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ABSTRACT

Introduction: There has been growing interest in low-cost indoor air quality (IAQ) sensors, in recent years, primarily
due to their affordability and potential as practical alternatives to conventional monitoring systems. These devices
are now widely implemented in environments such as households, offices, vehicles, and schools to provide real-time
insights into pollutants like PM,.s, CO,, and volatile organic compounds (VOCs). However, a comprehensive syn-
thesis of existing research in this area remains limited. Methods: This study conducts a bibliometric analysis to ex-
plore global trends in low-cost IAQ sensing technologies, examine recent advancements in sensor development, and
evaluate their emerging role within vehicle environments. Results: Based on a review of 82 publications indexed in
the Scopus database between 2006 and 2025, the study utilizes VOSviewer for visualization and analysis. Results
from this study indicate a clear picture of the integration of low-cost indoor air quality sensors within vehicle envi-
ronments. Conclusion: The deployment of these sensors allows for a proactive approach to managing air quality by
providing timely alerts regarding elevated levels of pollutants like particulate matter. This guide policymakers toward

targeted measures and enable industry to implement practical controls to reduce in-cabin pollution.
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INTRODUCTION

The growing recognition of the health harms of indoor
air pollution has spurred rapid development and
deployment of low-cost IAQ monitoring devices (1).
Traditional methods of indoor air quality monitoring
have often been constrained by the high costs, large
size, and operational complexity of the equipment,
rendering  high-resolution  spatial and temporal
monitoring impractical (2). Low-cost sensor technology
presents a paradigm shift, enabling the deployment of
dense networks of air quality monitors at a fraction of
the cost of conventional methods (3). This affordability
facilitates widespread adoption in homes, offices,
schools, and public spaces, empowering individuals
and communities to make informed decisions regarding
their indoor environments (4). This technology also
enables community-driven science and citizen science

initiatives (1). The accessibility of these sensors allows
for real-time data collection and analysis, which can
then be used to determine patterns of exposure and
inform immediate action (5).

Thus, this bibliometrics analysis study aims to map
global trajectories in low-cost IAQ sensing, synthesize
recent sensor innovations, and evaluate their emerging
utility within in-vehicle settings in vehicle settings.

Furthermore, these low-cost sensors can act as support
and extensions of current technology that is available
(6). Low-cost sensors have emerged as promising tools
for ubiquitous monitoring due to their compact size,
affordability, and ease of operation (7). The current
understanding of low-cost IAQ sensing technologies
remains limited, encourage this study to systematically
evaluate advances that enable high-resolution
spatiotemporal characterization of pollutants, thereby
informing evidence-based air-quality management and
quantitative health-risk assessment (8). It is important to
note, however, that the field still faces many challenges
regarding sensor performance and reliability (1).
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The recent research on low-cost IAQ sensors has
accelerated across environmental health and loT, yet
findings remain fragmented, terminology inconsistent,
and validation practices heterogeneous, limiting
cumulative inference and comparability. Accordingly,
we perform a bibliometric analysis to map global
trajectories, synthesize sensor innovations, and appraise
emerging applications in vehicular microenvironments.
This study will serve as a basis for researchers,
policymakers, and individuals to understand the
growing research trends in low cost sensor, specifically
in the vehicle setting, and discover the potential and
possibilities for further research and collaborations.

METHODS

Bibliometric analysis is a quantitative and statistical
method used to describe publication patterns in a
specific area based on academic literature databases (9).
This paper chose the Scopus database as the academic
literature database. Scopus database was selected as it
is the world’s largest peer-reviewed abstract and citation
database, with cutting-edge tracking, analysing, and
visualising research tools (10) that integrate seamlessly
with VOSviewer, supporting reproducible workflows.
A single-database reliance can limit completeness and
incorporating another database can broaden retrieval
and reduce database bias. To mitigate this limitation,
transparency of all documents search strings and
inclusion criteria is provided and sensitivity analyses
that replicate the workflow across multiple databases to
assess the robustness of the findings is recommended.

Data Source
The search was conducted in the first week of July 2025

by using the following query string: TITLE-ABS-KEY
(("low-cost sensor" OR "low cost sensor" OR "affordable
sensor" OR "low-cost monitor" OR "low cost monitor"
OR "low-cost device" OR 'affordable device") AND
("indoor air quality" OR "indoor pollution" OR "indoor
environmental quality" OR "indoor air monitoring")
AND ("trend" OR ‘'development' OR ‘"innovation"
OR ‘'emerging technology" OR '"application" OR
"performance" OR "vehicle" OR "automobile" OR

"car cabin" OR "transport")).

Documents were searched based on the title, abstract,
and keywords. The Scopus database resulted in 163
articles published between 2006-2025. The journal
articles, review articles and conference proceedings
were referred to as articles. Only 82 articles were
found aligns to the research scope, which focuses on
innovation of indoor air quality sensors over 2006-2025,
using low cost technology to address its emerging role
within vehicle environments. (Fig. 1). The exclusion
criteria includes book chapter, conference review and
data paper. This is to ensure consistent peer-review
standards, complete citation and affiliation metadata, as
well as cross-record comparability required for robust
VOSviewer network analyses.

Bibliometric Maps

VOSviewer software (version 1.6.19) was used for
constructing and  visualising  bibliometric  maps.
Bibliographical information and author keywords for
the 82 articles were exported to VOSviewer where the
information such as countries and author keywords were
analysed to create co-authorship and co-occurrence
maps. The relationship between two items, e.g., two
keywords, were visualised with a link, and the strength
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Fig. 1: The flowchart of the specific search strategy of the low cost IAQ on Scopus database.
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of the relationship was indicated by the link strength
(in numerical value). For co-authorship analysis, the
link strength between the two countries indicates the
number of publications co-authored. Similarly, in co-
occurrence analysis, the link strength between two
author keywords represents the number of articles
in which the two keywords appear together where
the thresholds used in VOSviewer is set at minimum
number of three occurrences for keywords or minimum
number of publications for countries.

RESULTS

Annual Publication Outputs and Document Type

Fig. 2 highlights the annual publications on low-cost
IAQ from 2006 until 2025, with the earliest indexed
record appearing in 2006. Annual output peaked in
2024, reflecting the post-pandemic emphasis on 1AQ
and falling sensor costs. The apparent decline in 2025
is likely a partial-year indexing artifact rather than a true
contraction.

Across the 82 documents analyzed, research articles
constituted the majority 53.7%, followed by conference
papers 30.5% and review articles 15.9% (Fig. 3).
This composition indicates a field driven primarily by
original empirical work, complemented by conference
dissemination and a smaller though nontrivial body of
syntheses.
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Fig. 2: The annual publications trends on low-cost IAQ from 2006
until 2025.
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Fig. 3: The percentage distribution of low-cost IAQ document types
analysed.

Authors, Institutions, and Countries Contributing to
Global Publications on IAQ

Overall, 346 authors from different countries and
institutions contributed to the increase in knowledge
on technological developments and innovations in low-
cost IAQ monitoring devices. A group of researchers
from University of Porto (Portugal) published the highest
number of publications (5) and received the highest
co-citations (210). The prominence of the Porto group
likely stems from a combination of early contributions to
sensor validation, and cross-disciplinary collaborations.

In total, 32 countries and 31 institutions were engaged
in IAQ research (Fig. 4). In accordance with the top
authors, the most active country in IAQ research was
the US with 20 publications, followed closely by the UK
with 9 publications and Portugal with 8 publications.
This may be contributed from strong funding and
research infrastructure which enable faster, larger and
multi-institution studies. Combined with the advantages
of publishing in English and strong coverage in major
databases, this boosts visibility and dissemination,
leading to higher publication counts than in regions
with fewer resources or non-English outlets.
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Fig. 4: The distribution of publications on low-cost IAQ by top ten
countries.

Analysis of Co-Authorship and Co-Occurrence

The analysis of co-authorship included all 32 countries
affiliated with 346 authors. The network visualisation
option was selected to display the co-authorship among
17 related nations. Africa, Asia, Europe, North America,
South America, and Oceania were the six continents to
which the affiliated countries belonged.

Only 46 of 231 of the authors keywords were relevant
enough to be included in the co-occurrence analysis.
The network visualisation option was chosen to reveal
connections within and across keyword clusters. Among
the keywords are particulate matter, indoor air quality
and low cost-sensor (Fig. 5).

Most Frequently Cited Articles

The top 10 highly cited articles on low-cost IAQ are listed
in Table I. The total citations received by these articles
ranged from 60 to 158. Out of the 10 articles listed,
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Fig. 5: The network visualisation map of keywords.

Most Frequently Cited Articles

The top 10 highly cited articles on low-cost IAQ are listed
in Table I. The total citations received by these articles
ranged from 60 to 158. Out of the 10 articles listed,
seven were original articles while the remaining three
were review articles. Four of the articles were published
in journals with a CiteScore above 10. The paper by
Chojer in 2020 (1) received the highest citation with
158 total citations. This paper was published in Science
of the Total Environment (CiteScore = 16.4). The paper
reviews the development of low-cost indoor air quality
monitoring devices, highlighting challenges such as data
reliability issues due to varied calibration and validation
methods, lack of sensor performance testing, and limited
studies on long-term stability and cross-sensitivity, but
suggests that with standardized processes, these devices
could be the future of IAQ monitoring. This suggestion is
consistent with Demanega et al., study (11). The review
was published in Building and Environment (CiteScore
= 14.3) and received 122 citations. The article evaluates
the performance of low-cost environmental monitors
and single sensors under various indoor air quality and
thermal conditions. The finding highlight that they can
detect source events and measure temperature and
humidity accurately, despite under-reporting particle
measurements and poor VOC agreement, suggesting
the potential for indoor air quality management.
Meanwhile, at number three was an article by Shrestha
etal., (12) with 114 citations. This review was published
in International Journal of Environmental Research
and Public Health (CiteScore = 8.5). This study finds

that long-range wildfire plumes, road proximity, and
human activity significantly increase indoor pollutant
concentrations in low-income dwellings during wildfire
seasons.

DISCUSSION

Bibliometric Analysis

The current bibliometric analysis focuses on analysis
of research trends related to low-cost IAQ sensing
technologies from 2001 to 2025 thorough review of
papers pertaining to this subject matter. Following
the release of the first article in 2006 on the low-cost
sensors for balancing indoor air quality and energy
usage (20), research output on low-cost IAQ sensing
technologies was low and remained relatively flat until
recently. The highest peak was observed in 2024 with
21 publications. This trend indicated that while low-cost
IAQ sensing technologies continue to receive attention
from researchers, the pace of research activity has
become more gradual.

This could be due to several factors. Firstly, the field
may be reaching a point of technological maturity,
where foundational research on sensor performance,
calibration methods, and deployment strategies has been
largely established (21, 22). Secondly, research trends
attention has possibly shifted toward other pressing
global challenges, such as Al-driven environmental
analytics (23). These factors collectively indicate that
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seven were original articles while the remaining three
were review articles. Four of the articles were published
in journals with a CiteScore above 10. The paper by
Chojer in 2020 (1) received the highest citation with
158 total citations. This paper was published in Science
of the Total Environment (CiteScore = 16.4). The paper
reviews the development of low-cost indoor air quality
monitoring devices, highlighting challenges such as data
reliability issues due to varied calibration and validation
methods, lack of sensor performance testing, and limited
studies on long-term stability and cross-sensitivity, but
suggests that with standardized processes, these devices
could be the future of IAQ monitoring. This suggestion is
consistent with Demanega et al., study (11). The review
was published in Building and Environment (CiteScore
= 14.3) and received 122 citations. The article evaluates
the performance of low-cost environmental monitors
and single sensors under various indoor air quality and
thermal conditions. The finding highlight that they can
detect source events and measure temperature and
humidity accurately, despite under-reporting particle
measurements and poor VOC agreement, suggesting
the potential for indoor air quality management.
Meanwhile, at number three was an article by Shrestha
etal., (12) with 114 citations. This review was published
in International Journal of Environmental Research
and Public Health (CiteScore = 8.5). This study finds
that long-range wildfire plumes, road proximity, and
human activity significantly increase indoor pollutant
concentrations in low-income dwellings during wildfire
seasons.

DISCUSSION

Bibliometric Analysis

The current bibliometric analysis focuses on analysis
of research trends related to low-cost IAQ sensing
technologies from 2001 to 2025 thorough review of
papers pertaining to this subject matter. Following
the release of the first article in 2006 on the low-cost
sensors for balancing indoor air quality and energy
usage (20), research output on low-cost IAQ sensing
technologies was low and remained relatively flat until
recently. The highest peak was observed in 2024 with
21 publications. This trend indicated that while low-cost
IAQ sensing technologies continue to receive attention
from researchers, the pace of research activity has
become more gradual.

This could be due to several factors. Firstly, the field
may be reaching a point of technological maturity,
where foundational research on sensor performance,
calibration methods, and deployment strategies has been
largely established (21, 22). Secondly, research trends
attention has possibly shifted toward other pressing
global challenges, such as Al-driven environmental
analytics (23). These factors collectively indicate that
although interest remains, the trajectory of research
in this area is evolving toward more specialized or

integrated applications.

Key Technological Developments and Innovations in
Low-Cost IAQ Monitoring Devices
Recentadvancementsin low-costsensortechnology have
shown promise for indoor air quality (IAQ) monitoring.
These devices are portable, low-maintenance, and can
contribute to citizen science projects (1). However,
challenges persist in sensor accuracy and reliability as
stated by Chojer in 2020 results are potential to high
measurement errors as most studies did not perform
sensor performance tests or calibration necessitating
regular calibration and validation against reference
instruments (1). However, S6 JP in 2022, highlights
that some low-cost sensors demonstrated good
performance, especially in laboratory settings, and are
reliable for qualitative analysis in indoor environments
(14). Hence, it is confirmed that studies have shown
moderate correlations between low-cost sensors and
comparison instruments, suggesting sufficient precision
for qualitative analysis in indoor environments.

The proliferation of low-cost IAQ monitoring devices has
been significantly propelled by several key technological
advancements, notably in sensor technology,
microelectronics, and data analytics. The integration
of electrochemical sensors, non-dispersive infrared
(NDIR) sensors, and metal oxide semiconductor sensors
has enabled the detection of a wide array of indoor air
pollutants, including particulate matter, volatile organic
compounds, carbon dioxide, and nitrogen oxides, at
increasingly lower costs (1).

Concurrently, advancements in microelectronics have
facilitated the miniaturization of sensor modules and
the development of highly integrated systems-on-chips
that combine sensing, processing, and communication
functionalities into a single compact device (11).
Furthermore, the integration of sophisticated data
analytics algorithms, including machine learning
techniques, has allowed for real-time data processing,
calibration, and correction of sensor drift, thereby
improving the accuracy and reliability of low-cost
IAQ monitoring devices (1). The development of user-
friendly interfaces and data visualization tools has
also contributed to the widespread adoption of these
devices, making them accessible to both technical and
non-technical users.

Potential Impact of Low-Cost IAQ Sensors in Vehicle
Settings

Exposure to particulate matter (PM) air pollution is
recognized as a major contributor to human morbidity
and mortality (24). Air pollution, stemming from both
natural and anthropogenic sources, poses serious risks
to human health and the environment (25). As people
typically spend 90% of their time indoors, exposure to
indoor particulate matter is particularly concerning, as it
has been associated with millions of premature deaths
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globally (17). Prolonged time spent indoors, for example
at home or in vehicles, therefore, increases the potential
for adverse health effects due to sustained exposure to
indoor air pollutants.

Poor indoor air quality, particularly due to particulate
matter (PM1, PM2.5, and PM10), has been linked to
various adverse health effects. Traditionally, air quality
monitoring has been constrained by the high cost and
bulkiness of conventional monitoring stations. However,
recent advancements in low-cost sensor technologies
have enabled more affordable, scalable, and real-time
monitoring solutions, which are especially valuable
for indoor environments that can experience rapid
fluctuations in pollutant levels (26).

Over the past decade, significant progress has been
made in the development and application of these
low-cost sensors. The low-cost sensors can provide
individuals with personalized information about indoor
air quality (IAQ), empowering them to take actions to
reduce exposure to particulate matter. This technology
also helps reconcile the challenge of maintaining
healthy 1AQ while pursuing energy-efficient building
designs (1).

The integration of low-cost indoor air quality sensors
within vehicle environments presents a multifaceted
array of potential impacts, spanning from enhanced
passenger health and safety to the optimization of HVAC
system performance and the generation of valuable data
for urban air quality monitoring. These sensors, while
often associated with design compromises that may
affect data reliability (1), offer the distinct advantage
of enabling near real-time, continuous monitoring of
critical air quality parameters within the confined space
of a vehicle cabin. This capability holds significant
implications for mitigating exposure to harmful
pollutants and creating a healthier in-cabin environment,
particularly for vulnerable populations such as children
and individuals with respiratory sensitivities (27).

The deploying of these sensors operators supports air
quality proactively through timely alerts triggered by
increases in particulate matter (PM2.5, PM10), volatile
organic compounds, carbon dioxide, and nitrogen
oxides (28). This real-time feedback empowers vehicle
occupants to take immediate corrective actions, such
as adjusting ventilation settings, recirculating air, or
even rerouting to avoid areas with high pollution
concentrations (29).

Furthermore, the data collected from these sensors
can be leveraged to optimize the operation of vehicle
HVAC systems, enabling demand-controlled ventilation
strategies that minimize energy consumption while
maintaining acceptable IAQ levels (29). Hence, low-
cost sensor technology offers an ultimate transformative
approach, enabling the deployment of extensive

networks of air quality monitors at a fraction of the
expense associated with conventional techniques (30).

Future Research Directions

These findings can be used as a reference for future
studies. The results from this study indicate a clear
picture of the integration of low-cost indoor air quality
sensors within vehicle environments. The deployment
of these sensors allows for a proactive approach to
managing air quality by providing timely alerts regarding
elevated levels of pollutants like particulate matter.
The low-cost sensor technology offers an ultimate
transformative approach, enabling the deployment of
extensive networks of air quality monitors at a fraction
of the expense associated with conventional techniques.
This guide policymakers toward targeted measures and
enable industry to implement practical controls to
reduce in-cabin pollution.

CONCLUSION

This  study presents, to our knowledge, the first
bibliometric mapping of global patterns and
technological trajectories in low-cost indoor air quality
(IAQ) research. Our findings suggest that research
on low cost IAQ will continue to be a significant and
developing area of academic study. The emergence of
advanced technology innovation has also facilitated
the development of the measurement technology
within this field. The evidence indicates a vibrant and
expanding field, with output led by the United States,
and a thematic landscape dominated by clusters on low-
cost IAQ sensors particularly calibration and validation.
Co-occurrence analysis also reveals clear research
gaps, limited evidence for in-vehicle deployments.
Our findings serve as a valuable point of reference for
scholars who are inclined towards undertaking further
investigations within this specific topic.
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