET Brazilian National Institute of Meteorology
LoRa Long-Range Radio Communication Protocol
O Oxygen

ppm Parts per Million

RTC Real-Time Clock

SD Secure Digital (Memory Card)
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