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Abstract

In this project, we build a High Altitude Balloon to measure the high altitude air
quality data. More specifically, we seek to investigate the data by using different air
quality sensors to record measurement at a high altitude air. We solder wires to connect
circuits, we cut the Styrofoam payload to arrange components, and we inflate air into
the balloon to launch our payload. Included is a working prototype with results and

advice for this high altitude project to facilitate future research on this project.
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1 Introduction

1.1 Significance

The goal of this project is to measure the concentration of environmentally
detrimental pollutants and greenhouse gases (GHG) at different atmospheric levels
using high altitude ballooning (HAB). This project aims to offer a more accessible and
economical affordable alternative to measuring air pollution in the atmosphere and

capturing near-space imagery data.

Currently, methods for monitoring and measuring atmospheric pollution levels
require both a large startup investment in addition to continuous maintenance of
equipment [1]. For institutions that have large amounts of funding for monitoring
environmental activity, the investment cost, as well as maintenance cost is not too
detrimental [2]. However, for smaller institutions, this financial gateway to measuring
GHG or other harmful pollutants in the atmosphere enforces alternate affordable
measures and techniques. As a solution to this problem, the proposed project utilizes
electronics capable of measuring air pollution at different atmospheric levels reaching

heights close to 100,000 ft with high accuracy.

1.1.1 Project Scope

The scope of this project is to build a high-altitude balloon capable of measuring

GHG emissions and other detrimental air pollutants in the atmosphere relative to



specific regions of the atmosphere, as well as regional location. This project also offers
a cost-affordable alternative to pre-existing methods of measuring and monitoring air
quality in the environment. The results of this project will be the first of its kind for this
specific application at Worcester Polytechnic Institute (WPI) and offer a framework for
improvement and innovation for future students. Prof. Mughal aims to measure the
pollutants in air over a longer period of time (10-25 yrs.), and this work will be a base to

improve upon the design, electronics, and assembly, and add other features.



2 Background

2.1 State of the Environment

With the upward surge of technological innovation and globalization of the world,
the state of the environment has become of critical importance to the balance of Earth’s
ecosystem. Rising problems regarding increased global warming, climate change, and
hazardous air quality have garnered more attention and visibility to their respective
health ramifications. Among those issues, air quality has taken the majority of concerns

due to its importance in both creating and maintaining life in all organisms.

One of the first documented cases of air pollution which resulted in tangible
health problems for people in the modern age was in Donora, Pennsylvania in 1948. At
the time, a weather inversion caused a nearby steel plant’s pollution to effectively be
trapped within the lower atmospheric levels, causing 14,000 residents of the town to

have severe respiratory illnesses [3].

In the past few decades, the landscape along the Yangtze River in China has
experienced a dramatic destruction due to the worse air pollution. With rapid country
development, the emission of harmful gases and noxious particles, such as carbon
dioxide, is increasing year by year. The impact of the air pollution will not be obvious
immediately, but it is gradually being expressed. With the burning of fossil fuel, for
example, oil, gas and coal, small particles with diameters under 2.5 ym form and

coalesce [4]. After long term processes, smog forms and the sky starts turning grey,
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sunshine can not go through the thick smog layer, and the trees along Yangtze River
can not gather enough energy from sunshine and start withering. If people don’t take
care about air pollution as soon as possible, the environment will finally punish

ourselves.

2.1.1 History of Air Pollution Monitoring

With the increasing attention on air quality, the Office of Air Quality and Planning
and Standards was founded by the Environmental Protection Agency(EPA) to monitor
and preserve the nation’s air quality, who established the National Ambient Air Quality
Standards for each pollutant. Each year, EPA examines six essential air pollutants in
the country and releases a report including detailed analysis for the past ten years and
a summary of current air pollution status. Every state is required to establish a
monitoring network for air quality, for local and national. These are called the State and
Local Air Monitoring Stations and the National Air Monitoring Stations. Local networks
need to provide an annual summary of monitoring results while national networks need

to meet more strict criteria and to provide quarterly and annual reports of results [5].

Under this initiative, institutions started to focus on air pollution treatment and the
Clean Air Act was proposed in 1970 and then amended in 1977 and 1990 [6] in order to
reduce air pollution, and to prevent hundreds of thousands of cases of serious health
effects each year. It was defined in this law enforcement that it was “the Environmental
Protection Agency’s responsibility to improve the air quality and the stratospheric ozone

layer” [7]. To complete the Act more thoroughly, the federal Environmental Protection
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Agency established the National Ambient Air Quality Standards (NAAQS), which
addressed six pollutants that threatened public health: sulfur dioxide, nitrogen dioxide,
particulate matter, carbon monoxide, ozone, and lead. Not only NAAQS, EPA was also
authorized to establish another standard which is New Source Performance Standards
(NSPS). NSPS claimed the ceilings of amount for different pollutants emission, that set
the level of emission to reduce the pollution[8]. The Clean Air Act was originally derived
from the earlier Clean Air Control Act that was the first federal law including air pollution.
Although there were so many standards to set the emission level of pollutants, in this

act there was no regulation about how to regard the air pollution control.

In 1963, the extension of the Clean Air Control Act was enforced to authorize
studies focusing on ambient air quality monitoring and air pollution control [9]. It was
due to this act that the Air Quality Index (AQI) was developed, which was further
adopted worldwide. Nowadays AQI is one of the factors people care about when
checking weather during their daily lives, especially when nitrogen oxides, carbon
oxides and particulates come to the public’s mind. AQI represents the overall rating for
the air that we breath, however, it is until recently that people start to show their interest

toward air quality at high altitude.

2.1.2 Current Efforts to Monitor Air Quality

High altitude air pollution may seem irrelative to people’s lives at first glance.
However, through global atmospheric transport and precipitation, pollutants at high

altitude have the potential to spread over continents and influence environments


https://www.britannica.com/science/ozone
https://www.britannica.com/science/lead-chemical-element
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[10][11]. One of the main contributors to high altitude air pollution is civil aviation. In
study [11], it reveals that scholars had assumed that aviation emission did not impact air
quality at surface level for a long period. They only counted gas emission during flight

landing and takeoff, thus considering it as regional and surface issues.

However, recent studies have discovered that the gas emission during flight
impacts more on air quality. The primary pollutants from cruise emission are
particulates, nitrogen oxides and sulfate oxides. Depending on the altitude and region
where the cruise emission is placed, these pollutants can be brought to various regions,
even various continents with atmospheric circulation [12]. That is, volcanic activities,
wildfires, and other extreme environmental events that involve pollutants can spread
intercontinentally; not to mention that the frequency of some of these events has been
increasing during recent years [13], such as the wildfire in Australia. Study [10]-[12]
emphasizes on modeling the spread of chemical substances at high altitude, however

guantitative studies have not been carried out.

There are studies that measure air quality at high altitude with aircraft [14]. This
study aimed to measure air quality over a wide range of altitude and localities for natural
and artificial effects. However, the limitation of this study was that since sensors were
placed on airlines, common laboratory sensors were not developed for such usage and
thus could not perform best. In addition, using aircraft to complete measurement is too
expensive as well. Another study investigated monitoring air quality at high altitude with
a hexacopter [15]. In this study, people designed and developed a hexacopter platform

to keep experiments at a certain altitude and compared collected data to more scientific
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one from EPA. However, the highest altitude this platform can reach is 5000 meters
above sea level. Furthermore, the power efficiency was not ideal because high power
was required to keep the hexacopter platform in hover condition. Another study used a
drone to monitor PM2.5 and to report data back [16]. However, the limitation of this
study is that the measured area is limited: it cannot cover a wide range of areas. A
convenient and low-cost alternative to measure high altitude air quality is attracting

more interest recently that is the HAB.

Figure 1: High Altitude Balloon [17]
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HABs are derived from weather balloons that were invented in the 1800s by
French meteorologist Leon Teisserenc de Bort who then discovered tropopause and
stratosphere. The balloon that he used was called an instrumented balloon filled with
hydrogen gas to observe the air quality around 8-17 kilometers of height. At that time,
although Léon Teisserenc de Bort was suffering from biased experiment results,
following with 200+ experiments, he derived several meaningful conclusions and named
two layers of atmosphere as tropopause and stratosphere. Furthermore, Alfred
Wegener, a meteorologist and geologist, discovered famous continental drift theory by
research related to weather balloons [18]. With development of off-the-shelf electronic
components, HAB now becomes a popular means to conduct near space experiments,
including measuring air quality, or certain types of pollutants. With latex balloons, these
balloons with payloads can easily reach near space with low cost -- which is one of the
most economical ways for non-governmental organizations. However, contrasting with
its economic advantage, HAB has disadvantages at the same time. One disadvantage
of this method is that the weight of payload is restricted due to the limited balloon

loading capacity.



Table 1: Comparison between Known Methods
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Method Aircraft Hexacopter High Altitude | High Altitude
Drone Balloon

Maximum 20 5 10 40
Height (km)

Maximum N/A 1.8* 1.8* 1.8*
Payload (kg)
Flight Time N/A N/A 25 90-120

(min)

Note *: According to FAA101, all unmanned aviation vehicles that reach high altitude

can only bring payload less than 1.8kg.

Another disadvantage is the accuracy of the measurement result. The overall

flying process is full of accidents and uncertainties. The payload that contains all

electronics, including sensors, cameras, microcontrollers, and power supplies, is usually

a styrofoam cube. Since there are different circuits to perform different operations, and

wirings in the payload, it is hard to guarantee that there would be no accidents during

the flight. Any wire pulled out or disconnected, can potentially cause malfunctioning of

the device. Considering there is a reasonable cost associated with balloon launch such

as gas tank, balloon, etc., it is important to take preventive measures and go through

several rounds of testing before the launch. On the other hand, as people don’t usually

install machines to control the flying direction, it's hard to predict where the payload will

land. Although now people have path prediction simulation software to estimate the

landing place of the payload, people have to make sure the landing point is far away

from the city or lakes or forest. Furthermore, weather is also a criterion for the launch. If
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the weather of the launch day is too windy or rainy, it's not suitable to do the launch and

people have to decide another day for the launch.

In our project, we propose to build a HAB as a way to measure air quality due to
its higher flight altitude and predictable flight duration. The scope of our project is to
measure certain pollutants with respect to altitude and location using various measuring
sensors, thus we can have an overview of the high altitude air quality of the area. The
pollutants that we decide to measure include carbon dioxide, nitrogen dioxide, and
ozone; other specific data we would like to collect are UV index, temperature, pressure,
and also high altitude real video captured by GoPro camera, which are essential to
provide information for people when doing outside activities. As the first round of a
long-term project, we also want to achieve a good payload recovery rate to guarantee
the success of each launch. It will be meaningless if we cannot retrieve the payload
back to read out data. In order to keep track of the high altitude air quality for a long
term, we decided to launch HABs during a specific time of the year to take air quality

data.
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3 Methodology

Since our team is the first team to start this project, we may be facing so many
unknown challenges during the process. The main goal for us is to convince others that
this project is possible and is worthy to continue for a long term and to record all
challenges that we faced to help the subsequent groups to avoid those difficulties. In
order to do so, the expected result would be successfully launching the payload into the
stratosphere reaching heights above 60,000 ft and gathering scientific data after the
retrieval. Our scientific measurements will include but not limited to temperature (both
inside and outside the payload), pressure, altitude, CO, concentration, NO,

concentration, ozone measure, and UV index.

3.1 Hardware

In order to collect all the data, there are several sensors to be concerned. First,
as a baseline of this long term project, we need to collect barometric information that
includes altitude, pressure, and temperature. As for gas measurement, we need to
collect concentrations of CO,, NO, and ozone. We also decided to use a UV sensor as
a sideway to detect concentration of ozone. At the same time, we need to measure the
temperature inside the payload as well to make sure all components are working
properly. At high altitude, the ambient temperature can drop to -55°C, which requires
that all components selected should obtain a wide operation temperature range. In

addition, we need a power system and GPS tracker inside the payload as well as a
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radar reflector, which consumes the weight budget. The rest of the components should
be as light as possible. We need to keep these in mind when determining what

component to use, in addition to their sensitivity.

3.1.1 UV Sensor

The wavelength of UV ranges from 10nm to 400nm. However we do not need to
detect the whole spectrum. Among this range, the wavelength of UVA and UVB, which
people concern most, is from 280nm to 400nm. In the market there are sensors specific
to UVA and UVB detection, and we found several of them.

Table 2: Cost Analysis of UV Sensor

Detection Operation Range | Power Supply | Output

Range (nm) (°C) (V)
VEML6075 330, 365 -40 - 85 1.7-3.6 Digital
ML8511 365 -20-70 -0.3-4.6 Digital
GUVA-S12SD 240 - 370 -30 - 85 27-55 Analog

From our research, there were few sensors that can work properly at around -50°C,

thus we decided to loosen the restriction on operating temperature range to - 20°C.

Shown in Table 2 were the final components that we thought of. All the sensors

corporate photodiodes and amplifiers since the light current is too low to be read.
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VEML6075 and ML8511 also contain the ADC to provide a measurement. The output of
each sensor can be translated to UV index according to the datasheet. Both VEML6075
and ML8511 have a wider detection range and better operation temperature range. The
main limitation of VEML6075 is its power supply. Due to the fact that all the sensors
would be powered together, we used a 5V DC power supply for them. Therefore
VEMLG6075 could not work properly with this power supply. GUVA-S12SD seems a
better choice, which turns light intensity to analog voltage directly. Its output can be
translated to UV index by dividing it by 0.1V. In addition, GUVA-S12SD only weighs

0.7g, which saves the total weight budget.

3.1.2 Barometric Sensor

In order to map the gas concentration with altitude, we decided to use a
barometric sensor that gives us altitude, pressure and temperature simultaneously.
These sensors first detect the baseline pressure and calculate the altitude based on
difference between measured real-time pressure and baseline pressure. Therefore, the
resolution is one critical factor to compare during cost analysis.

Table 3: Cost Analysis of Barometric Sensor

Accuracy (Pa) é)apnegr:t(i?g) PowezVS)upply Output

MPL3115A2 1.5 -40 - 85 1.95-3.6 Digital
MIKROE-3328 0.01 -40 - 85 3.3 Digital
BMP180 0.03 -40 - 85 1.8-3.3* Digital
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All the competitors satisfy our requirement of operational temperature range, the main
difference is accuracy and power supply. Since the difference of measured pressure
provides reading for altitude, we would like to achieve the accuracy as high as possible.
In this case, MIKROE-3328 seems the best. Features of high resolution, low power
consumption and water resistance made it suitable for our project. However, it cannot
work with 5V power supply. Furthermore, it weighs 23g, which is too heavy due to the
weight limitation. Therefore we turned to BMP180 that has similar resolution and same
operation temperature range. Though its operation voltage originally marks as 1.8V to
3.3V, the breakout board is 5V compliant. There is a 3.3V regulator and an 12C shifter

circuit to guarantee appropriate operation of the sensor.

3.1.3 Temperature Sensor

Though the barometric sensor can provide the temperature readings, we still
want to measure the temperature inside the payload as a reference to check if all the
sensors are working in the range. This sensor does not require a large operation
temperature range due to insulation, however resolution is necessary. The results of
this sensor can give us good feedback on insulation, which can be improved during the

next experiment.
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Table 4: Cost Analysis of Temperature Sensor

Accuracy (°C) | Operation Range | Power Supply | Output

(°C) V)
LM35 0.5 -55 - 150 4 - 30 Analog
MCP9700A 2 -40-125 23-55 Analog
TMP275 0.5 -40 - 125 2.7-55 Digital

There were many excellent temperature sensors in the market to meet various
requirements, and we made our final decision among the competitors shown in Table 3
due to their accuracy and power supply. LM35 and TMP275 share better accuracy over
MCP9700A, and both of them are compatible with 5V power supply. We eventually
chose LM35 over TMP275 due to its package. TMP275 provides two types of packages:
TSSOP-8 and SOIC-8, while LM35 offers TO-92-3 package that is convenient to be

soldered down on PCB.

3.1.4 Nitrogen Dioxide Sensor

Few NO, sensors are there in the market and we decided to use MiCS-2714 that
works under 5V power supply and is suitable for air quality measurement. It requires an
external heating resistor and a load resistor since the changing concentration of NO, will
be reflected by variation of sensing resistance. The output sits between the load resistor
and sensing resistor, which forms a voltage divider. Normally the sensing resistance of

MiCS-2714 is around 2.2kQ in the air, therefore it is easier for reading with a load
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resistor with the same value. The drawback of this sensor is that its operational
temperature range is from -30°C to 85°C. However, other NO, sensors in the market
that are able to operate below -40°C are not compliant with 5V power supply.
Furthermore, the components inside the payload will heat up, thus it will not hurt much

to use MiCS-2714.

3.1.5 Carbon Dioxide Sensor

MG811 was chosen due to its simplicity to use with the breakout board from
DFRobot. It also has good sensitivity to CO,and low dependence on humidity and
temperature, which is ideal for our project. Though in the datasheet it is recommended
to work with 6V power supply, however the board itself can work under 5V power
supply. This module needs to be preheated for 48 hours to calibrate in the environment
where air quality is relatively good. The analog output after calibration will be used in the
code as reference to calculate measured CO, concentration. Similar to the NO, sensor,
the disadvantage of this module is also the operational temperature range. Most CO,
sensors in the market are aimed for room gas detection, MG811 is not an exception.
However, due to the heat building up inside the payload from the electronics and low

temperature dependence, we continued with MG811 as the CO, sensor.

3.1.6 Ozone Sensor

Few ozone sensors in the market satisfy our requirements of operation

temperature range and power supply at the same time. Thus we loosened restrictions
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on operation temperature range and focused on power supply due to its importance,
which led us to MQ131. MQ131 gives changing sensing resistance that reflects
changing concentration of ozone. The conductivity becomes higher as gas
concentration increases, which is shown as drop in output voltage. This sensor also

needs to be preheated for 48 hours to operate properly.

3.2 Connection

The figure shown below displays the functional block diagram of the high altitude
balloon system. Black lines represent the signal flow: all data are collected every 5
seconds and are written into micro SD cards to store. Red lines represent power flow:
the Arduino is charged by the central power supply and charges other sensor modules
for proper functionalities. Most sensor modules are supported from 3.3V to 5V; only the
CO2 sensor module claims to use 6V power supply. However, when we looked into the
datasheet we found out that this module actually can work properly with 5V supply.

Thus we used a breadboard as a “power station” to power and ground all components.
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CO2 Sensor

Y

A

Power Supply
UV Sensor

A

Figure 2: Functional Block Diagram of the HAB System

v

SD Card

Since one Arduino Uno has limited analog pins, we used two Arduino’s to gather

the data from sensors. The first Arduino was connected with a CO, sensor and a Ozone

sensor. The other Arduino was connected with a biosensor, temperature sensor, UV

sensor and a NO, sensor. The specific connection is shown below:
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Most of the sensors are connected simply to different pins on the Arduino except
the NO, sensor, which needs resistors to adjust the voltage it reads. Except the LM35
sensor was set inside the payload, all other sensors were soldered and positioned such
that the sensors were sticking out of the payload through a hole to measure the data
accurately.

We also had a GoPro to record the flight process by cutting a hole on the
payload and sticking the GoPro on the side of the Styrofoam. There are two ways to
record the flight process: capturing video and taking pictures. In our first launch, we
wanted to capture the whole flight process video using the GoPro. However, due to the
battery life and memory limit( only 64GB), GoPro only captured part of the flight
process. Thus, in the second launch, we used a power bank to charge the GoPro to
resolve battery life limit, and we set the GoPro to take pictures every five minutes to
overcome the memory limit problem.

The specific wiring layout picture is shown below:



Figure 5: Inside Wiring Photo
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~ NO2 Sensor

)

Figure 6: External Sensors
In our payload, we used three power banks to power Arduino and GoPro. All
components were sticked on the sides of the payload, including our GPS tracker
(sticked below the power bank), Arduinos, SD card modules, and all PCB boards. To
power multiple components from the Arduino easily, we also used two breadboards as

their ‘power station’ with one row 5 V input and one row ground.
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3.3 Embedded System/Software
3.3.1 Microcontroller Selection

Given the scope of the project, as well as the purposes of the system being
developed, a microcontroller that met specific requirements was necessary. These
requirements can be classified into; Connectivity, Development, and Power. Each of the
following requirements are necessary to be met such that the project can be completed
in the most efficient developmental environment.

The connectivity requirement for this project corresponds to the number of
analog and digital 1/0 pins available for the variety of sensors to interface to. Because
certain sensors utilize more than one analog/digital I/O pin, it was necessary to select a
board that would not be overpopulated.

The developmental requirements correlate to the microcontroller’s ability to
execute a script effectively, with minimal risk of software and file corruption during
launch that may arise due to temperature, humidity, or other weather complications. The
development requirement for the microcontroller must also have extensive
documentation and available community support in relation to the sensor selections.

The power specification for selecting a suitable microcontroller relates to the
microcontroller’'s on-board capabilities, such as stable power delivery to external
components and memory availability.

Once all necessary requirements for the microcontroller were outlined, two

popular microcontrollers were selected as suitable for the project, the Arduino Uno and
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the Raspberry Pi 3. Figure 6 displays a comparison between both microcontroller’s

specifications.

Arduino Uno

Raspberry Pi 3

Only executes a single script repeatedly.

Raspbian OS allows multiple programs
to run simultaneously.

Can be powered from either 5V USB
connections, or a 9V AC-DC jack.

Requires a convertor to deliver 0.25V
with 750mA of power to sustain use.

Documentation for interfacing with
sensors and other electrical components
widely available.

Requires installation of specific libraries
and other software to effectively interface
with external sensors.

Uses C/C++ language

Uses Python as the native language.

Figure 7: Comparing Arduino and Raspberry Pi

From the figure above, when comparing the two microcontrollers and their

respective feature set, it was determined that the Arduino Uno was most effective in this

specific project [19]. Due to the Arduino’s capability to be efficiently and compactly

powered through an external supply was critical for maintaining weight and space

limitation in the project’s internal designs. The Arduino also provides a more abundant

source of documentation for connecting external sensors and obtaining measurements

than the Raspberry Pi can offer. It is important to note that the Raspberry Pi, unlike the

Arduino, supports a variety of wireless connections, including WiFi and Bluetooth for
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remote transmissions of data [19]. However, as such features were unnecessary in the
scope of this project, the Arduino was ultimately chosen due to its simplicity and

abundance of documentation.

3.3.2 Software Operation

The software embedded in the system is what allows the device to properly
operate and take environmental measurements. As such, the software used for the
embedded system is the Arduino IDE environment, using C/C++. Using the Arduino IDE
allowed for fluid and seamless integration of the different sensors into one compiled
script. This is possible due to the number of libraries supported by the Arduino IDE, as
well as the ability to include multiple libraries that separate components require into the
same script.

The Arduino IDE allowed for many troubleshooting and preliminary development
steps to be done effectively and efficiently with its ability to easily configure
analog/digital inputs and outputs and provide libraries that execute higher-level
functions. The most critical feature of the Arduino library that provides with capability to
write data captured from the serial monitor to a microSD card. The data read from the
serial monitor was stored within a text file containing all sensor parameters at unique
sampling i