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Abstract
Despite being a minor part of the atmosphere's composition, the so-called greenhouse gases play a crucial role in their
thermodynamics. Over the past 200 years, however, human activities have significantly altered the global carbon cycle.
Thus, in the current context of global warming, quantifying, with increasingly reliable values, greenhouse gas emissions
and the global carbon cycle has become one of scientists’ priorities. This study aims to develop a system for acquisition
and wireless transmission of carbon dioxide data from the C-Sense, a sensor manufactured by Turner Designs. As result,
a reliable, compact and versatile circuit has been developed that acts as an embedded system for monitoring CO2 con-
centration and partial pressure, as well as two temperature variables. Regarding the transmission of data via radio fre-
quency, its data transmission has a range of 470 m without loss. A Python script has been implemented that stores data
and generates real-time graphs for system monitoring.
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Sistema de Aquisição e Transmissão de Dados para Análises de Dióxido de
Carbono

Resumo
Apesar de constituírem parte minoritária na composição da atmosfera, os chamados os gases de efeito estufa desempe-
nham um papel crucial em sua termodinâmica. Nos últimos 200 anos, entretanto, as atividades humanas alteraram sig-
nificativamente o ciclo global do carbono. Desse modo, no atual contexto do aquecimento global, quantificar, com
valores cada vez mais confiáveis, as emissões de gases do efeito estufa e o ciclo global de carbono tem se tornado uma
das prioridades dos cientistas. Teve-se por objetivo com o presente estudo o desenvolvimento de um sistema de aquisi-
ção e transmissão sem fio de dados sobre dióxido de carbono, provenientes do sensor C-Sense, fabricado pela Turner
Designs. Como resultado foi desenvolvido um circuito confiável, compacto e versátil, que funciona como um sistema
embarcado para monitoramento de concentração e pressão parcial de CO2, além de duas medidas de temperatura. Com
relação à transmissão dos dados via radiofrequência, o mesmo possui alcance máximo de 470 m sem perda de dados.
Foi implementado um script em Python que armazena os dados e gera gráficos em tempo real para monitoramento do
sistema.
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1. Introduction

Carbon dioxide (CO2) in the atmosphere plays a
fundamental role in regulating the Earth's temperature
through the greenhouse effect. However, in the past
200 years, human activities have significantly altered the
global carbon cycle (Royer, 2006; IPCC, 2014). In the
context of global warming, natural ecosystems play a key
role in the annual carbon balance, as they exchange large
amounts of CO2 with the atmosphere and currently com-
pensate for approximately 4 PgCyr−1 of anthropogenic
emissions. Transfers that occur between the surface of ri-
vers and lakes with the atmosphere are an essential com-
ponent for estimating the global carbon cycle. The lack of
these CO2 absorption measures that occur in inland waters
compromises the estimate of the CO2 balance of ecosys-
tems (Raymond et al., 2013). Thus, the development of
data acquisition approaches, to quantify greenhouse gas
emissions and the global carbon cycle with increasingly
reliable values, has become one of the priorities of scien-
tists in the area (Rasera, 2010; Raymond et al., 2013).

In this context, sensor technology has gained popu-
larity due to the need for recognition and identification of
chemical, physical and biological systems, with gas sen-
sors playing an important role in the detection of certain
gases and monitoring of atmospheric changes (Das and
Jayaraman, 2014). For the assessment of carbon dioxide,
the two main current approaches are the use of electro-
chemical sensors or optical sensors (Mouman et al., 2016).
Electrochemical sensors have a lower cost, are relatively
specific for singular and sensitive gases at ppm (parts per
million) or ppb (parts per billion) levels, but generally
have a short service life, and may also suffer from cross-
response problems with other gases in the sample (Hodg-
kinson and Tatam, 2012).

Sensors based on optical absorption, however, are
able to deliver faster responses with little interference
from other gases in the measurements; can be used in real
time and in situ; they have little deviation, considering
their direct measurement method, and they have self-
referenced measures (Hodgkinson and Tatam, 2012).

Among the optical methods, sensors that perform analysis
using infrared spectrometry (IR) are some of the most
used. The spectral infrared regions are usually designed
using non-dispersive infrared sensors (NDIR) having a
bandpass filter to select the wavelength of the specific
analyte absorption (Lobnik, 2008; McDonagh et al., 2008;
Liu et al., 2012; Korotcenkov, 2013), in the case of CO2,
around 4.26 μm. However, such devices are limited by
their cost, because of its size - which follows the path of
light necessary for sufficient absorption to occur - and
higher energy consumption (Moumen et al., 2016.).

Recent advances in mobile communication technol-
ogy, combined with the considerable reduction in the size
of the sensors, made the use of wireless sensor networks in
very diverse environments possible, which enables the
implementation of weather stations and other data acquisi-
tion systems in various areas of environmental monitoring,
without the need for constant human presence, so-called
embedded systems (Garcia-Romeu et al., 2012; Da Silva
and Fruett, 2013).

Based on the aforementioned, the objective of this
study is to develop a low cost system for the acquisition
and wireless transmission of carbon dioxide data, using a
CO2 concentration and partial pressure sensor, based on a
detector non-dispersive infrared (NDIR) with temperature
compensation, having as main purpose, but not only, per-
form in situ environmental monitoring of these variables,
being used as an embedded system or microstation, as well
as assist in determining some of the variables necessary
for calculating the carbon dioxide flux between water bod-
ies and atmosphere.

2. Materials and Methods
The data acquisition system was designed to inte-

grate the analog response of the carbon dioxide sensor, the
responses of the temperature sensors, a Real Time Clock, a
device for data storage and another device for data trans-
mission (always seeking its redundancy), through a micro-
controller. Figure 1 shows the proposed operational
diagram.

Figure 1 - System's operational block diagram.
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2.1. Main components
2.1.1. CO2 sensor

Quantities referring to CO2 are generally expressed
in different ways according to the environment where the
measurements are made. To measurements taken in the air,
concentration rates of carbon dioxide (xCO2) are often
reported in detriment of partial pressure (pCO2). These
units deal with fluctuations in CO2 concentrations that are
controlled by changes in ambient pressure and humidity,
however, physical, chemical and biological processes are
controlled by pCO2 so, for certain applications, a conver-
sion is necessary (Schar et al., 2010).

Non-dispersive infrared (NDIR) sensors are widely
used for direct measurements of CO2 in the atmosphere.
For aquatic environments, some of the most widely used
methods involve the use of headspace (Hope, 1995) and
equilibrators (Frankignoulle et al., 2001; Rasera 2010;
Macklin et al., 2018). However, with technology advance-
ment, compact sensors, which can perform measurements
continuously, began to be developed and used to deter-
mine pCO2 values directly in situ (Reiman and Xu, 2018;
Do Vale et al., 2019; Yang et al., 2019). Therefore, the
sensor used in the system was the C-Sense (Fig. 2), a
compact sensor, designed by Turner Designs, for measur-
ing the concentration and partial pressure of CO2 gas in
fluids. The sensor uses a semipermeable, hydrophobic
membrane in order to form an isolated headspace, where a
non-dispersive infrared detector with temperature com-
pensation performs the measurements. Thus, the equip-
ment is capable of taking measurements in different types
of fluids, with an operational range from 0 to 4000 ppm
and ±3% of accuracy.

According to its manual, the operation of the C-
Sense requires the supply of 6-12 V. For it to operate cor-
rectly, however, it is necessary to wait for a warm-up time
from 45 s to 3 min. The sensor's analog output signal va-
ries between 0 and 5 V and is proportional to the con-

centration of CO2 in the ambient, given by Eq. (1) (Turner
Designs, 2019).

CO2 = 806; 85 � Vð Þ− 42 ð1Þ

The sensor was chosen to the system since it has as an
advantage, besides its small size, the fact that it does not
requires the use of an equilibrator nor floating chambers,
due to its hydrophobic membrane and isolated headspace,
making it a good option for use in embedded systems
measurement devices. In addition, the sensor proves to be
quite versatile, since new calibrations can be made for dif-
ferent environments, being only necessary to determine a
new conversion equation. If needed, it is possible to con-
figure the sensor to measure the atmospheric CO2 con-
centration of the altitude at which it is located and,
subsequently, use it in conjunction with a total pressure
sensor of the ambient to determine the partial pressure of
CO2. Do Vale et al. (2019) used the sensor in laboratory
tests and found accurate measurements of pCO2 in air and
water. However, he suggested that for measurements for
periods longer than 24 hours in certain environments, care
should be taken with the formation of biofilm in the sensor
membrane, which may affect its performance. In spot
measurements and for shorter periods of time, such as
those performed by Jun Xu et al. (2019) and Yang et al.
(2019) the device has proven to be quite effective.

As shown in Fig. 3, despite the noise, the sensor is
capable of measuring values in low time intervals and
accurately describes the behavior of the environment it is
located, due to a smoothing of the data curve in 6 min. In
comparative tests carried out in the laboratory, where air
was pumped through the detection chambers of the C-
Sense and a previously calibrated Li-Cor® 820 CO2 Ana-
lyzer, the sensors showed a 98.3% correlation in their
behavior.

2.1.2. Temperature sensors

For the evaluation of certain procedures, one or more
temperature measurements are necessary. Thus, consider-
ing a wider range of applications, two DS18B20 sensors,
manufactured by Dallas Instruments®, were used. The
sensors measure temperature using an onboard proprietary
temperature measurement technique, counting the number
of clock cycles of an oscillator with a low temperature
coefficient. This low-cost sensor has the advantage of
being digital, able to read the temperature, interpret it and
send the data already converted to the microprocessor
using a single wire bus, that is, two sensors or more can
use a sole microcontroller port. The chosen sensor was
encapsulated in a metallic container, in order to be able to
measure temperature in dry, humid environments and even
in water. Its accuracy is ± 0.5 °C, with an operating range
of -55 to 125 °C (Maxim Integrated, 2018).Figure 2 - C-Sense pCO2 sensor.
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2.1.3. Real time clock

The Real Time Clock (RTC) used in the system was
the Sparkfun DS3234 Real Time Clock, although being a
low cost peripheral that uses Serial Peripheral Interface
(SPI) protocol, it is extremely accurate, due to an internal
temperature compensation of the oscillating crystal
mechanism, which makes possible to maintain an accu-
racy of ± 2 ppm (part per million), which corresponds to a
variation lesser than 0.2 s per day, working at temperatures
from 0 to 40 °C. This device also has a small 3 V CR1224
battery, so even without external power to the clock mod-
ule, the battery cell can maintain the RTC time accurately
for about 9 years (Maxim Integrated Products 2010; Ali
et al., 2016).

2.1.4. Microcontroller

To control the circuit processes, the Arduino Nano
was chosen, for being a small, complete and easy to use
board, based on the ATmega328P microcontroller. This

model uses a Mini-B universal serial bus (USB) cable and
can be powered via connecting cable or an external 6-20 V
power supply. The Arduino Nano has 14 digital and 8 ana-
log pins operating by default at 5 V. According to Ardu-
ino® (2020), digital pins can be used as a signal input or
output through the functions pinMode(), digitalWrite(),
and digitalRead(), providing or receiving a maximum of
40 mA. Analog pins, on the other hand, uses an analog-to-
digital (A/D) converter providing 10 bits of resolution,
that is, 1024 different values.

2.1.5. MicroSD transflash breakout

In order to increase the reliability of the assembled
circuit was opted for redundancy in the storage of the
obtained data. For this purpose, in addition to sending and
storing it on another computer, a micros Transflash Break-
out, a module that operates at 3.3 and 5 V voltages, and
uses an SD/MMC socket, allowing the insertion of exter-
nal memory cards, was also installed.

Figure 3 - C-Sense operation. Raw data curve with an acquisition frequency of 1 s and comparative measurements curve of the sensors C-Sense and Li-
Cor 820, with 6 min smoothing.
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2.1.6. Radio frequency module

In the circuit project, two data storage options were
chosen. One of them for sending and saving the measured
values on another device. For this task, the XBee Pro S2B
module, a card that communicates via radio frequency
using the Zigbee standard, was chosen. According to Digi
International (2018), this module has a range of up to
3.2 km transmitting at a speed of up to 250 kb/s.

In order for XBee to be able to send and receive data,
it is necessary to configure it on a computer. However, the
module is designed to be used directly on a circuit board,
to do so, it must use an adapter to connect it to the USB
port (Faludi, 2010). The adapter used during this work was
the SparkFun XBee Explorer Dongle, one of the smallest
and most versatile, since it does not require an external
cable. The XBee radio has 20 connecting pins with 2 mm
spacing between them, so it was necessary to use another
adapter to fit it on the perforated plate. The adapter used
was the SparkFun XBee Explorer Regulated.

Each XBee has an internal microcontroller that runs
a program known as firmware, responsible for executing
its addressing, communication and security process and
utility functions. The XCTU software was used to config-
ure the functions of the two XBee modules used in the job.
One was set up as “coordinator”. This is the radio respon-
sible for forming the network, distribute addresses and
managing the other functions that define, protect and
maintain it. The second radio was configured as “end
device”, the simplest form of configuration, being able to
connect to the network created by the first module and
receive information. The coordinator was attached to the
circuit, in order to collect and send data from the sensors,
while the end device was connected to the computer, in
order to receive this data. The choice of Zigbee commu-

nication is due to the possibility of creating a network of
transmitters, significantly increasing the range of data
transmission.

2.2. Scripts
The logical part of the data acquisition system was

implemented using the Arduino development ambient,
following the Structured Programming paradigm, where
the code is divided into blocks and follows execution rou-
tines and loops. The first block consists in importing the
necessary libraries for the communication of the devices
with the microcontroller, followed by the instantiating of
these libraries and stating the variables with their respec-
tive data types. The second part of the code is where the
instances defined in the previous block are initialized and
configured with initialization parameters. Finally, the third
part is where the repetition loop occurs until the system is
turned off, being responsible for updating the clock time,
making the reading, storing the measured data on the SD
card, sending them and, finally, saving them on the receiv-
ing device. The developed algorithm is presented and
commented in supplementary material S1. Upon receiving
the data on your computer, it is up to the user to record
them. However, in order to facilitate the monitoring of the
system, a Python script was developed, presented in sup-
plementary material S2, for the automatic generation of
graphics and storage of the received values.

3. Results and Discussion
Figure 4 shows the result for the system's manu-

facturing process, being portable and compact. The con-
nectors for the temperature and carbon dioxide sensors are
located around 10 cm from the perfboard, allowing for

Figure 4 - System set in a perfboard, with three connectors to external sensors and in the top of image the radio frequency receiver.
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easiness of handle of the circuit during experiments and
data measurements. It was decided to use solderless or
screwless connectors, in order to approach a plug and play
concept. The circuit schematic draft is shown in Fig. 5 for
future replication and improvements.

The circuit was designed to also function as an
embedded system, passing through V-Model development
phases and fulfilling the requirements presented by Mar-
wedel (2018), in order to assist the monitoring of CO2 flux
on aquatic environments. Besides of being powered by a
5 V mini Universal Serial Bus cable (USB), the micro-
controller can operate with a non-regulated external power
supply from 6 to 20 V through a borne connector linked to
pins 29 and 30, assuring autonomy in accordance with the
chosen battery system.

The voltage regulator in the microcontroller assures
that the peripherals to it attached, which operate with 3.3
or 5 V, will not get damaged. The C-Sense sensor operates
with an external power supply, possessing only two wires,
ground and analog signal with a 5 V output, connected to
the circuit, the other devices are powered by the micro-
controller, that performs the previously programmed
tasks: data conversion, storage and transmission.

Regarding the storage and transmission of data via
radio frequency, the algorithm purpose was to create a
well-defined pattern, in order to facilitate future reading
and analyses. As shown in Fig. 6 (a), each line follows a
sequence where observed values are represented through

peripherals attached to the circuit. Data output show date,
time (GMT- 3), temperature of the sensors in Celsius
(°C), analog signal read on the microcontroller pin, C-
Sense signal responses and CO2 concentration. The data
is saved in comma-separated values format (.csv). Fig-
ure 6 (b) presents the temperature and CO2 concentration
graphics generated by the written script in python lan-
guage, for the monitoring of the system and storage of
acquired data.

System's response time, however, was unexpected.
Keeping in mind the capacity of the CO2 sensor to mea-
sure in higher frequencies, the delay chosen in the code
used was of 1000 ms, that is, the system would save and/or
show a measured value each second. The data, however,
has shown a delay of around 500 ms. The cause of this
slower answer is associated to the two digital temperature
sensors, for, even if counter intuitive, once the digital data
can be processed and transmitted in a more efficient way
than analog data (Floyd, 2007), the sensors work with a
connection system 1-Wire, similar to the concept of I2C,
but with low data transfer rate: 16.3 kb/s (Maxim Inte-
grated, 2009). Another factor that points towards this
hypothesis is that the response time rose whilst the two
sensors were placed in different ports on the micro-
controller, having in sight the opening of two communica-
tion ports at each repetition lace. When placed on a single
pin, the delay fell by half. That delay, however, generates
little influence to the environment analyses, for the abrupt

Figure 5 - Circuit schematic.
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variations of temperature in a period of time that short are
diluted in the statistic treatment.

3.1. Functionality tests
Tests of range and functionality were performed, to

evaluate the performance of the developed system, simu-
lating its continuous operation in field. These tests goal
was to determine the maximum reach range of data trans-
mission and the sensors answer to environmental change.
First was performed a functionality test. The circuit was
assembled in a waterproof plastic box and left in the
Atmospheric Physics and Chemistry Laboratory, on Tapa-
jós Campus of the Federal University of Western Pará
(UFOPA), at latitude 2°25’10” S and longitude 54°44’22”
W, from 06:00 hours (GMT -3) of May 11th, 2019 until
06:00 hours (GMT -3) of May 13th, 2019, with the C-
Sense being calibrated to measure the CO2 concentration
and the two temperature sensors collecting internal and
external environment data of the laboratory. The results
from these two days are shown in Fig. 7. By the end of the
test, although the small delay to the temperature sensors,
after measurements and statistical treatment, the behavior
of the environment was represented as expected and the
system did not present packet loss.

To settle the maximum range between the two mod-
ules of radio frequency, a test was performed with the sys-
tem in an environment with an uneven ground and with

structures that might provoke interference in the signal
strength. The test was performed in the city of Santarém �
PA, where Tapajós Campus � UFOPA is located, with
regular weather conditions and in constant linear move-
ment. The system achieved a maximum reach, without
compromising of data transfer, of approximated 470,6 m
(Fig. 8). Worth mentioning that, in case of higher reach
necessity, tests performed by Picanço et al. (2016), in the
same site were this experiment was performed, indicate
that a Xbee Pro 900HP module was capable of transmit-
ting data, without package loss, at a distance of 839.64 m.
The module substitution in the developed system does not

Figure 6 - Data output model. (a) Data saved on SD card. (b) Python
script plot. At the top of the image, the plot of temperature values and, at
the bottom, the CO2 measurements. The temporal resolution of 600 s can
be altered in the code.

Figure 7 - System performance test in a controlled environment during
two days. The solid line represents the variation in the concentration of
atmospheric CO2 in an open environment measured by C-Sense. The
dashed lines represent the temperature variation inside and outside the
laboratory where the tests were performed.

Figure 8 - System's maximum range test. Federal University of Western
Pará is indicated. Image source: Google Earth.
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require structural changes on the code lines, being neces-
sary only the configuration of its firmware.

Some factors, however, must be taken into con-
sideration before adopting this kind of methodology for
measures of CO2. The study area must be previously ana-
lyzed for two different reasons: (1) the operational range
of the sensor and (2) the measurement approach. Due to a
number of physical, chemical and biological process,
quantities regarding the carbon dioxide vary spatial and
temporally (Abril, et al., 2014; Do Vale, et al., 2019) and
the developed system performs measurements in a single
spot of the research area in a determined time interval. For
very large sites, that can be bypassed using a sensors net-
work, which collect data in multiple spots at the same time
and may communicate through the ZigBee network. Other
solutions can the pointed in the works of Podgrajsek et al.
(2014), that when measuring pCO2 in lake Tämnaren, in
Sweden, used a correction factor of 200 ppm due to the its
non-homogeneity; and Macklin et al. (2018), in order to
achieve a larger spatial resolution of sampling in Indone-
sian lakes, has set up a measurement system in a small
research boat driven between 4 and 6 km/h.

4. Conclusion
This study developed a low-cost system for the

acquisition and transmission data related to CO2. Thus, a
C-Sense sensor and two DS18B20 digital temperature
sensors were integrated into a circuit whose processes are
controlled by an Arduino Nano microcontroller in order to
measure, store and transmit data via radio frequency. The
tests carried out shows that the system behaves in a safe
and reliable way, being able to be used for spot measure-
ments or as an embedded system for prolonged measure-
ments. Its advantages are the fact that it is small, resistant
and practical, being capable of sending data over a max-
imum distance of approximately 470,6 m without data
package loss, being simple to modify it to increase perfor-
mance and possible repairs. The C-Sense sensor proved to
be a good option for measurements of this kind, in view of
the plug and play concept in which it was designed, being
able to perform direct and in situ measurements, eliminat-
ing the usage of large devices such as equilibrators or
floating chambers, and it is also a less complex methodol-
ogy than headspace measurement. In addition, the sensor
can be calibrated for atmospheric and aquatic measure-
ments, and showed a 98.3% correlation of its behavior in
relation to the Li-Cor® 820 CO2 Analyzer. As a result of
the tests, despite the large amount of noise in their mea-
surements, a 6-min smoothing of the data curve proved to
be effective for a good representation of the studied envir-
onment. Finally, a python script that allows monitoring the
data received by radio frequency was developed, plotting
real-time graphs of the measured variables and auto-

matically saving them to the device where the receiver is
located.
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