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ARTICLE INFO ABSTRACT

Handling editor: Robert Letcher Over the past decade, a range of sensor technologies became available on the market, enabling a revolutionary
Keywords: shift in air pollution monitoring and assessment. With their cost of up to three orders of magnitude lower than
Low cost sensor,/monitor standard/reference instruments, many avenues for applications have opened up. In particular, broader partici-
Air pollution sensing pation in air quality discussion and utilisation of information on air pollution by communities has become
Sensor data utilisation possible. However, many questions have been also asked about the actual benefits of these technologies. To
Air sensor/monitor performance address this issue, we conducted a comprehensive literature search including both the scientific and grey lit-
Personal exposure monitoring erature. We focused upon two questions: (1) Are these technologies fit for the various purposes envisaged? and (2)

How far have these technologies and their applications progressed to provide answers and solutions? Regarding the
former, we concluded that there is no clear answer to the question, due to a lack of: sensor/monitor manu-
facturers' quantitative specifications of performance, consensus regarding recommended end-use and associated
minimal performance targets of these technologies, and the ability of the prospective users to formulate the
requirements for their applications, or conditions of the intended use. Numerous studies have assessed and
reported sensor/monitor performance under a range of specific conditions, and in many cases the performance
was concluded to be satisfactory. The specific use cases for sensors/monitors included outdoor in a stationary
mode, outdoor in a mobile mode, indoor environments and personal monitoring. Under certain conditions of
application, project goals, and monitoring environments, some sensors/monitors were fit for a specific purpose.
Based on analysis of 17 large projects, which reached applied outcome stage, and typically conducted by con-
sortia of organizations, we observed that a sizable fraction of them (~ 30%) were commercial and/or crowd-
funded. This fact by itself signals a paradigm change in air quality monitoring, which previously had been
primarily implemented by government organizations. An additional paradigm-shift indicator is the growing use
of machine learning or other advanced data processing approaches to improve sensor/monitor agreement with
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reference monitors. There is still some way to go in enhancing application of the technologies for source ap-
portionment, which is of particular necessity and urgency in developing countries. Also, there has been some-
what less progress in wide-scale monitoring of personal exposures. However, it can be argued that with a sig-
nificant future expansion of monitoring networks, including indoor environments, there may be less need for
wearable or portable sensors/monitors to assess personal exposure. Traditional personal monitoring would still
be valuable where spatial variability of pollutants of interest is at a finer resolution than the monitoring network

can resolve.

1. Introduction

Low-cost air pollutant sensors/monitors are technologies which
promise a revolutionary advance in air quality monitoring, through
massive increases in spatial and temporal data resolution, thus pro-
viding answers to scientific questions and applications for end users. It
is therefore not surprising that most of the research groups with interest
in air quality, and government organizations with responsibility for it,
focus to develop their own programs to assess and utilize low-cost
sensors/monitors. Some report disappointing outcomes, others varying
degrees of success. Scientific papers on the topic are multiplying, as are
grey literature and web-based sources. The complexity and multi-di-
mensionality of the topic make it difficult to comprehensively track all
projects being undertaken.

The paradigm shift of air pollution monitoring from being based on
standardized government-operated networks, consisting of reference
instruments, to mixed networks involving both reference-grade moni-
tors as well as emerging sensor/monitor technologies was recognised
several years ago by the U.S. EPA (Snyder et al., 2013; White et al.,
2012). The emergence of low-cost air monitoring technologies was also
recognised in Europe and was recommended to be included in the next
Air Quality Directive (Borrego et al., 2015). In its Draft Roadmap for
Next Generation Air Monitoring, the U.S. EPA proposed a five-Tier
system for general consideration that includes low-cost technologies
(USEPA, 2013). Each Tier corresponded to a group of specific appli-
cations and their anticipated users (Table S1). Both the U.S. and the
European Union (EU) have funded projects to evaluate low-cost air
quality monitoring technologies and establish networks for trial pur-
poses (CITI-SENSE, 2016; USEPA, 2016). There is a consensus that the
low-cost air quality monitoring equipment should be characterised
carefully to meet the expectations for their specific applications, be it
ambient air or indoor monitoring (Castell et al., 2013; Lewis and
Edwards, 2016).

Since the publication of Snyder et al. (2013), which recognised the
role of low-cost sensors/monitors in the future of air quality mon-
itoring, there have been a number of reviews on the development and
applications of low-cost monitors and their networks (Borghi et al.,
2017; Castell et al., 2013; Clements et al., 2017; Jovasevic-Stojanovic
et al., 2015; Kumar et al., 2015; Kumar et al., 2016; McKercher et al.,
2017; Rai et al., 2017; Spinelle et al., 2017a; Thompson, 2016; Wang

and Brauer, 2014; Woodall et al., 2017). These reviews either focused
on characterizations and descriptions of one group of sensors/monitors,
such as for monitoring of particulate matter - PM (Borghi et al., 2017;
Jovasevic-Stojanovic et al., 2015); for gaseous pollutants (Baron and
Saffell, 2017; McKercher et al., 2017; Spinelle et al., 2017a); crowd-
sourced monitors (Thompson, 2016); or offer a general overview of the
state-of-the-art and the relevant applications (Castell et al., 2013;
Clements et al., 2017; Kumar et al., 2015; Kumar et al., 2016; Wang and
Brauer, 2014; Yi et al., 2015).

There has been significant focus on the fitness-for-purpose of the
monitors/networks, acknowledging that applications are many and
varied, and therefore differing in the requirements for the type and
quality of the data to be obtained. For example, McKercher et al. (2017)
discussed the fit-for-purpose question of monitors of gaseous pollutants.
Recently, Rai et al. (2017) discussed the advacement in sensor/monitor
technology from the end-users perspective.

The ultimate vision is that when the technology matures, there will
be ubiquitous networks of sensors/monitors present everywhere,
someone owning and operating them (governments, municipalities — or
individuals), and many end user applications will be available. Also,
anyone, not necessarily an expert in air pollution monitoring, will be
able to purchase the right type of sensors/monitors for their intended
application, install them and obtain data which will address their
questions although there could be issues concerning data interpretation
by non-experts. To test whether this vision is already within the reach,
two questions can be formulated: (1) Are these technologies fit for the
various purposes envisaged? and (2) How far have these technologies and
their applications progressed to provide answers and solutions (beyond just
demonstrations that they can be utilized)?

The aim of this review is to provide answers to the above questions
based on systematic search and review of peer reviewed publications, as
well as grey literature (e.g. non-peer reviewed industry/government
documents and/or web-based sources).

2. Conceptual framework for utilisation of low-cost air quality
sensors/monitors

The term “low cost” is relative, depending on the users and the
specific purposes, and has been used loosely in the literature. For ex-
ample, U.S. EPA Tier III instrument (US$2000-US$5000) could be low
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Fig. 1. Conceptual framework for the utilisation of low-cost sensing technologies.
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