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Abstract— This paper describes a generic and integrated solar 

powered remote Unmanned Air Vehicles (UAV) and Wireless 

Sensor Network (WSN) gas sensing system. The system uses a 

generic gas sensing system for CH4 and CO2 concentrations 

using metal oxide (MoX) and non-dispersive infrared sensors, 

and a new solar cell encapsulation method to power the UASs 

as well as a data management platform to store, analyse and 

share the information with operators and external users. The 

system was successfully field tested at ground and low 

altitudes, collecting, storing and transmitting data in real time 

to a central node for analysis and 3D mapping. The system can 

be used in a wide range of outdoor applications, especially in 

agriculture, bushfires, mining studies, opening the way to a 

ubiquitous low cost environmental monitoring. A video of the 

bench and flight test performed can be seen in the following 

link https://www.youtube.com/watch?v=Bwas7stYIxQ.  
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1. INTRODUCTION 

UAVs are revolutionising remote environmental monitoring 

in environmental gas sensing due to their ability to carry 

instruments and sensors collecting data with high spatial and 

temporal resolution [2,30]. This paper discusses the 

development, integration, and flight testing of a gas sensing 

system installed on a UAV and a WSN. Figure 1 illustrates 

the concept developed. 

 
 

Figure 1 – Concept of a solar powered WSN and UAV 

gas sensing system. 

 

UAVs have been used to sense environmental gases and are 

a powerful tool to reach remote areas and survey large 

regions. Optical gas sensing devices have been widely used 

among UAVs’ users. Watai et al.[3] for instance discussed  

a non-dispersive infrared (NDIR) sensing system to monitor 

atmospheric CO2 concentration onboard a small UAV, and 

designed an economic and accurate gas sensor system (± 

0.26 ppm precision).The system performed several flight 

tests and achieved one hour flight autonomy with a 3.5 kg 

payload. McGonigle et al.[4] reported the first 

measurements of volcanic gases with a helicopter UAV at 

La Fossa crater, Volcano, Italy using an ultraviolet and 

infrared spectrometer to measure SO2 and CO2 gas 

concentrations. The UAV had 12 min flight autonomy, 

carrying a 3 kg payload. Astuti et al.[5, 6] developed a UAV 

for volcanic monitoring on Mt Etna using a fixed wing 

UAV to carry a CO2 infrared spectrometer and a SO2 

electrochemical sensor. Saggiani et al.[7] in collaboration 

with the NASA Jet propulsion Laboratory flew the Raven 

UAV system above Stromboli volcano, Italy, in 2004. The 

UAV with a 3.5 m wingspan and maximum payload of 56 

kg carried a visible and an IR camera and an experimental 

Fourier micro-interferometer based on MOEMS technology, 

to detect atmospheric trace gases. Berman et al [8] 
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integrated a compact, lightweight atmospheric gas analyser 

onboard a mid-size SIERRA UAV with a 6.1 m wingspan 

and up to 40 Kg payload. Experimental tests were 

performed firstly at Crows Landing, CA, USA and 

subsequently in Salvbard Norway. In 2012 Khan et al.[9] 

stated that UAVs allowed for high spatial mapping of local 

greenhouse gas concentrations in the atmospheric boundary 

layer where land/atmosphere fluxes occur. The T-Rex Align 

700E V2, a helicopter flew, with a main rotor diameter of 

1.56 m and a flying mass excluding payload of 

approximately 4.7 kg. The UAV has a payload capacity up 

to 5 kg and flight time of 20 m. It was equipped with a very 

low power vertical cavity surface emitting lasers (VCSELs) 

to measure 2CO , 4CH and 2H O . 

The ability for a sensor node to communicate with others is 

an important tool to monitor large areas such as cities, roads 

and forests. Tracking and mapping gas plumes at ground 

level is one of the practical applications of WSNs. 

Therefore, WSNs has been used for environmental 

monitoring and monitoring of fugitive CH4 emissions [10], 

coal fields or biomass degradation (landfills) [11], and NH3 

and N2O gases released from fertilizer use [12, 13]. 

Although, this technology is already commercially 

available, the cost/benefit ratio is still high for extensive use. 

Metal Oxide (MoX) sensors and catalytic sensors are the 

preferred technology among WSNs’ users based on current 

literature. MoXs have a large range of applications and have 

been employed in the detection of a wide variety of gases 

[14-16]. Recent advances in nanotechnology have benefited 

the development of MoX sensors as this technology 

facilitates the creation of gas sensors based on cutting edge 

materials to enhance detection performance [17]. Nano-

scale materials can have significant differences from the 

physical, chemical, optical, mechanical, electronic and 

biological properties studied on the bulk sensor materials 

[17, 18]. At such as small size, the quantum regime becomes 

predominant and gives new properties beyond the classical 

limit. Morphology affects the performances of nano-

structured sensors. Recently, more research has focused on 

1-D nanostructures for gas sensing purposes due to high 

surface-to-volume ratio, quantum confinement and 

improved crystallinity [14]. The most common 1-D metal-

oxide nanostructures used in the fabrication of gas sensors 

are in the form of nanorods, nanowires, nanofibers, 

nanotubes, nanobelts, nanoribbons, nanowhiskers, 

nanoneedles, nanopushpins, fibre-mats, urchin, lamellar and 

hierarchical dendrites [19]. MOX nanowires have 

demonstrated improved sensitivity to a wide range of gas 

species and stability due to their high degree of crystallinity 

A major issue for WSN and UAV applications is power, as 

its availability limits service life, data collection and 

applications. WSN powered by solar energy has been 

developed and documented by several researchers [20, 21] 

[22, 23] with most designed for flight endurance [22]. This 

research focuses on the ability to fly the UAV while 

surveying the atmosphere by using solar energy. The rest of 

the paper is organized as follows: section 2 discuses Solar 

Powered Wireless Sensor Network (WSN) Subsystem, 

section 4 describes the solar powered UAV, section 4 

discuses WSN and UAV field tests, and section 5 presents 

conclusions and future work. 

2. SOLAR POWERED WIRELESS SENSORS 

NETWORK (WSN) SUBSYSTEM 

Malaver et al described a generic gas sensing system and its 

application to WSN [24], developed as part of a 

collaborative research project between Brescia University 

(Italy) and QUT (Australia).This paper we extends the 

earlier work by adapting the gas sensor system to be 

installed on a Solar Powered UAV. The four principal 

components of the gas sensor system are shown in Figure 2: 

a network board, a gas sensor and sensor board interface, a 

humidity sensor, a heat sensor and control and solar panel 

and power electronics. The network card acquires the signal 

from the gas sensors and is able to propagate the data 

throughout multiple wireless sensor nodes in order to reach 

the base node. The base node communicates the data to the 

field computer, data of which can be stored, displayed and 

shared on a live webpage. 

 

Figure 2 – Wireless gas sensing system node and base 

node configuration. 
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3. SOLAR POWERED UAV 

The UAV has three main sub-systems that are integrated 

with the airframe in order to estimate gas concentration, 

navigate, and keep powered during operations. These sub-

systems are depicted in Figure 3. 

 

Figure 3 – General configuration of the UAV avionics 

integrated with the gas sensing system. 

Gas Sensing System 

The same gas sensing technology described in section 2 and 

used on the WSN was used for the UAV with some 

modifications to size, weight and power. Figure 4 illustrates 

these adaptations. The sample intake was adapted to allow 

the volume of gas volume for measurements. A fin shell was 

3D printed to house the gas sensing system on top of the 

central wing. The fin shell was manufactured using 

lightweight materials (<50g) to avoid a significant increase 

in aircraft weight, which would reduce its performance. A 

small gas chamber (63 cm
3) was designed and installed 

inside the fin shell to retain the sample volume, while the 

sensor measures the gas concentration. The gas chamber has 

a T shape where the gas flows across the horizontal 

trajectory, with the sensor installed in the vertical cavity to 

ensure proper contact with the gas. A solenoid valve was 

also installed at the inlet of the chamber to control the time 

and flow of the sample intake. The closing time of the valve 

depends on the sensor response time because the sensor 

needs to stabilise before each measurement is taken. The 

opening time to flush the sample depends on the path-length 

of the valve, the chamber size and the aircraft speed. 

Opening the valve for 1s allows sufficient time to flush the 

pipeline and capture a new sample as the path-length of the 

chamber and solenoid is 10 cm (1 cm, maximum radius) and 

the average cruise speed of the UAS is 12 m/s. However, 

during bench and field testing the opening time of the valve 

was set to 2 s to ensure complete flush of the chamber, and 

closed for 5 s to determine gas concentration. 

 

Figure 4 – Airborne gas sensing system: aerodynamic fin 

shell, gas sensor, sensor socket, gas chamber and 

solenoid valve. 

The power for the gas sensing system is provided by an  

electronic battery eliminator circuit (BEC) that provides up 

to 5 VDC, 2 A. The 6 V required by the solenoid valve is 

provided by a step-up converter circuit attached to the BEC. 

Once the sensor board acquires the sensor signal, the 

information is transmitted to the base node using the radio 

module, antenna of which is installed on the top of the 

airframe.  

UAV and Navigation System 

The UAS developed in this work was based on the Green 

Falcon UAV[25]. The UAV airframe is easy to transport for 

fast deployment and hand launched. It has a wingspan of 

2.52 m, AR of 13, and fuselage length of 960 mm.  

The main component of the navigation system is the 

autopilot, which is equipped with an air speed sensor, gyro 

sensor, accelerometer, magnetometer, barometric pressure, 

GPS, airspeed and fail safe system. The principal goal of 

this device is to navigate the aircraft by controlling the 

altitude, speed, and direction. The autopilot used for the 

UAS was the ArduPilot Mega 2.5, which is a complete open 

source autopilot system with a high benefit/cost ratio [26] 

and low weight (23 g). The autopilot system works mainly 

in three modes: (i) autonomous mode to fully perform 

unmanned mission by pre-programing waypoints from the 

ground control station (GCS); (ii) stabilised mode to assist a 

ground pilot in controlling and stabilising the flight of an 

aircraft where the pilot has partial control of the aircraft and 

when there is no pilot input the autopilot will maintain a 

level flight; (iii) and manual mode, which is useful to 

perform the pre-flight check as the autopilot acts as a pass-

through for all RC commands and also allows the pilot to 

freely preform manual take-offs, manoeuvres and landings 

when the autopilot is not pre-programed to perform these 

tasks. In all modes, the autopilot is capable of transmitting 

important flight information such as roll, pitch, yaw, 

airspeed, GPS position and battery status to the GCS by 

using the telemetry module.  
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The GPS system used was a LEA-6 (UBlox), which 

consumes low power, is small and lightweight (16.8 g) it 

has an update rate up to 5 Hz and is ideal for UAV 

applications. When the GPS is connected to the autopilot the 

coordinates are transmitted to the GCS using the same 

telemetry module of the autopilot. The GPS connects 

directly to the autopilot GPS port, and uses the RX, TX, 

GND and 5 V connections. 

The airspeed sensor was the MPXV7002, which is a small 

piezo-resistive transducer that provides a digital output. The 

sensor has a pressure range: -2 to 2 kPa , a 0.5 to 4.5 V 

output 5.0 % maximum error over 0°C to 85°C and a 

temperature compensated over -40°C to 125°C. The radio 

control was the DX8 model from Spektrum a well-known 

and reliable technology for radio control applications. The 

system has 8 Channels, DSM2/DSMX modulation, AR8000 

receiver, compatible with AR6000/BR6000 receivers and 1, 

2, 3 or 4 selectable modes. A failsafe multiplexer was also 

installed and integrated with the autopilot. The failsafe 

system makes the operation of an UAV safer by pre-

programing the autopilot actions when an RC signal loss is 

detected. This system is equipped with a multiplexer board 

that will re-route any RC signal directly to the servos and 

ESC in the case of autopilot failure or flight preferences. 

The autopilot activates Circle mode if RC signal is lost for 

more than 1.5s; the autopilot will start to circle the area if 

there is a signal loss detected up to 20 s [27]. If the previous 

waiting period expires with no detection of RC signal, the 

RLT mode is activated, and  the autopilot will attempt to 

return to lunch position[27]. The GCS can trigger the RLT 

mode, when the telemetry connection is lost for more than 

20 s. 

The telemetry module used was the RFD900, which works 

at 900MHz, is lightweight (50 g), small in size, has a large 

transmission range (>40 km), and requires about 1 W (+30 

dBm) transmit power. The ground module uses a standard 

RX, TX, GND and 5 V connections, which facilitate 

communication with the GCS by using a FDI to USB cable. 

Power Management and Solar Wing 

The total energy demand of the UAV was calculated based 

on the power consumption of the avionics, motor and gas 

sensing system, plus the lost energy caused by the efficiency 

of electronics and avionics (equation 1).  

( ) (42.12 0.8 )
55.4

_ 0.86 0.9
W

 
 

E E  Wh  Whav gss
E     

d total η * η *  
pe av

  (1) 

Where: Wh 

0.86 
pe

  ,

0.90, Eav 42.12 ,    Egss 0.8    
av

Wh Wh      

The total energy demand ( _ ) of the UAV is 55.4 Wh, 

which needs to be supplied by the solar wing and battery.  

The solar wing was constructed using small silicon solar cell 

(SSC) ribbons connected in serial and parallel configuration 

to achieve the voltage and current required. Each SSC 

ribbon has an area of 0.00375 m2 and an average of 12 % 

efficiency. The maximum area for the solar panels is limited 

by the wing area (490 cm
2), ailerons, narrow ends, and the 

area allocated for the gas sensor system (53 cm
2). Careful 

analysis of the location and configuration of the solar panels 

lead to 70 SSC ribbons were distributed along the three 

parts of the wing by placing 19 units on each side wing 

(total 38), and 32 units in the middle, for a total of 70 SSC 

units (0.2625 m
2). The weight density of a single SSC 

ribbon with the tabbing wire installed is 0.53 kg/m
2. A 

flexible capsule with the shape of the wing was made to 

allocate the SSC panels, to avoid losses in aerodynamic 

performance and to withstand mechanical stress due to 

vibrations of the UAV while flying. The solar panels were 

encapsulated using a clear resin, which is flexible and 

totally transparent to avoid output power losses. Figure 5 

shows the UAV with the solar wing in flight. 

 

Figure 5 – Green Falcon UAV in flight. 

The internal connections are in serial configuration to obtain 

the desired voltage of each panel. The side wing panels were 

connected in series to reach a Voc of 19 V, which produced a 

current flow of 1.16 A. The middle wing panel is the main 

section, and consisted of 32 SSC ribbons in serial 

configuration to produce a Voc of 16 V, and Isc of 1.16 A. The 

right and the left wing panels in serial configuration were 

connected in parallel to the middle wing panel to produce a 

final Voc and Isc value between 16-19 V, 2 A, respectively.   

Using the full irradiation of the sun at 1000 W/m
2, the 

maximum output power can be calculated as follows: 

2

* *   

1

panelSSC sun SSC

max

Area i
P

m


   (2) 

2

2

0.2625 1000 0.12
31.5

1
 max

m *  W *   
P   W  

m
(2) 
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Where:  
2

_ _ * 70 0.2625 
SSC panel SSC ribbon

Area Area units m    

 

According to the Australian Bureau of meteorology, the 

mean sunshine hours in Brisbane (QLD, Australia) are 7.4 h 

with a mean irradiance of 750 Wh. The expected average 

energy produced by the solar wing is therefore: 

 
2

 2

0.2625 *750 *0.12  
23.625   

1
SSC panel

m Wh
Energy Wh

m
   

 

When one of the SSC panels is shaded, broken or does not 

receive enough illumination, the panel performance is 

affected to the point of becoming a load for those panels 

connected in parallel, or an obstruction for panels connected 

in series. In response to this, a diode was installed at the 

output of each panel to avoid any losses in performance due 

to this effect. 

The total wing weight is 1610 g which means that 650 g is 

due to the SSC panel and encapsulation mass. 

A commercial battery that complements the solar panel to 

meet the energy demand of the aircraft is a 4 cell, 3.0 Ah 

lithium polymer battery, which provides a nominal energy 

output of 44.4 Wh. However, for safety reasons and 

technical limitations, only 80 % of the battery capacity 

(35.52 Wh) was taken into account. 

The total energy available is therefore 59.14 Wh, which is 

enough energy to satisfy the demand of 55.4 Wh.  

The electronic board used to manage the solar and battery 

power is based on the BQ 24650 EVB from Texas 

Instrument [28]. The board works as a Maximum Power 

Point Tracker (MPPT), battery charger, and power path 

manager. This chip is from the same family as used for the 

WSN nodes, with a battery charge/discharge efficiency of 

86 %. The system is easy to setup, as the circuit board has 

only three ports; one for the solar power inlet, one for the 

lithium battery, and the output power to energise the UAV 

systems. The voltage needed to charge the battery is 

selected by configuring a set of resistors that provided a 

voltage reference to the chip in the battery charge circuit. 

The circuit board allows the selection of a target output 

voltage to make the solar panel work at the maximum power 

point (MPP). The output voltage targeted was 14.8 V, which 

is close to the MMP of the panels and matches the battery 

voltage. 

Propulsion System and Total Aircraft System  

The main components of the propulsion group of the aircraft 

are the electronics speed controller (ESC); the brushless 

motor; and the propeller. The ESC used was the Plush 40 A, 

which can provide up to 40 A to the motor with a smooth 

throttle response, integrated battery eliminator circuit (BEC, 

5V/3A), small size, weights 33 g, and is compatible with 

lithium polymer batteries with 2 to 6 cells. The ESC 

regulates the power from the battery to run the avionics and 

gas sensing system simultaneously. In the case of an energy 

shortage, the ESC cuts the motor off and maintains a 

minimum power to allow the pilot manoeuver an emergency 

landing. The brushless motor used was the Plettenberg 

HP/220/20/A3 P6 SL 5:1. The propeller used was the CFK 

Prop Graupner 4325 with a diameter of 43 and 25 is the 

pitch (in centimetres). The propeller is lightweight (64 g) 

due to the carbon fibre content, a twill cloth laid diagonally 

on the blade for extreme torsional rigidity. The propeller is 

designed for a high performance rotor [29].  

The weight distribution of the UAS with the sensing system 

installed is illustrated in Figure 6 which shows the 

breakdown for the CO2 only, but similar results were 

obtained for the nano-sensor. The total weight of the UAS 

with the CO2 system was 2573 g, and with the nano-sensor 

system 2615 g. It is clear from Figure 6 that the wing and 

fuselage were the heaviest parts in the UAV, while the CO2 

gas sensing system or the nano-sensor system represents 

only 12 % and 14 % of the total weight, respectively. 

 

Figure 6 – Weight distribution of the Green Falcon UAV 

with CO2 gas sensing system; 
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Figure 7 – Power consumption distribution of the UAV 

assembled with the CO2 sensing system. 

The power electronics had an average output voltage of 14.2 

V, and the current intensity reached its maximum peak of 

about 6.5 A (consuming about 80 W), during take-off 

manoeuvres; however the average current consumption 

fluctuated between 1 A to 3 A (about 15 to 40 W), during 

regular flight operation. According to the GCS, the energy 

consumption of the UAV during the flight operation was in 

average 25 Wh, which is lower than the average energy 

measured in the bench test of about 40 Wh. The possible 

reason for this lower consumption is that the throttle of the 

motor was more active during the bench test than in the real 

flight operation, which is a positive feedback for the final 

design of the solar powered UAV for continuous flight 

during sun-light hours.  

 

4. WSN AND UAV FIELD TEST 

The target gas of the experiments was CO2 due to the 

availability of the gas in the field testing area and the 

possibility of creating a contaminant source. Testing NO2 

and CH4 in the field requires a different scenario that will be 

considered in future work. Only two of the four nodes 

developed for the WSN were tested as a proof of concept.  

The complete system was tested at Christmas Creek, QLD, 

23th July, 2013. The base station was located at the 

beginning of the airstrip, the pollutant source was located 30 

m from the GCS, the CO2 ground node and the weather 

station was deployed 20 m from the GCS, all south of the 

base node. The UAV mission was to fly in a circular 

trajectory up to an altitude of 50 m above ground level over 

the area monitored, above the sensor node and pollutant 

source. The CO2 was released for 6 min at 0.0027 kg/s rate 

and average wind speed of 1.09 m/s. 

The GCS was used to program the aircraft autopilot to 

perform a circular flight over the ground node and 

contaminant source for ten times in order to collect vast 

information about the contaminant concentration. The base 

node successfully received the transmissions from the 

ground and aerial node simultaneously. The aircraft showed 

a stable flight and the wing structure maintained its profile 

during flight; therefore, losses in aerodynamic performance 

are not expected. The power electronics successfully 

managed the energy from the solar wing and the battery 

ensuring power to the UAV during the whole flight. The 

overall performance of the aircraft indicates a successful 

construction technique of the solar wing integrated to the 

UAV.  

CO2 concentration values taken from ground and aerial 

nodes during the experiments are plotted in figure 8. The 

average CO2 concentration registered by the ground node 

was 404 ppm during the first 164 s. Then, the average 

concentration increased slightly until it reached a peak of 

442 ppm at the end of the experiment. The average CO2 

concentration registered by the aerial node was 400 ppm, 

with few CO2 peaks above the average. The volume 

monitored by the UAV was 0.0012 km
3, based on the 

circular area travelled and flight altitude (~50 m AGL). The 

horizontal sampling resolution of the UAV was 88 m/s as 

the average cruise speed was 12.6 m/s and sampling 

frequency 7s. Vertical resolution of the samples was 10 m 

based on the uncertainty of the GPS and autopilot 

navigation. 

 

Figure 8 – CO2 readings from the ground and aerial 

nodes during the experiment at Christmas Creek, QLD, 

Australia in 23/07/2013. 

Figure 9 shows the UAV tracks during the experiment, the 

contaminant source origin and direction of the dispersion 
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due to wind effect. The average wind speed was 1.5 m/s, 

mostly a in North-east direction.  

 

 

Figure 9 – GPS tracks of the UAV during the mission, 

the source of contamination and the wind direction. 

Figure 10 shows the latitude and longitude coordinates of 

each taken sample with their respective CO2 concentration. 

The fact that the CO2 readings from the UAV did not show 

significant variations indicates that the contaminant release 

rate and duration were not long enough to affect 

significantly a volume of 0.0012 km
3 within the time span of 

the experiment (6 min). In addition, the wind strength 

diluted the pollutant emissions to levels below the 

sensitivity of the equipment. Geo-location of the taken 

sample was possible by synchronising the logs of the 

network board and autopilot before the mission started. The 

ability to geo-locate the sample and register the time allows 

the reconstruction of the samples in three dimensions and 

facilitates the visualisation of local concentrations, analysis 

of their dynamics and correlations with variables such as 

temperature and pressure.  

 

Figure 10 – Readings of the CO2 gas sensing system on 

board Green Falcon UAV, showing the latitude, 

longitude and concentration of each sample. 

5. CONCLUSIONS 

This paper described a generic gas sensing and monitoring 

system of a solar powered WSN and UAV for 

environmental monitoring. The most meaningful results are 

described as follows:  

A resistive gas sensing system and a NDIR module were 

created and adapted for aerial missions. The technology 

developed was successfully tested, showing reliable 

performance and meeting the payload constraints of a small 

UAV. MoX sensors were evaluated as a generic sensing 

platform for WSNs and UAVs. The results of the 

investigation and experiments showed that MoX sensors 

have appealing characteristics in view of the integration of 

WSN and UAV sensing. The reasons are the low energy 

consumption, lightness of the system, small dimensions, low 

computational resources demand, and inexpensive 

production. However, where fast sampling and high 

resolution (ppb) is required, optical sensing is the most 

suitable technology at the expense of weight and energy.  

A small solar powered UAV was assembled, equipped with 

the gas sensing system, and successfully tested in the field.  

It is recommended for further experiments to increase the 

contaminant rate release and duration to produce significant 

CO2 variation in the volume monitored by the UAV.  Faster 

sampling frequency is also desirable, especially when the 

wind blows in a specific direction, which narrows the 

detection area.  

A video of the extensive bench test performed for this work 

on the Green Falcon UAV can be seen in the following link 

https://www.youtube.com/watch?v=Bwas7stYIxQ.  
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