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Carbon dioxide (CO ) and other greenhouse gases are the main causes of global climate change. This phenomenon impacts

natural and human systems around the world through the rising global average surface temperature, extreme weather,

changes in precipitation patterns, rising sea levels, and ocean acidification. However, this concept is alien to most people in

developing countries. They are also unaware of the connection between energy efficiency and climate change. This dearth of

knowledge makes them opt for highly inefficient appliances. Internet of Things (IoT)-based visualisation platforms for tracking

household carbon footprints (CFs) have been seen as a good concept for combating this global phenomenon; however, there

are potential challenges and ethical restrictions that must be addressed when implementing platforms for tracking household

CFs. 

carbon footprints  climate change  Internet of Things (IoT)  visualisation platform  energy efficiency

1. Introduction

The Internet of Things (IoT) refers to a network comprising numerous physical devices, buildings, vehicles, and other objects.

These objects are equipped with electronics, software, and sensors, allowing them to collect and share data . There is

significant interest in using IoT technology to detect and reduce household carbon footprints (CFs) due to the need to

minimise greenhouse gas (GHG) emissions and the growing concerns about climate alteration. A household CF is the amount

of GHG emissions produced by the activities of a household, including energy use, transportation, and waste generation 

. By tracking household CFs, individuals can identify areas where they can reduce their emissions and change their daily

behaviours to mitigate their environmental impacts .

A visualisation platform based on IoT technology can provide real-time feedback on household energy use and CFs . The

platform can generate visualisations showing how household activities affect carbon emissions by using sensors for data

collection on energy consumption and additional environmental features, such as temperature and humidity . This

information can help individuals identify areas where CFs need to be reduced, such as by reducing energy consumption or

changing their transportation habits .

The motivations for developing an IoT-based visualisation platform for tracking household CFs include increasing awareness.

By providing real-time feedback on household CFs, individuals can become more aware of their environmental impacts and

make informed decisions about their daily activities. Another motivation is encouraging behaviour change: the visualisation

platform can motivate individuals to change their behaviour and reduce their CFs by highlighting areas where they can make

changes. Improving energy efficiency is another objective: by tracking energy consumption, the platform can identify areas

where energy efficiency can be improved, such as by replacing old appliances with more efficient models or upgrading

insulation in the home . Overall, an IoT-based visualisation platform for tracking household CFs has the potential to be an

effective tool for promoting environmental awareness and behaviour change while also contributing to the global effort to

reduce GHG emissions .

The various research objectives for IoT-based visualisation platforms for tracking household CFs include the design and

development of an IoT-based system that can track and monitor household CF data in real time ; the identification and

analysis of factors that contribute to the household CF, such as energy consumption, transportation, and waste management;

the development of a user-friendly interface for visualising and analysing household CF data , including historical trends and

comparisons with similar households; the investigation of the effectiveness of different visualisation techniques in

communicating household CF data to users, such as charts, graphs, and maps ; the conduction of user testing to assess

the usability and efficiency of the IoT-based visualisation platform in promoting behaviour change and reducing household

CFs; and the valuation of the potential environmental and economic gains from reducing household CFs , including reduced

GHG emissions and energy costs . Prominent among the main objectives is to pinpoint the obstacles and difficulties in

implementing IoT-based monitoring systems for household CFs. The aim is to create effective strategies to overcome these

barriers.

2. IoT-Based Visualisation Platforms for Tracking Household
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2.1. Carbon Footprint Tracking and Reduction

CF tracking and reduction are important for sustainability and climate change mitigation. Many tools and strategies are

available to help individuals, organisations, and governments track and reduce their CFs.

2.1.1. Carbon Footprint Calculators

Online CF calculators are useful tools that assist individuals and organisations in estimating their carbon emissions. These

calculators consider various activities, including transportation, energy consumption, and waste production. In addition, these

calculators are useful for identifying areas where emissions can be reduced and tracking progress over time. Some popular

CF calculators include CF, Carbon Trust, and EPA’s CF Calculator. A research team studied household CFs in Iskandar,

Malaysia, and their implications for sustainable development . The study highlights the impact of urbanisation on CFs and

suggests the need for policies promoting low-carbon actions and energy-saving goods/services, particularly in urban areas, to

support sustainable development in Malaysia .

2.1.2. Energy Efficiency

Reducing carbon emissions can be achieved effectively by enhancing energy efficiency. This can be achieved by upgrading

energy-efficient appliances, using LED lighting, and improving building insulation. In addition, many governments and utilities

offer energy efficiency incentives and programmes to benefit individuals and businesses and lessen their energy intake .

2.1.3. Renewable Energy (RE)

By switching to renewable energy sources, for instance, biomass, solar, and wind, people can lessen their CO  emissions.

Additionally, governments and utilities may offer incentives for installing renewable energy systems, and some businesses are

beginning to adopt renewable energy as part of their sustainability efforts. Zheng et al.  explored how China’s renewable

energy development can help cut carbon emissions. China, the top emitter of CO  worldwide, is under intense pressure to

reduce emissions. Therefore, the study targeted the assessment of how renewable energy (RE) growth contributes to

emission reductions. The authors used inter-provincial panel data from 2008 to 2017 to analyse this association using a

quantile regression model and path analysis. The results highlight three key points related to renewable energy and carbon

emissions: inhibitory, varying, and indirect effects. The development of RE has had a positive outcome in reducing CO

releases. Studies show that for each 1% rise in RE, there is a corresponding reduction in carbon intensity of 0.028% to

0.043%. The impact varies with the carbon intensity level, but indirect effects are prominent. Energy intensity and per capita

gross domestic product (GDP) show the link between RE development and emission reductions. These findings have

implications for policymakers in China. They emphasise the importance of considering different carbon emission levels, which

can be used to design effective strategies for promoting renewable energy and achieving emission reduction targets .

2.1.4. Sustainable Transportation

A significant source of carbon emissions is the transportation sector. Thus, encouraging sustainable transportation (ST), such

as walking, biking, public transit, and electric vehicles, can significantly reduce carbon emissions. Governments and

businesses can promote ST through infrastructure investments, incentives, and education campaigns.

Lopez and Crozet  focused on the issue of transport’s contribution to CO  releases and environmental effects. The paper

evaluated possible solutions to meaningfully lessen CO  discharges in the French transport sector. This approach involves

creating scenarios by backcasting using long-term transportation problem models. In this study, the author considered three

scenarios and analysed the impact of technological advances and various public policies on CO  emission reduction. The

document also provides valuable information on infrastructure investment needs and potential changes in transport budgets

(financial and temporary) in each scenario. The three scenarios presented are as follows:

Pegasus scenario: This scenario promotes adopting strict technology standards to reduce emissions.

Chronos scenario: This scenario focuses on promoting green multimodalities, which involve integrating different modes of

transport in an environmentally friendly manner.

Hestia scenario: This scenario emphasises decoupling transport growth from the overall gross domestic product (GDP)

growth.

2.1.5. Waste Reduction

Reducing waste helps reduce the CFs linked to the production, transportation, and disposal of goods. Strategies for waste

reduction include recycling, composting, and reducing the use of single-use products. Many municipalities offer recycling and
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composting programmes, and businesses can implement waste reduction strategies through sustainable supply chain

management.

Elgaaied-Gambier et al.  focused on reducing the impact of the Internet on the environment. According to the study,

individuals in society are not wholly mindful of the effect of their online environmental events and tend to hold companies and

authorities responsible instead of themselves. Though they wish to protect the environment, they hesitate to change their

habits. The research shows that people are more likely to take responsibility for reducing their digital footprints when they

understand the severity of the environmental consequences. The perceived difficulty of making behavioural changes has a

smaller impact on their sense of responsibility. The study found no significant interaction between perceived severity and

perceived sacrifice. In conclusion, the research highlights the importance of increasing consumer awareness and addressing

their perceptions of responsibility to promote eco-friendly online behaviour .

2.1.6. Carbon Offsets

For example, investing in reforestation and renewable energy programmes can aid in reducing carbon emissions. Individuals

and organisations can purchase carbon offsets to offset their CFs. It is crucial to verify the transparency and legitimacy of

carbon offset projects to ensure that they effectively reduce emissions.

Hernandez and Vita  conducted a study to analyse household consumption’s CF in the Guadalajara Metropolitan Area

(MAG) and identify socio-spatial inequalities in emissions. It is worth noting that a recent study found that domestic

conspicuous consumption accounts for over 65% of worldwide GHG emissions. The study recognised a gap in emission

reduction strategies implemented by governments under the Paris Agreement, as they primarily focus on production-based

accounting, which overlooks the emissions associated with trade, consumption, and social inequalities. The researchers

employed accounting analysis in suburban areas to address this gap, leveraging the 2018 Mexican Consumer Expenditure

Survey and Environmentally Extended Multiregional Input–Output data.

A new tool called a carbon tracker has been developed to track and forecast the energy and CF associated with deep-learning

model training . The tool aims to raise awareness among practitioners about the environmental impact of training deep-

learning models and promote responsible computing in machine learning. The authors provide a comprehensive overview of

related investigations in this area and propose the carbon tracker as a medium for tracking and predicting energy and CFs

during the training of DL models. The tool’s design principles and multithreaded implementation make it easy to integrate into

existing workflows. However, further research is needed to evaluate the tool’s performance across a broader range of deep-

learning architectures and applications.

A study on the CF of the American University of Sharjah (AUS)  highlights electricity consumption and university commute

as key contributors to CO  emissions. The research offers recommendations for reducing emissions that could serve as a

baseline for other regional universities. Collecting accurate data on energy consumption, water usage, and transportation can

be challenging, and assigning responsibilities for indirect emissions from commuting, procurement, and waste management is

complex. Choosing an appropriate baseline timeframe and implementing emission reduction strategies can be difficult due to

financial constraints, institutional resistance, and a lack of stakeholder engagement. A comprehensive sustainability

assessment should consider multiple dimensions beyond carbon emissions.

2.2. IoT-Based Monitoring Systems

IoT-based monitoring systems have significant potential to control carbon emissions. These systems enable organisations

and individuals to track their CF (as shown in Figure 1), identify emission reduction opportunities, and make informed

decisions about energy usage .
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Figure 1. IoT-based monitoring system architecture.

Benammar et al.  created an IoT platform that monitors real-time indoor air quality. This includes standards for various

sensor technologies, wireless sensor networks (WSNs), and smart mobile devices. A nearby gateway handles and distributes

data through a web server to users. The system uses Emoncms to store indoor air quality monitoring (IAQM) data for

immediate and long-term monitoring. The study enables the measurement of various air quality parameters, including relative

humidity, ambient temperature, CO, CO , NO , O , SO , and Cl . The research highlights the potential of IoT-based

monitoring systems in carbon emission control, particularly in indoor environments .

Key advantages of IoT-based monitoring schemes are their ability to collect and analyse statistics in real time. This allows

organisations to respond quickly to changes in energy use and make adjustments as needed. For instance, a smart building

system can monitor energy use and automatically adjust lighting and heating based on occupancy and ambient light levels.

Employing a Raspberry Pi, Sruthi et al.  implemented an IoT-based system that monitors and controls CO  emissions from

municipal transport, industries, and forest fires. The system senses CO  levels in a city and finds the most polluted areas. In

addition, a smart system will be put in place for the early detection of forest fires. The authors suggest extending their system

to detect other harmful gases. They conclude that their system can help reduce global warming by monitoring and controlling

CO  emissions in real time.

An outstanding benefit of IoT-based monitoring systems is their ability to provide detailed insights into energy use patterns .

By analysing data from sensors and other sources, organisations can identify areas where they can make changes to reduce

their CFs. For instance, they may identify specific equipment or processes that consume more energy than necessary or

times of the day when energy use is exceptionally high.

Overall, IoT-based monitoring systems have the potential to be powerful tools for carbon emission control.

2.3. Visualisation Platforms for Tracking the Carbon Footprint

Several visualisation platforms can help track and visualise CF data. Some of the popular options are described below.

2.3.1. Carbon Analytics

Carbon Analytics is a cloud-based platform that provides tools for tracking and analysing carbon emissions. It allows for

collecting and managing energy consumption, transportation, waste, and more data. In addition, the platform offers interactive

dashboards and reports that allow an organisation to easily understand its CF.

2.3.2. Climate View

Climate View is a data visualisation platform representing an organisation’s CF. It allows emission tracking across different

sectors and visualises the impact of various mitigation strategies. Ytreberg et al.  researched digital climate nudges. Nordic

online food retailers used to encourage climate-friendly food choices. In the study, scholars categorised nudges into three

categories: decision-making information, structure, and support. These nudges aim to make decision making easier for

customers and decrease the amount of mental effort required. Examples of decision structure nudges include prominently

displaying low-emission products and recipes. CF apps and climate labels are commonly used as decision information

nudges. However, the study reveals that non-salient nudges have a limited impact, and there are difficulties in calculating
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product footprints. Additionally, the absence of industry norms for emission data and labelling makes it difficult for clients to

compare emissions from different stores .

Heydarian and Golparvar-Fard  studied a framework for monitoring construction operations that was proposed to control

productivity and the CF. An automated visual sensing technique was used to track construction equipment, increasing

productivity and reducing the CF. To improve productivity and cut CF emissions, project managers were able to monitor their

activities in real time using the framework and make adjustments to the construction plan and operation methods. The authors

suggested that this approach could significantly impact the current construction practice and its adherence to Environmental

Protection Agency (EPA) regulations on construction GHG emissions.

Similarly, Zaman and Jhanjhi  created a novel platform utilising a range of sensors to offer intelligent contracts to minimise

carbon emissions. This is achieved through data visualisation, industrial control, and activity mapping. The developers used a

qualitative approach, including document analysis, to assess the feasibility of using blockchain technology in carbon trading.

According to the authors, blockchain technology can effectively address existing issues within carbon trading systems and

provide a just and effective solution.

An indoor air quality monitoring and control system (IAQMC) was developed by Zhao et al. . This groundbreaking system

uses IoT technology and fuzzy inference. It includes a new Fuzzy Air Quality Index (FAQI) model for assessing IAQ and a

Simple Adaptive Control Mechanism (SACM) that automatically adjusts the IAQMCS based on the real-time FACI value. The

results demonstrated that the method accurately measures multiple air parameters and performs excellently in assessment

precision, the average FAQI score, and overall IAQ.

A Carbon, Health, and Savings System (CHSS) was proposed in . The authors interviewed experts in various fields to

gather information and opinions on designing and implementing a personal carbon-trading system. The CHSS would integrate

technical know-how, markets, and encouragement to reward individuals for dropping GHG emissions. The authors propose a

minimum viable product approach to implementing the CHSS in stages. The article concludes that personal carbon trading

could complement existing carbon pricing policies by providing psychological framing and feedback for individual consumers.

2.3.3. PowerDash

PowerDash is an energy management platform that tracks and visualises energy consumption and carbon emissions. It

provides real-time data on energy use and allows goals to be set and progress to be tracked toward reducing CFs. Magtibay

et al.  developed “Green Switch,” an IoT-based energy-monitoring system for the Mabini Building at De La Salle Lipa. The

system controls room lights and power outlets, calculating the total kWh consumed. It uses NodeMCU, sensors, a Raspberry

Pi 3, and the school’s network. The building administrator can evaluate consumption stats and reduce the CF. A user-friendly

web app was also developed for easy access .

2.3.4. Energy Elephant

Energy Elephant is an energy management platform that helps organisations track and reduce carbon emissions. It provides

various tools for monitoring energy use and carbon emissions and offers customisable reports and dashboards to help

visualise and understand the CF.

Ramelan et al.  built a low-cost IoT system employing LoRa and MQTT to monitor and control building energy. The system

includes energy sensors, a microcontroller, a LoRa-WiFi module, and a gateway. Nodes equipped with Arduino Uno and

sensors communicate with an IoT cloud server via Dragino LoRa Gateway LG01-N. The system optimises energy

consumption and uses the open-source Thingspeak platform for data visualisation and device control; the study showcases a

cost-effective approach to building energy management using IoT technology. The accuracy errors for voltage, current, and

power sensors were 1.24%, 2.60%, and 3.13%, respectively .

2.4. IoT-Based Visualisation Platforms for Tracking the Household CF

IoT-based visualisation platforms for tracking household CFs are becoming increasingly popular as people become more

aware of the effects of their daily activities on the environment. Energy and water usage and other environmental aspects can

be tracked through these platforms thanks to the IoT devices that monitor them.

One instance of an IoT-based visualisation platform is the Carbon Track system. This system uses IoT sensors to monitor the

energy usage of various appliances in the household, as well as the amount of water consumed and the temperature and

humidity levels inside the home. The data collected by the sensors are transmitted to a cloud-based platform, processed and

analysed, and then presented to the user in a simple and intuitive dashboard.
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(a)

(b)

(c)

(d)

Ming et al.  worked on IoT-based and cloud-based technologies for real-time CO  monitoring. The approach in the paper is

considered a highly effective solution for monitoring environmental CO  levels. It is seamlessly integrated with IoT and cloud

computing technologies. The techniques mentioned earlier can provide readily available and up-to-date data visualisation,

which can greatly enhance the efficiency of analysis and the deployment of counter-measures for smart homes. A monitoring

system was created to collect, store, and display CO  concentration data using a CO  sensor labelled MQ135, a Wi-Fi module

labelled ESP8266, the Firebase Cloud Storage Service, and Carbon in a mobile application (app) for visual representation.

This system successfully collected, stored, and visualised 2880 data points within a 10-day timeframe with a 30 s interval .

A Vehicle Pollution Monitoring System using IoT was developed by Khatun et al. . To monitor the vehicle’s emissions in real

time, they installed a gas sensor at the exhaust, among other sensors. The data are then forwarded to the vehicle’s operator

through GSM and the cloud, where they are checked against industry norms. The system’s performance has been validated

and can significantly reduce and regulate emissions. In future research, the model can be used to monitor other harmful

gases and be applied in various industries to reduce air pollution.

Tsokov and Petrova-Antonova  proposed an IoT platform called EcoLogic for the real-time monitoring and control of vehicle

carbon releases. The platform comprises hardware modules installed on vehicles and cloud-based applications for data

processing, analysis, and visualisation. The authors conducted a case study to validate the feasibility of the proposed

solution. They identified future research directions, such as optimising the solution to split data into subsets, implementing an

analytics functionality for the prediction of possible failures in vehicles, and integrating EcoLogic with third-party systems and

services. The authors concluded that EcoLogic is a complete solution for monitoring and controlling vehicles’ carbon

emissions.

2.5. Benefits of IoT-Based Visualisation Platforms

IoT has emerged as a promising technology for tracking and monitoring household carbon emissions. The IoT-based

visualisation platform can track household CFs and recommend reducing carbon emissions. The following are its benefits:

  Real-time monitoring: IoT-based visualisation platforms can monitor household carbon emissions. This can help

individuals track their CFs and identify opportunities for reducing emissions.

 Energy efficiency: IoT can be used to monitor household energy consumption, which can help identify areas where energy

efficiency improvements can be made. This can include using energy-efficient appliances, lighting, and HVAC systems.

 Behaviour change: IoT-based visualisation platforms can help encourage behaviour change by providing individuals with

feedback on their carbon emissions. For example, if an individual uses more electricity than usual, the platform can alert

them and provide recommendations for reducing energy consumption.

 Data collection: IoT-based visualisation platforms can collect data on household carbon releases. These data can be used

to identify trends and patterns in carbon emissions, which can help inform policy decisions.

2.6. Challenges and Limitations of Existing IoT-Based Visualisation Platforms

IoT-based visualisation platforms for households can have comprehensive challenges and limitations, including data accuracy

and reliability, high costs, limited device compatibility, privacy and security concerns, user adoption, maintenance, and

support. Using IoT devices and sensors to monitor household energy consumption can produce unreliable data, leading to

inaccurate CF estimates and affecting the effectiveness of visualisation platforms. These platforms can also be expensive due

to the high cost of IoT equipment and may not be compatible with all household appliances and systems. Privacy and security

concerns must also be addressed, and regular maintenance is required for smooth functioning. Adoption may be limited due

to a lack of awareness or technical expertise.

Overall, while IoT-based visualisation platforms have the potential to help households reduce their CFs, it is crucial to address

these challenges and limitations to confirm their effectiveness and adoption.
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