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Abstract

The report details a wireless air quality monitoring system using multiple sensors and
central hub technology.

Multiple sensor nodes, sharing a common PCB and customised firmware to take
measurements of several factors.

Data transmitted via LoRa to a PIC32MZ-based central hub with microSD storage (>30
days) and a 4.3" display.

The design uses digital multi-function sensors (IZC/SPI/UART) to reduce node count and
simplify manufacture.

A structured review compares sensing technologies using a scoring method, defines
sampling and memory needs, and evaluates lifecycle, ethical, and environmental factors.
Risk management confirms the design is practical, maintainable, and aligned with
professional engineering standards.

1. Introduction

Industrial facilities are expected to manage airborne pollution effectively, particularly
contaminants like particulate matter (PM) and nitrogen oxides (NO,), while also ensuring
the safety of indoor air. Although conventional monitoring stations deliver reliable and
precise data, they usually cover only a few locations and require significant cost to setup
and maintain.

To address these challenges, many sites are turning to distributed sensor networks
(DSNs), which use numerous low-power sensors positioned near emission points and
along site boundaries to achieve broader coverage.

The proposed system uses a star-topology DSN, with identical single sensor PCBs.

Each node is fitted with the appropriate sensor module and firmware, transmitting data via
LoRato a central hub for local storage and live visualisation.

To reduce component count and maintenance, the design employs multi-parameter digital
Sensors (IZC) capable of measuring several environmental quantities on one node.

This approach minimises hardware complexity while maintaining full site coverage for
example, one indoor node, one outdoor downwind node with wind measurement, and an
optional upwind reference node.
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2 Literature Review
2.1 Distributed Sensor Networks

A distributed sensor network (DSN) is made up of multiple separated nodes that measure
physical quantities and send their readings to a central hub for processing [1].

DSNs balance scalability, fault tolerance, and cost, with topologies such as star, mesh,
and cluster-tree offering different trade-offs between routing complexity and reliability [2],
[3]-

Wireless options include |IEEE 802.15.4/ZigBee, Bluetooth Low Energy (BLE), and long-
range LoRa/LoRaWAN.

LoRa is particularly suitable for industrial environments as it provides kilometre-scale
coverage at very low power [4].

Typical challenges include power management, communication reliability, time
synchronisation, and calibration consistency between nodes.

These can be mitigated through techniques such as duty-cycling, adaptive sampling, and
local data aggregation to reduce radio traffic [5], [6].

2.2 Environmental Monitoring Systems

Environmental monitoring systems (EMSs) use DSNs to record temperature, humidity,
pressure, gas concentrations, and particulate matter through compact, low-power MEMS
and gas sensors [7].

Recent studies show that LoRa-based monitoring systems can complement regulatory
reference stations by providing higher spatial coverage at lower cost [8], [9].

Modern sensor modules such as the Bosch BMEG88 and Sensirion SEN55 integrate
multiple parameters (temperature, humidity, pressure, VOC, and PM indices) into a single
digital package, simplifying hardware design and calibration [10], [11].

Central gateways typically perform data fusion, storage, and visualisation, with alarms
triggered when limits are exceeded.

Long-term field reliability depends on enclosure sealing IP rating, humidity control, particle
inlet design, and periodic calibration [7], [10].

2220588 UWTSD 6




2.3 Relevance to the Proposed System

For the proposed industrial site, a DSN with a small number of capable nodes is practical
and efficient.

An indoor node monitors workplace air quality, while an outdoor downwind node with wind
measurement helps link pollution spikes to dispersion patterns.

An optional upwind reference node can provide background readings for comparison.
Using digital multi-parameter sensors reduces both node count and firmware variation,
while a single universal PCB simplifies manufacture and maintenance.

A LoRa backhaul offers reliable long-range communication with low power consumption.
Overall, the reviewed literature supports this architecture as scalable, maintainable, and
cost-effective for continuous air-quality monitoring [1], [4], [7]. [S].

3 Review of Sensing Technologies

3.1 Purpose of the Review

Itis important to understand how each value can be measured and to assess the main
sensing options before the component selection and design choices.

To ensure the final design meets the technical, environmental, power efficiency,
manufacture cost, and reliability.

Each sensing method was compared using a scoring system (5-excellent, 1-poor), and the
highest-scoring technology for each parameter was selected for the design.
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3.2 Assessment Criteria and Weighting Explanation

Each sensing method assessed against eight weighted criteria reflecting the key

engineering priorities for an environmental monitoring system.

Table 1. Assessment Criteria & Weighting Explanation

Weight (%) Reason forinclusion
L Measurements must be reliable, inaccurate data system not fit for

Accuracy / Sensitivity 30

purpose.

. ) Outdoor sensors must survive rain, dust, and vibration with

Durability / Maintenance |15 o .

minimal servicing.

i Sensors using, I°C/SPI simplify firmware and PCB layout, reducing

Ease of Interfacing 15 .

designrisk.

X Low power is essential for battery and solar operation and

Power Consumption 10 . .

environmental impact.
Cost 10 Affordable parts keep total project cost realistic for industrial use.

R . Parts must be easy to source and not obsolete within the project

Availability / Lead Time 10 .

life cycle.
Environmental/ Ethical Preference for RoHS/REACH-compliant, recyclable components
Impact from ethical suppliers.
Size / Weight 5 Compact sensors reduce enclosure size and material cost.

3.2.1 Standards-Based Justification of Weighting Approach

The weighting percentages in Table 0 follow accepted engineering practice for multi-
criteria decision analysis (MCDA), as defined in ISO 9001:2015 [12] and the INCOSE
Systems Engineering Handbook (2023) [13].

These standards promote structured evaluation during design and development,

encouraging ranking and weighting of performance, cost, and lifecycle factors.

This approach gives greatest priority to measurement accuracy while still accounting for
durability, manufacturability, and sustainability, ensuring alignment with recognised
systems engineering principles.

2220588
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3.3 Temperature-Sensing Technologies

Table 2. Temperature Sensing Technologies

Technology Accuracy Durability |(Interfacing Cost Maintenance |Score 1-5
Thermistor 4 3 2 5 5 3 3.7
RTD (PT100/1000) 5 5 2 4 2 4 3.9
Semiconductor IC/MEMS |4 4 5 5 4 5 4.6v
Chosen technology: Semiconductor IC/ MEMS (digital).
Reason: Offers high accuracy and built-in calibration with low power and easy 1’C
interfacing [10].
3.4 Humidity-Sensing Technologies
Table 3. Humidity-sensing technologies
Technology Accuracy Durability |Interfacing |Power Cost Maintenance |Score 1-5
Capacitive polymer 4 4 5 5 4 4 4.3v
Resistive film 3 3 3 5 5 3 3.6
Thermal conductivity 5 5 2 2 1 5 34

Chosen technology: Capacitive polymer.

Reason: Used in modern sensors provides stable, low-power RH data with minimal drift
easy integration with I°C.

3.5 Pressure-Sensing Technologies

Table 4.Pressure-sensing technologies

Technology Accuracy  [Durability |Interfacing | Power Cost Maintenance  |Score 1-5
Piezoresistive MEMS 5 4 5 5 4 5 47v
Capacitive MEMS 5 4 5 5 3 5 45
Optical fibre pressure 5 5 1 2 1 5 34

Chosen technology: Piezoresistive MEMS.
Reason: High sensitivity, compact, and readily available in I>C form for simple integration.

2220588

UWTSD




3.6 VOC (Volatile Organic Compound) Detection

Table 5.VOC-sensing technologies

Technology Accuracy Durability |Interfacing |Power Cost Maintenance  |Score 1-5
Photo-ionisation (PID) 5 4 2 1 1 3 3.0
Electrochemical 4 3 2 4 3 3 3.2
Metal-oxide (MOX MEMS) (4 4 5 4 4 4 43v

Chosen: MOX MEMS (digital).
Reason: Balances power, lifetime, and reliable long-term VOC index readings without

lamp replacement.

3.7 Particulate Matter (PM10/ PM2.5) Detection

Table 6.PM-sensing technologies

Technology Accuracy  |Durability [Interfacing |Power Cost Maintenance  |Score 1-5
Optical scattering (laser) |4 4 5 3 4 4 41v
Beta-attenuation 5 5 2 1 1 5 3.3
Gravimetric filter balance |5 5 1 1 1 5 3.0

Chosen: Optical scattering MEMS.
Reason: Digital output, self-cleaning fans, and compact modules allow continuous
operation with minimal maintenance critical for unattended nodes.

3.8 Nitrogen Oxides (NOx) Detection

Table 7.NOx-sensing technologies

Technology Accuracy Durability |Interfacing |Power Cost Maintenance  |Score 1-5
Electrochemical (analog) |5 3 2 3 4 2 3.3
NDIR infra-red 5 4 3 2 2 3 33

MOX index (digital) 3 4 5 4 4 4 4.0v

Chosen: MOX-index digital.
Reason: Provides trend-level NOx information without analogue front-end, extending
battery life and simplifying design.

2220588
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3.9 Wind Speed and Direction

Table 8. Wind-measurement technologies

Technology Accuracy Durability {Interfacing |Power Cost Maintenance  |Score 1-5
Cup /vane (pulse + pot) 4 3 3 5 5 3 3.9
Hot-wire anemometer 5 2 2 2 3 2 29
Ultrasonic (time-of-flight) |5 5 5 4 3 5 46v

Chosen: Ultrasonic.

Reason: No moving parts and minimal maintenance, high accuracy, digital output, higher
cost justified by reliability.

3.10 Summary of Technology Selection

Table 9. Summary of chosen sensing principles

Measured
Quantity Chosen Technology [Reason Summary
MEMS
Temperature Semiconductor IC  |Compact, factory-calibrated, and highly accurate via I°C interface.
Stable polymer elementwith low power use and simple digital
Humidity Capacitive MEMS output.

Air Pressure

Piezoresistive MEMS

High sensitivity and repeatability; low cost and easy availability.

VOC

Metal-Oxide (MOX
MEMS)

Digital output, long-life element, no UV lamp or high-voltage drive.

Particulate
Matter (PM,. =)

Optical Laser
Scattering

Compact, calibrated, and self-cleaning to reduce maintenance.

Nitrogen Oxides
(NOx)

MOXIndex (Digital)

Fully digital I°C sensor removes analogue front-end and drift.

Wind Speed and
Direction

Ultrasonic

No moving parts, low maintenance, and accurate bi-directional
data.

The selected sensing principles mainly use digital MEMS and MOX technologies, providing
high accuracy, compact size, and straightforward I°C or SPI integration.
Optical and ultrasonic methods were chosen instead of mechanical systems to reduce

wear and maintenance.

Overall, these technologies offer low power consumption, simple assembly, and reduced

environmental impact, creating a strong foundation for the detailed component selection

that follows.

2220588
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4 Component and Brand Selection
4.1 Overview

Based on the sensing technologies identified in Section 3, commercially available sensors
were compared to determine which best meet the system requirements for accuracy,
range, power, and ease of integration.

The aim is to achieve broad environmental coverage using a single universal PCB design,
minimising node count and simplifying production.

Each candidate was scored on a 1-5 scale (5=best, 1=worst) against accuracy, integration,
power consumption, cost, availability, and maintenance.

Comparison data were obtained from manufacturer datasheets and verified IEEE-listed
technical documents [10],[11], [14].

4.2 Measurement Ranges and Design Targets

Before selecting components, realistic environmental ranges were defined using UK
climate data and industrial air-quality guidelines provided by the Department for
Environment, Food and Rural Affairs (DEFRA) and the Health and Safety Executive (HSE)
[34],[35]

Sensors must operate reliably within these conditions and offer suitable resolution for
trend and compliance monitoring.

The selected design ranges are shown in Table 10 and represent typical UK industrial-site
limits with appropriate safety margins.
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Table 10. Design measurement ranges and targets

Parameter Range(UK) Target Accuracy Resolution Required
Temperature (°C) -20to+40°C =0.3°C 0.1°C
Relative Humidity (RH %) 0-100%RH +3 %RH 0.1%RH
Air Pressure (hPa) 940- 1060 hPa =0.1 hPa 0.01 hPa
VOC (Index) 0-500 index =10 % 1 index
Particulate Matter (PM,., / 0-1000 ug/m®>  |£10% 1 pg/m®
PM,q, pg/m’)

NOX (ppm) 0-20 ppm =2 %FS 0.01 ppm
Wind Speed (m/s) 0-30m/s =0.3 m/s 0.1m/s
Wind Direction (°) 0-360° +3° 1°
Battery Voltage (V) 3.0-4.2v =10 mV 1mv

Abbreviations:

e RH = Relative Humidity

* VOC =Volatile Organic Compounds
e PM = Particulate Matter

* NO, = Nitrogen Oxides

e FS=FullScale

e hPa = hectopascal

. |.1g,!m3 = micrograms per cubic metre

These limits ensure that all sensors operate reliably year-round in typical UK industrial
environments and provide the resolution needed for environmental-trend analysis and
alarm thresholds [7], [10], [11].

4.3 Integrated and Multi-Function Sensors

Modern environmental modules often combine several sensing technologies in one
compact unit.

The Bosch BMEG88, for instance, integrates MEMS temperature, humidity, and pressure
sensors with a MOX gas element, while the Sensirion SEN55 adds optical particulate and
gas-index measurement. These multi-function devices reduce the number of nodes
required, minimise enclosure size, and lower maintenance effort without compromising
accuracy or reliability [10], [11].
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4.4 Multi-Sensor Environmental Modules

Table 11. Comparison of multi-sensor environmental modules

Sensor Accuracy / Functionality PuwerEmciencﬂlntegraﬁon (fc) |Gost Availability MaintenanceScore 1-5
Bosch BMEGBS[10] 5 5 5 5 5 48v
Sensirion SENS5[11] 5 4 5 5 5 46
Honeywell HIH-6130 + HPM-Series |4 3 3 4 4 3.5

Design Target: T=-20 > +40 °C, RH = 0-100 %, P = 940-1060 hPa.
Selection: BMEG88 selected for both indoor and outdoor nodes.

Reason: The BMEG688 meets all environmental ranges in Table 10, provides digital 1’c
output, and integrates multiple sensors in one compact package, reducing hardware and

maintenance needs [10],[11].

4.5 Pressure Sensor (Outdoor)

Table 12.Pressure-sensor comparison

Sensor Range (hPa) Accuay Iterace Power [Cost |Avalabilty (Scored:5
Bosch BMP390[10] 304250 01 Fosn 3uA 4 5 47v
ST LPS26DFW 0-1260 01 Fe/sp) I 3 i 43
TEMSS607 30200 201 fc 5l 3 4

Design Target: P =940 - 1060 hPa (Table 9).
Selection: BMP390 covers the full atmospheric range with sub-hectopascal accuracy and
very low current draw. Used on the outdoor node, it provides precise local pressure data
and complements the BMEG88 readings to ensure consistent performance under varying

conditions [10].

2220588
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4.6 Particulate Matter (PM2.5 - PM10)

Table 13. PM-sensor comparison

Sensor Range (ug/m") Accuracy Interface Power  |Cost Maintenance |Score 15
Sensirion SPS30[11] (0-1000 £10% FC/UART 60 mA 4 5 46V
Plantower PMS7003 (-1000 £10% UART 100mA |4 4 4
Honeywell HPMA11550 0-1000 £10% UART 80 mA 3 5 41

Design Target: PM=0-1000 |.1g,1'm3 (Table 9).
Selection: SPS30 Meets full range with integrated fan cleaning, factory calibration, and 1’c

output [11].

4.7 Nitrogen Oxides (NOy Index)

Table 14. NOx-sensor compatrison

Sensor Range (ppm orindex)  |Accuracy Interface Power  |Cost Maintenance |Score 1-5
Renesas ZMODA510[14] (-500 index £10% rc 0.3-3mA |4 5 45v
Sensirion SENS5[11] (-500 index £10% rc 60mA |4 5 45v
Alphasense NO,-B43F (-20 ppm )% FS Analogue High 2 3 32

Design Target: NO, = 0-20 ppm (Table 9).
Selection: ZMOD4510- Although both the ZMOD4510 and SEN55 perform well and scored
the same, the ZMOD4510 was chosen because it offers reliable NO, index readings while

using much less power. The SEN55 covers more parameters but has a higher current draw,
which would reduce battery and solar efficiency in long-term use. The required
measurements for PM, temperature, humidity, and VOCs are already captured by other
nodes, so including the SEN55 would duplicate sensors unnecessarily. The ZMOD4510
therefore provides the best balance of performance, power use, and practicality for this
distributed design [11], [14].
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4.8 Wind Speed and Direction

Table 15. Wind-sensor comparison

Sensor Range (m/s) Accuracy  |Type Interface  [Power | Maintenance |Score /5
Calypso ULPPRO15) 0-75 £),3 Ultrasonic i Nmh 48v

FT Technologies FT742 (-75 03 Ultrasonic UART  |30mA |5 46

Cup *Vane (AS5600) (-60 £).5 Mechanical + Magneti C/Pulse [5 J 38

Design Target: Wind Speed = 0- 30 m/s; Direction = 0 - 360° (Table 9).

Selection: Calypso ULP PRO (I°C) covers full range with no moving parts and minimal
upkeep.

4.9 Summary of Selected Components

Table 16. Final component selections

Parameter Selected Sensor / Module |Interface |Typical Power
Temperature / Humidity / Pressure / VOC Bosch BMEG88 I°c 3pAavg
PM,../ PM,, Sensirion SPS30 [11] I°C/ UART |60 mA

NO; (Index) Renesas ZMOD4510 [14] |I°C 0.7 mA active
Wind Speed / Direction Calypso ULP PRO [15] IC/ UART |20 mA avg

Selected sensors meet the operatingranges in Table 10 and share a digital I°C interface,
enabling a single PCB design for all nodes. Using multi-function devices reduces hardware,
wiring, and overall cost. Each component is RoHS and REACH compliant, operates from a
3.3V supply, and includes software support for the Microchip PIC platform [27], [28].
Manufacturer data indicate lifetimes exceeding five years with minimal recalibration,
ensuring a reliable, low-maintenance system.

5 System Design: Sensor Nodes and Central Hub
5.1 Overview

The system uses a single universal PCB design for all sensor nodes. Each board hosts one
sensor and runs firmware specific to its function.

Nodes communicate with the central hub using LoRa 868 MHz, providing long-range, low-
power data transfer across the site.
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The hub collects, stores, and displays all readings locally an overview of this can be seen
below in figure 1.
Figures 2 and 3 show the functional layouts for a typical sensor node and the central hub.

Indoor C \ Outdoor A
ZMOD4510 | BME6GS8
(NOx) / (T/RH/P/VOC)
\-_< //
LoRA 868 MHZ (@)  LorassaMHZ
- N ;
"k | \
Indoor B \ Outdoor B
SPS30 me 868 MHZ——» Central HUB - LoRA 868 MHZ SPS30
(PM;.5/PMyo) (PM,.5/PMyq)
PIC32MZ
- micraSD —
4.3" Display \
/ (data storage/ Live Display) N
[ LoRA 868 MHZ
- LoRA 868 MHZ
e LoRA 868 MHZ

[ BMEGSS |

I{/RH!PN?’

Outdoor C
ZMOD4510
(NOx)

Outdoor D
Calypso ULP PRO

(Wind Speed/
Direction)

Figure 1. System Overview Diagram

The system employs a star network consisting of seven wireless sensor nodes linked to a

central hub through LoRa 868 MHz. Indoor sensors track temperature, humidity, pressure,
VOCs, particulates, and NO,, whereas outdoor sensors offer similar monitoring along with
wind speed and direction. The hub gathers, retains, and showcases all information locally.
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Power Supply
Battery MCP73871 Battery

Supply + Solar Input

Batter Charger IC

Y

MCP16301 DC-DC
Converter
(3.3 V output, switched
5V)

L 4

MICROCONTROLLER
PIC18F47Q10

Control Sensor Interface
LoRa Communication
Sleep/ Wake Function

MCP737871

:

Sensor Head
(1%c/SPI/UART)

RN2483 LoRa TC
+ SMA Antenna

LED / Push Button
(Status/ Reset)

Each Node uses a single PCB design powered by a rechargeable lithium cell with solar
input option. The MCP16301 provides 3.3V and switched 5 V rails. The PIC18F47Q10
microcontroller manages the sensorinterface (IZC/SPI/UART), LoRa communication via the

RN2483.
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1

MICROCONTROLLER
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RN2483 LoRa RX MicroSD Sto
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Figure 3. Central hub block diagram

Central hub powered from a 5V SELV adapter or USB input, regulated to 3.3 V. The
PIC32MZ DA/EF for data collection, logging to a microSD card, and the graphical interface
through the BT817 EVE controllerand 4.3" TFT display. The RN2483 LoRa receiver handles
wireless communication with all nodes.
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5.2 PIC Microcontrollers

Table 17.PIC microcontroller comparison

. L. Est. Cost
Microcontroller Application[Core / Memory Power Interfaces ()
Sensor 8-bit /128 kB Flash /3.7 I’C, SPI, UART,
PIC18F47Q10 [16] Very Low 25
Nodes kB RAM ADC
Sensor 16-bit / 128 kB Flash /8 I°C, SPI, UART,
PIC24F)128 GA306 Low 4.5
Nodes kB RAM USB
32-bit/ 256 kB Flash / 64 I’C, SPI, UART,
PIC32MX170F256B Hub Moderate 5.5
kB RAM USB
PIC32MZ DA/EF Series 32-bit/upto2MBFlash/ | SPI, I°C, UART,
Hub Higher
[17] 512 kB RAM USB, SD

PIC18F47Q10 offers the best balance of cost, power efficiency, and communication
interfaces for the sensor nodes.
The deep-sleep mode and multiple serial ports make it ideal for low-power battery or solar

use.

The PIC24FJ128GA306 provides higher performance but increases current draw and
system complexity, making it less suitable for remote nodes. The central hub, the PIC32MZ
DA/EF family supports graphics, USB, and SD-card interfaces needed for data logging and

display.

Using both controllers within the Microchip ecosystem ensures firmware compatibility and
streamlined development across all modules [16], [17].
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5.3 Radio Module

Table 18.Wireless options

Module Band Interface |KeyPros/Notes
Pre-certified LoRa module, long range, minimal firmware
RN2483[18] 868 MHz ISM|UART (AT) |effort

SX1276 (raw) [29]|868 MHz SPI Lower cost but requires RF design and full certification
XBee 868LP[30] 868 MHz UART Simple setup, moderate range, higher power use

Wi-Fi LoRa 32 Wi-Fi and LoRa, but high current draw unsuitable for solar
[31] 868 MHz SPI/UART |nodes

RN2483 was selected as it provides reliable long-range, low-power LoRa communication
with full ETSI EN 300 220 compliance [18].

Itintegrates easily with PIC microcontrollers using UART commands.

Alternatives like XBee or ESP32 LoRa are easier to use but have shorter range or higher
power consumption, making them less practical for this battery/solar-based system
[29],[31].

5.4 Enclosures and Connectors

Table 19. Enclosures and connectors

Item Option Rating / Spec |[Notes

Indoor node IP54 (IEC PTFE vent for pressure
enclosure Polycarbonate 60529 [22]) equalisation

QOutdoor node UV-stable; filtered PM inlet
enclosure Hammond 1557 class [23] IP65/66 + P68 glands

Hub enclosure Panel/front mount IP54 front Gasketed TFT window
Internal connectors JST-GH [24] — Locking, compact
External

connectors M8 circular [26], SMA antenna — Rugged field termination

Justification: IEC 60529 IP65/66 ensures dust and water-jet protection [22].
Polycarbonate enclosures are lightweight and insulating. JST-GH and M8 provide secure
connections indoors and outdoors.
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5.5 Power System

Table 20. Power architecture

Component Function
Battery 18650 Li-ion cell Main 3.0-4.2 V supply
USB/solar charging with power-
Charger MCP73871 Li-lon Controller[19] |path
Regulator MCP16301 Buck Regulator [20] [3.3 V output for MCU / sensor
Hub PSU 5V SELV adapter Indoor supply

Justification: The 18650 li-ion battery gives > 2500 mAh capacity; the MCP73871 supports
dual-input charging and the MCP16301 maintains > 90 percent efficiency at light loads
[19][20]. This combination sup ports solar top-up and 60 days operation.

5.6 Display / HMI (Hub)
Table 21. Display options

Display Path Pros Cons

4.3" TFT +BT817 EVE |Low pin-count; widgets and

(SPI)[21] touch support Extra controller IC

Parallel RGB TFT Direct drive (no EVE) High pin count; layout complexity

Justification: The BT817 EVE controller simplifies graphics, touch input, and display
control over SPI, reducing design complexity for the PIC32MZ hub [21].

5.7 Software Summary

A single PCB design supports all seven sensor nodes, each using the PIC18F47Q10
microcontroller and RN2483 LoRa transceiver.

The central hub employs a PIC32MZ with BT817-controlled TFT display and microSD
storage.

The design combines a balance between low power operation and reliability, meeting the
target ensuring continuous data logging and long-term maintainability.
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Table 22.Software Summary

Component Key Function
8-bit low-power microcontroller for sensor
Node MCU PIC18F47Q10
nodes
32-bit controller with graphics, USB, and SD
Hub MCU PIC32MZ DA/EF
support
Wireless Long-range 868 MHz communication (pre-
RN2483 LoRa .
Module certified)
BME688 / SPS30 / .
Environmental measurements (T/RH/P/VOC, PM,
Sensors ZMOD4510/ BMP390 .
NOx, wind)
/' ULP PRO
Charger IC MCP73871 Manages Li-ion charging from USB or solar
Regulator MCP16301 3.3V buck converter for logic/sensors
Display BT817+4.3"TFT SPI-driven graphics and touch interface
Hammond 1557 / . .
Enclosures IP-rated housings for indoor/outdoor nodes
Polycarbonate
Connectors | JST-GH /M8 circular | Secure internal/external wiring
Storage microSD Card 30 days data logging

A single PCB design supports all sensor nodes, each using the PIC18F47Q10 and RN2483

LoRa radio.

The hub employs a PIC32MZ with BT817-controlled TFT display and microSD storage.
All components are commercially available, pre-certified, and compatible with
Microchip’s MPLAB toolchain.
The design balances low power operation with manufacturability and maintainability,
meeting the 30-day data logging and lifetime targets.
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6 Sampling, Resolution and Memory
6.1 Sampling Overview

Each node sends one data record every 60 seconds to the central hub.

This rate is fast enough to follow normal changes in air temperature and humidity whilst
being mindful enough to save battery power and storage space.

The hub stores all readings on a microSD card for at least 30 days.

6.2 Data Record Format
Each transmitted record includes:

¢ NodelD (1 byte)

e Timestamp (4 bytes, UNIXtime)

e 2 bytes x number of parameters (typ. 2-4 values)
e Batteryvoltage (2 bytes)

e CRC(2bytes)

Average record size 20-25 bytes per node per sample.

6.3 Storage Requirement Calculation
The required memory can be estimated using [32]:

Storage = Record Size x Sample per Day X Number Days X Number Nodes

Typical record size = 25 bytes, with 1 440 samples per day (one per minute).
For seven nodes over 30 days:

25x 1440 X 30 x 7 = 7560000bytes (7.2MB)

This is below the capacity of even a 2 GB microSD card, so the 30-day storage requirement
is easily achieved.

Nodes spend most of their time in low-power sleep mode and wake only to take and send
readings, which maximises battery life.

High-power sensors such as the PM module are switched on briefly before each sample to
reduce energy use at one-minute intervals, average node power use is <2 mA, allowing 60
days operation on a 2500 mAh Li-ion cell [33].
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6.4 Sampling Rate Justification

The chosen one-minute sampling rate provides a good balance between accuracy, power
efficiency, and storage use.

The calculated memory demand is small compared with the available microSD capacity,
confirming that the 30-day continuous-logging target is fully achievable.

This approach is consistent with typical environmental-monitoring practice and low-power
embedded design guidelines [32], [33].

7 Lifecycle and Sustainability Considerations
7.1 Health and Safety

Design complies with IEC 61010 low-voltage safety standards.

Outdoor units use sealed IP-rated enclosures to prevent water ingress and ensure user
safety during maintenance.

All materials comply with RoHS and REACH directives, limiting hazardous substances and
improving safety in manufacture and disposal [27], [28].

7.2 Ethics

The system records only environmental data with no personal information.
Accurate, transparent monitoring supports environmental responsibility. Emissions data
can be used to monitor compliance.

7.3 Diversity and Inclusion

Display and reporting interfaces use clear, accessible fonts and colour schemes to ensure
usability for awide range of operators.

7.4 Cultural and Societal Issues

Air-quality monitoring promotes public awareness of pollution and supports health
initiatives aligned with the UK Clean Air Strategy (2019) [34].
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7.5 Environmental Issues

Components follow RoHS [27] and REACH [28] to minimise hazardous waste.

Low-power components and solar charging reduce carbon impact.
Modular design allows single-node repair instead of full replacement.
Sensors are designed for long service life, reducing electronic waste.

7.6 Commercial Matters

Using standard components lowers cost and simplifies sourcing.
The modular approach supports upgrades and scalability without full redesign.

7.7 Codes of Practice and Industry Standards
The design aligns with established standards:

e |SO 9001 - Quality Managementin Design [12]

o |EC 60529 - Ingress Protection ratings

e |EEE802.15.4/LoRaWAN -Wireless communication protocols
Compliance ensures reliability and interoperability across all modules.

7.8 Lifecycle Summary

The product aims to remain safe, ethical, and sustainable through its full life cycle.
Long-life sensors, recyclable materials, and low-power operation minimise environmental
impact and support responsible engineering practice.

8 Risk Management
8.1 Overview

Arisk management process was used to identify the hazards associated with the design,
production, and use of the monitoring system. Eachrisk is assessed in terms of likelihood
and impact, rated on a 1-5 scale, and appropriate mitigation actions are applied in line
with ISO 9001 and general engineering good practice [12].
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Table 23. Key Risks and Mitigation Measures

Likelihood Impact

Risk Description (1-5) (1-5) Risk Level |Mitigation / Control Measure

Specify annual calibration; use
Sensor calibration 3 4 digital self-calibrating sensors
drift over time Med/High |(BME688, SPS30).

Include battery-voltage monitoring;
Battery depletionor |3 4 optimise duty-cycle; allow USB
solar under-charge Med/High |backup charging.

Implement retry and CRC checks;
LoRa communication|2 4 position antennas for clear line-of-
failure Medium |sight.
Enclosure water
ingress (outdoor 2 5 Use IP65-1P67 housings; include
nodes) High desiccant and conformal coating.
Component Use standard, widely available
obsolescence or 3 3 parts; maintain second-source
supply delay Medium |options.
Data loss or SD-card 4 Use wear-levelling filesystem, and
corruption Medium |backup via USB.
Firmware or software > 4 Apply code review, watchdog timer,
fault Medium |and field-update capability.
Environmental Comply with RoHS/REACH; design
disposal and 2 3 for disassembly and component
recycling Low-Med |reuse [27], [28].

8.2 Process Summary

Risks ranked according to possible safety, environmental, or business effects. Items with

high impact, like enclosure failure or power loss, were addressed with design stage
mitigation. Every risk is evaluated throughout the product lifecycle, from prototype
development to field deployment, to maintain ongoing compliance and safety.
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9 Conclusion

A modular wireless air-quality monitoring system was designed to measure temperature,
humidity, pressure, VOCs, particulates, NO,, and wind around an industrial site.

Seven LoRa-connected nodes share a single PCB design using a PIC18F47Q10
microcontroller, PIC32MZ as the central hub for storage and display.

All sensors and components meet performance and environmental targets.

Sampling at one-minute intervals allows accurate trend monitoring and 30-day data
storage on a small microSD card.

Lifecycle and risk assessments confirmed the design is safe, sustainable, and compliant
with industry standards.

The final system provides a practical, scalable, and energy efficient solution for continuo
air quality monitoring.
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Appendix

Abbreviation Descriptions

DSN - Distributed Sensor Network

EMS - Environmental Monitoring System
T/RH - Temperature / Relative Humidity
VOC -Volatile Organic Compounds

PM - Particulate Matter

NOx - Nitrogen Oxides

MCU - Microcontroller Unit

SPI - Serial Peripheral Interface

I°C - Inter-Integrated Circuit

UART - Universal Asynchronous Receiver-Transmitter
IP —Ingress Protection

PCB - Printed Circuit Board

PSU - Power Supply Unit

HMI -Human-Machine Interface
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ENGAGEMENT WITH LITERATURE

including reading, referencing, academic conventions and academic
honesty
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of relevant and credible literature. Referencing
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and theories of the subject, well-informed by
current research and scholarship. A critical,
sophisticated and nuanced awareness of the
ambiguities and limitations of knowledge. You
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complex problems effectively. Your awareness of
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Evaluate underlying concepts and principles of a subject and interpret
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and make sound judgements.

y‘ Exceptional critical thinking, analysis, synthesis 39 5
and evaluation based on judiciously selected .
evidence. Ability to investigate contradictory or
incomplete information and make strong,
persuasive, arguments and sophisticated,
nuanced, judgements. Evidence of independent
thought and ability to ‘see beyond the question’,
suggesting an outstanding grasp of the broader
field and wider concepts. You have shown strong
analytical skills by breaking down complex
problems and reaching well-substantiated
conclusions. Your use of first principles highlights
a solid understanding of foundational concepts.
You have demonstrated your ability to select and
apply appropriate computational and analytical
methods. Your ability to recognise and address
the limitations of these techniques adds depth to
your models. You have demonstrated strong
ethical reasoning, applying professional codes of
conduct effectively to support your decisions. You
have effectively identified potential risks and
provided well

PRACTICAL APPLICATION SKILLS

Different approaches to solving problems in particular contexts.

® Exceptional levels of application and deployment

skills in unpredictable, practical contexts, drawing



skilfully on the latest research within the
discipline. Can identify complex problems and 1 6
propose sophisticated solutions. Assimilation and
development of cutting edge processes and
techniques. You have developed a well-rounded
solution that effectively addresses multiple
stakeholder needs while considering key ethical,
societal, and commercial factors You have
successfully applied a systems-thinking approach,
demonstrating how various components interact
to create an effective solution. You have
demonstrated decision-making skills in selecting
materials and technologies suited to the problem
at hand.

TRANSFERABLE SKILLS

Communicate the results of their study/work accurately and reliably,
and with structured and coherent arguments; the qualities needed for
employment requiring the exercise of some personal responsibility
within a structured and managed environment.

y‘ Can communicate professionally confidently and 7 5
consistently in a suitable format. Work is coherent, .
very fluent and is presented professionally.

Demonstrates excellent graduate employment
skills and an appetite for further development.



