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Taxonomy of Environmental Sensing in Smart Cities
Christian Nold, 2020
This text analyses the impact of six sensing devices derived from smart cities and
internet of things and suggests they are creating novel environmental practices.
These practices depart radically from the commonly held epistemological
paradigm that environmental data leads to environmental knowledge. Instead the
paper outlines a variety of surprising practices that these devices enable. These
findings suggest a need to reconsider the rhetoric used to describe these devices
and an urgency for further ethnographic research on the practices and ethics of
environmental sensing in smart cities.
Keywords: Environmental Sensing; Smart Cities; Internet of Things

Introduction
Much of the recent scholarship on smart cities has wrestled with the label of
‘smartness’ to try and disentangle its discourse and imaginaries (Vanolo 2013). But
what if we leave this to the side and focus on how cities are already being shaped? This
is not to disregard the effect of imaginaries but to place a focus on observable urban
environmental practices.
The last decade has brought radical transformations in the way environmental
sensing of pollutants is taking place. The classic model that has been adopted by
governments is to erect expensive, stationary hardware at the sides of urban roads to
measure data to identify long-term trends and conform to regulatory standards.
Typically, this hardware will cost around £10,000 ($13,000). Yet recently, new kinds of
low-cost (£150/$180) and portable ‘smart’ devices have emerged, built by hobbyists,
entrepreneurs and researchers to measure air and noise pollution. These devices are
targeted at members of the public who are asked to take part in environmental data

gathering by installing them in their homes or carrying them with them every day. The
best-known example of this is the Safecast radiation monitoring network (Safecast
2011). This emerged in response to the Fukushima nuclear disaster where volunteers
built hardware and provided vital data for the public while the government was
criticised for lack of sensor coverage and public data access. This incident became an
exemplar of bottom-up smart technology and precipitated a global growth in the
availability and use of similar sensing devices developed using crowdfunding platforms
such as Kickstarter and often designed without input from environmental scientists or
experts. A key component of this growth has been an academic and industry discourse
valorising these devices as best practice exemplars of the smart cities and the Internet of
Things (IoT). Fernandez (2013) for example argues “the smart city becomes real when
people can deal with open technologies to build their own public infrastructure for
environmental monitoring” (p.44). In the same vein the Fast Company magazine
suggests these sensors are the “perfect example of how Internet of Things will work in
the future” (Captain 2016, para. 8). The argument is that low-cost sensors make
pollution ‘visible’ for non-expert individuals allowing them to see their personal
exposure and avoid polluted areas as well as change their own behaviour to produce less
pollution. On a collective level the devices are seen as producing vast quantities of data
that can be aggregated to produce environmental datasets that are not available to
governments and institutions. The assumption being that this leads to new knowledge
that creates ‘information power’ (Carton and Ache 2017). According to Bria, each
sensor box “empowers citizens to improve urban life through capturing and analysing
real-time environmental data” (Bria 2014, 2). In return the people are said to become
‘Smart citizens’ that can renegotiate their relationship with governments and institutions
(Townsend et al. 2010; Hemment and Townsend 2013; Hill 2013; Kresin 2013). At the
heart of this argument is a positivist knowledge paradigm where technological data is
framed as neutral and directly leading to knowledge. In effect, ‘more’ data is seen as
creating ‘more’ environmental knowledge.
Yet, this argument doesn’t reflect on the fact that these low-cost sensing devices
might actually be fundamentally different from institutional environmental sensors
(Kumar et al. 2015). In fact, the low-quality data generated by these sensors is often not
comparable to existing data standards and the sensing process often takes place in adhoc settings and contexts. Despite the growing public awareness and importance of

these devices there has been little research on them. Most studies focus on testbed
evaluations of sensor hardware (Choi et al. 2009; Mead et al. 2013), yet few examine
how sensing deployments take place in practice with communities. Bell and Dourish
(2006) suggest that technologists largely frame their devices as future technologies that
will function perfectly within a ‘proximate future’ that is just around the corner. The
effect being that technological artefacts are seen as sketches and the community
practices they generate are treated as “irrelevant or at the very least already out-moded”
(p.134). In this way, smart sensors are similarly framed as anticipatory sketches of a
future technology (Kinsley 2012) and the material practices they create in the present
are largely not evaluated. As a result, only a few researchers (Zandbergen 2017;
Pritchard, Gabrys, and Houston 2018) have probed the ways these sensors are creating
new kinds of sensing practices. What is needed is an overview of the material practices
these smart sensing devices are creating for communities.
Case studies
To engage this gap, this text offers a survey of six case studies of smart
environmental sensing projects and devices see Table 11.
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These case studies are derived from my PhD thesis (Nold 2017) as well as two recent studies
Meet je stad! and Pacco Test that will be described in more detail in forthcoming papers.

Project / Device

What is sensed?

Funding Context

Participants

AirProbe

Air Pollution (carbon

Academic

Paid Recruits

monoxide, nitrogen dioxide,
gasoline and diesel sensor,
ozone, temperature
humidity)
WideNoise

Sound level, geo location

Academic

Public / Recruits

Air Quality Egg

Air Pollution (nitrogen

Commercial

Public

dioxide, carbon monoxide,

Kickstarter

temperature, humidity)
Smart Citizen Kit

‘Ambient’ (nitrogen

Commercial

dioxide, carbon monoxide,

Kickstarter

Public

temperature, humidity, light
& sound level, Wi-Fi)
Meet je stad!

Temperature, humidity, geo

Community

location
Pacco Test

Water Quality (pH,

Residents of
Amersfoort

Community

River Stakeholders

dissolved oxygen, electrical
conductivity, oxidation
reduction potential,
temperature)

Table 1. Overview of the six case studies with the different phenomena being sensed,
their funding contexts and participants.
Table 1 shows the breadth of the six case studies, including sensors focused on a
range of pollutants/phenomena, funding contexts and targeted participants. Yet, what
makes them comparable is their focus on low-cost sensors whose data is uploaded to the
internet, their focus on engaging participants and a common reference to notions of
‘smartness’ and ‘internet of things’. The aim of comparing them is to identify the range
of sensing practices and develop a taxonomy that might highlight patterns across the
devices.

The survey is based on my PhD study (Nold 2017) that involved multiyear
ethnographic observations across Europe of the AirProbe, WideNoise, Air Quality Egg
and Smart Citizen Kit. Due to my paid position on the EveryAware team, I was
involved in configuring the AirProbe and WideNoise devices and had privileged access
to the coordinators of the Air Quality Egg and Smart Citizen Kit. This allowed me to
follow the sensing devices across their lifetime (2011- 2014) from design, usage with
participants and later academic and policy outputs. In addition, the research involved
extensive interviews with participants and users of the sensing devices. The Meet je
stad! and Pacco Test case studies are based on interviews with the respective project
coordinators. Theoretically, the approach of this survey is based on a framework from
actor-network theory (Latour 1987) with attention to the concept of the ‘device’ as a
gathering agent of different agendas (Law and Ruppert 2013). This social science
approach focuses on practices as relationships enacted by humans, technologies and
other kinds of nonhuman actors. This empirical approach is particularly useful for
highlighting tensions between rhetoric and observed reality.
AirProbe
This device was built as part of ‘EveryAware’ 2, an EU funded academic
research project. It combined a hardware sensor box, neural net calibration model,
smartphone app and an online gaming platform. Yet, throughout its development there
was ambiguity about the goals of the project and what the device should be sensing.
Some of the researchers were trying to generate data for air quality modellers as a
public health policy instrument, while others wanted to use it as an online platform for
running experiments on the public. The final implementation of the sensor system was a
mixed reality game where paid participants were asked to carry smart sensors in
multiple European cities. Other participants were playing an online game of guessing
pollution levels at different city locations. What mattered to the researchers was that
they could alter the rules of the game, such as the in-game currency pay-out rate, to see
how the users would change their behaviour. Yet, the hardware sensing devices proved
unreliable and provided misleading data to the participants. This was so pronounced that
some of the participants reported that they had ‘learnt’ that air pollution was higher in
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http://cs.everyaware.eu

parks than next to busy roads. For many of the researchers this was not a problem, since
the sensors were merely a vehicle for running tests on the participants inside a virtual
laboratory. In this case, the low-cost and networking capabilities of the smart sensors
were crucial for enabling experimentation on the public. To summarise, in this case
study the smart sensors were being used for ‘running tests on the public’.
Air Quality Egg and Smart Citizen Kit
These two commercial devices were based on the same gas sensors and are
functionally very similar3. They were both promoted to the public by the project
coordinators as visualising environmental exposure. Yet, in both cases the devices
produced uncalibrated data that users found hard to understand or use. Both devices
provided raw electrical resistance values from the gas sensors rather than pollutant
concentrations in the parts-per-million or billion ranges, which prevented users from
comparing their measurements against official data. The Air Quality Egg coordinators
publicly acknowledged “that any single datapoint that we collect has low value while
the breadth, resolution, and update frequency of the network has high value” (Air
Quality Egg 2012). Interestingly, both projects placed the focus not on the
environmental data but on the smart networking capabilities that allowed data to be sent
to the network. A promotional video for the Smart Citizen Kit described the usage like
this: “I use my kit everyday, normally I take it in the morning just to have a global
awareness of what is going on” (Acrobotic Industries 2013). While another user
suggested, “I check it every day to see how the information is updated and how the data
is uploaded for other people to see” (ibid). Rather than focusing on nitrogen dioxide as
a gas with health impacts, both devices framed the data as abstract network traffic that
demonstrates the integrity of a smart network. The Air Quality Egg was partly funded
by a company that was hosting the project’s data in order to demonstrate the potential of
their internet of things platform. While the language of environmental pollution was
used to encourage people to back the devices, the focus of the projects was on
prototyping globally distributed smart sensing networks. In this case study we see
environmental sensors being used as a vehicle for ‘deploying smart networks.
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The case studies refers to the original Kickstarter versions of the Air Quality Egg and Smart
Citizen Kit. Later versions of the devices use different sensors and hardware configurations.

Meet je stad! (Measure your city)
This project involves residents of the small town of Amersfoort in Holland,
exploring data in relation to climate change. The focus is on the process, experience and
learning involved in creating one’s own sensors rather than trying to measure specific
pollutants. The project coordinators highlight the importance of self-discovery and fun
without pre-defined goals and conceptualise the sensors as building blocks: “if you have
a box of Lego, you start building whatever the Lego allows you to build and you get
better by doing it and you have to start small and just tinker with it, only then you start
to appreciate the capabilities that you have” (author interview). They suggest this
sensor ‘tinkering’ or ‘fiddling’ provides the participants with ‘sensor literacy’ that
extends their skills. Participants start with basic temperature and humidity sensors rather
than complex air quality sensors since the data is not considered as important as the
learning process itself. In the interview, the organisers contrasted their approach with
scientific methods that inhibit participants because they do not have specialist
knowledge to get started with sensing. They also argue that their approach enables
participants to critically assess institutional environmental data and builds social
relations that are key to developing climate resilience at the level of a town. In this case
study, ‘sensing’ is used to provide practical skills and politicise the generation of
knowledge to ‘create community resilience.
Pacco Test
This project’s goal was to create a sensing device that would make water quality
understandable and allow communities and stakeholders in Brussels to take care of local
water bodies. Unfortunately, the project coordinators were overwhelmed by the
technical challenge of building and calibrating the sensing device. They were
disappointed because they felt that it could not measure high-enough quality data and
after a year of development decided to abandon the device. Nevertheless, the team were
pleased that the project process had managed to gather a coalition of actors to manage a
local pond as a common resource. The coordinators suggest that the development of the
sensor brought local residents, politicians, councillors and technical experts together
and agree that maintaining the pond was not just a technical or managerial topic but a
‘community thing’. The project prototyped a novel governance system that designated a
resident with the role of ‘pond master’. "When there's a change in the water parameters

that is alarming people, then there is a roadmap on how to intervene and who needs to
intervene” (author interview). The concept of the Pacco Test was that certain data
thresholds would dictate actions such as turning on a fountain to increase the oxygen in
the pond. The sensor development process meant that competing interest groups such as
fishermen and ecologists had to work together to communally agree governance
thresholds for the pond. Despite the abandonment of the sensor hardware, the charitable
funders perceived the project as a success because it had gathered such a broad range of
actors together. In addition, a politician who had taken part in the project suggested that
it would support their effort to designate the area as a smart city. In this case study, the
smart sensors were used for ‘gathering coalitions’.
WideNoise
WideNoise is a free smartphone app that creates geo-located sound
measurements and collects meta data via sliders and textual tags4. The device has a
complicated history having been designed as a commercial demo and then adopted as an
instrument within academic research. The technical ability of device to sense decibel is
poor, but it is easy to use. As part of the EveryAware research project, the app was
deployed in relation to Heathrow airport in London, where it was framed as measuring
aircraft noise as a contentious issue. The official metrics used to legislate noise at
Heathrow airport rely on modelled averages that do not take into account the sudden
sensory impact of the loud aircraft. This gap meant that local residents and activists
welcomed the app as a tool for demonstrating what they saw as the ‘real noise’ of the
aircraft. Most of the local participants used the app to try and capture the sensory
disturbance of the loud flights. “I was going to take some quiet ones [measurements]
and but don't want them to just pull down the average. I wanted to stress the loudness.
That’s what Heathrow already has is averages. I thought we were trying to say in
reality the loud noise that we are in” (interview quoted in Nold 2017). The way the
participants used the app was to capture peak intensities, which they felt better
represented the sensory impact of the aircraft rather than the airport’s averaging metric.
Furthermore, the pressure group in their press release argued that “the number of people
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This case study refers to version 3.0 of WideNoise later renamed WideNoise Plus as used
during the EveryAware project.

logging readings and the passion of those contributing at community meetings
demonstrates how people are worn down by the noise from Heathrow” (HACAN
ClearSkies 2012). The pressure group didn’t focus on the decibel content of the data as
environmental knowledge. Instead, for both the local participants and the pressure group
the physical practice of gathering environmental data itself became a political act. In
this case study, smart sensors were not used for their epistemic content but for ‘creating
political pressure’.
Discussion
This survey of six case studies has demonstrated that smart cities, and the
Internet of Things are creating diverse and novel environmental sensing practices that
are intertwined with a range of existing agendas. Smart sensors are:
•

running tests on the public,

•

deploying smart networks,

•

creating community resilience,

•

gathering coalitions,

•

creating political pressure.
This list of practices is not meant as an exclusive taxonomy of environmental

sensing, but represents archetypal practices that are recognisable across a variety of
other sensing projects. What is striking is the range of radically different practices the
environmental sensors support and generate. Yet, all the case studies have one thing in
common; the quality of the data from the environmental sensors was not the focus of the
projects. In none of the studies do we see the sensor being used in a straightforward way
to represent the state of the environment. None of the case studies created meaningful
visualisations of environmental exposure that would allow people to reduce their health
impact. There was no simple translation from a measured data point towards more
knowledge about the environment in time or space. Instead, the sensors functioned as
part of larger project goals such as running academic experiments, building commercial
networks, creating community resilience, gathering local coalitions or creating political
impacts. Nevertheless, all the projects described themselves as using sensors to gather
knowledge about the environment.

So, what is going on here? Many people would not recognise experimenting on the
public or building technical networks as ‘environmental’. Indeed, smart sensing devices
offer something radically different from existing environmental sensors and institutional
datasets produced by industry and governments. Instead of creating certainty about
health effects or locating pollutants, these devices are enacting new forms of smart city
environments that I have previously termed ‘neo-environmental sensing’ (Blok et al.
2017). What matters with neo-environmental devices is their low-price, modularity,
networking, tinker-ability, public engagement and high publicity impact. Their unique
ability is to enact new kinds of ‘environments’ that are highly intentioned with a variety
of agendas that stretch beyond pollutants. Fundamentally their aims are to enrol people
and actors into sensing practices that lead to these different agendas being fulfilled.
Across the case studies, the suggestion is not that the sensors or the data were ‘useless’
but rather that they function as social and institutional agents that drive complex
agendas. These findings challenge the epistemic framing of these devices that I
examined earlier. What is needed is a new language for articulating the complex and
subtle enactments of the environment taking place in these sensing practices that would
benefit the broader smart cities and environmental sensing literatures.
Yet, this survey also highlights political and ethical questions about which kinds of
environmental practices should be enacted. Is it ethical to involve the public on the
promise of measuring pollutants when they are only generating arbitrary data, or
treating them as subjects of a behavioural experiment? Yet on the contrary, in the
WideNoise study, a group of activists managed to transform a technically inferior
measuring device into a useful tool for communicating their reality of noise by focusing
not on its epistemic content but its political potential. Some of the practices from this
survey seem to empower communities while others mislead. This range of practices has
the potential to have dramatic impacts on vulnerable pollution affected communities.
Yet, these impacts cannot be identified merely by analysing the discourse of smart cities
or the possibilities and limitations of the sensor hardware. Instead these differences only
come to the fore through an ethnographic focus on people’s practices with smart
technologies. The issue revolves around the extent to which participants can take
ownership of smart devices that are by design: technically complex, networked and
institutionally distributed. Further research is needed to identify what allows some
people to take control of these devices and develop good practice guidelines for ethical

environmental sensing in smart cities. A helpful starting point might be to reject claims
that smart sensing devices create neutral knowledge and engage with processes of
critical ‘tinkering’ as suggested by the Meet je stad! study. Ultimately, it is only by
focusing on ‘sensing practices’ that we can understand the ways that smart city
technologies have already changed our world.
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