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Abstract
Burning solid fuels for home heating is a major source of fine particulate matter (PM2.5) and associated health risks across
Europe. This article reports findings from a pilot study of a voluntary ‘burn alert’ system in Swansea, Wales, aimed at
reducing domestic burning emissions. The system combined dense air quality (AQ) monitoring, postcode-level PM2.5 data,
and behaviorally informed SMS/email alerts discouraging burning during poor air quality episodes. A sequential mixed-
methods design included pre- and post-intervention surveys (n= 49) and follow-up interviews (n= 14). Over four weeks of
use, 84% of participants (n= 41) reported avoiding burning at least once on receipt of an alert. Among those providing
quantitative estimates of burning behavior (n= 47), 606 total hours of avoided burning were reported. AQ literacy also
increased significantly among participants completing both surveys (paired t-test: t(40)= 2.04, p <0.05), with mean scores
rising from 7.9 to 8.6 (out of 12). Using the Integrated Behavioral Model for Water, Sanitation and Hygiene (IBM-WASH),
qualitative findings indicate that engagement was shaped by contextual factors (including energy costs and regulatory
perceptions), psychosocial factors (including trust, self-efficacy and health concerns), and technological factors (including
alert timing and perceived sensor proximity). Although recruitment was low relative to the wider burning population, the
findings indicate that voluntary, hyper-local alert systems may support behavior change and improvements in AQ literacy
among engaged users. Meaningful population-level emission reductions are therefore likely to depend on integrating such
systems within broader regulatory and public information strategies, alongside measures to address household energy
pressures.
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Introduction and Background

Burning solid fuels for home heating is a major source of
fine particulate matter (PM2.5) emissions and a growing
public health concern. Across Europe, over half of PM2.5
emissions originate from domestic burning (European
Environment Agency, 2022), with residential biofuel use
increasing by 82% since 1990 (Kangas et al., 2024: p1490).
Exposure to these emissions is associated with a wide range
of adverse health outcomes across the life course, including

respiratory, cardiovascular and neurodegenerative condi-
tions (Garcia et al. 2023). Current evidence indicates no
known threshold below which PM2.5 exposure does not
pose health risks, with harmful effects observed even at low
concentrations (Yu et al., 2024). As a result, the combined
health-related social costs of domestic burning across the
EU and UK are estimated at around €29 billion per year
(Kortekand et al., 2022: 5)

In this context, domestic burning has become an
increasingly salient policy issue. Following the introduction
of stove emission limits under the EcoDesign Directive
2009/125/EC, the European Commission is considering
stricter regulations from 2027 onwards (Kurmayer, 2025).
In the interim, many European authorities are seeking more
restrictive controls (Eurocities, 2025), contributing to an
uneven and evolving regulatory landscape.

One possible factor contributing to the rise in domestic
burning is low air quality (AQ) literacy among the public
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(Department for Environment, Food and Rural Affairs
[Defra], 2025a; 2024). AQ literacy is a multifaceted con-
struct that describes people’s understanding of how air
pollution is caused, the subtypes that exist, the risks these
create, and how their effects can be mitigated (Sunter et al.,
forthcoming). Across the EU and UK, public awareness of
AQ problems remains limited and has changed little over
the last decade (Defra 2025a; Louro et al., 2024; EC 2022).
On domestic burning specifically, users are often unaware
of its contribution to PM2.5 (Defra 2024), the regulations
governing use (Casey et al., 2023), or that emissions occur
indoors as well as outdoors (Heydon & Chakraborty, 2022).

This has resulted in the intersection of three critical
issues: there is (1) a growing public health risk unfolding
within (2) an inconsistent policy landscape, hindered by
(3) low public awareness that domestic burning is a pro-
blem. In response, this study trialed a pilot, exploratory air
quality alert system designed to discourage domestic
burning during periods of locally elevated PM2.5. This
early-stage trial assessed whether, and how, the system
influenced burning behavior and AQ literacy among users.
To explain patterns of engagement and response, the
Integrated Behavioral Model for Water, Sanitation and
Hygiene (IBM-WASH) was applied as an analytical fra-
mework (Dreibelbis et al., 2013), with Wales serving as
the study location.

The Limits Of Domestic Burning Regulations
in the UK and Wales

Domestic burning is a dominant source of particulate matter
across the UK but is particularly significant in Wales, where
it contributes over one third of annual PM2.5 emissions
(National Atmospheric Emissions Inventory, 2024: 41). In
response, the Welsh Government has introduced a series of
AQ policies, including stricter PM2.5 targets and restric-
tions on the sale of heavily polluting domestic fuels, under
the Environment (Air Quality and Soundscapes (Wales))
Act 2024. The Act also strengthens local authorities’
powers to issue civil penalties for smoke emissions within
Smoke Control Areas (SCAs).

SCAs remain the primary regulatory mechanism for
domestic burning across the UK. They designate specific
geographic zones where use of ‘non-authorized’ fuels or
appliances is prohibited on the basis that these are more
likely to produce visible smoke (Davies, 2025). Author-
ized appliances and fuels are defined by Defra exemption
lists, which specify those permitted under current SCA
rules (see Defra, 2025b; 2025c). However, despite recent
amendments, SCAs exhibit multiple limitations. First, their
geographic coverage is sparse and uneven, leaving large
areas of urban and rural Wales outside their remit (Welsh

Government, 2025). Second, enforcement of SCA rules is
stymied by resource constraints, low public awareness, and
practical difficulties evidencing breaches (Heydon, 2023).
Finally, even when used as intended, authorized appliances
emit substantial quantities of PM2.5. Ecodesign stoves,
which now account for a substantial proportion of stoves
sold in the UK (Stove Industry Association, 2023), emit
over three hundred times the PM2.5 of a gas-fired boiler
(Chief Medical Officer, 2022: xiv). Taken together,
rising stove uptake risks undermining per-appliance effi-
ciency gains and further limiting the effectiveness of the
SCA regime.

Burn alerts offer a way to address several of these
regulatory limitations. Rather than relying on the smoke-
based, area-bound enforcement of SCAs, burn alerts use
behaviorally informed messaging to encourage voluntary
compliance, discourage burning during periods of elevated
PM2.5, and improve AQ literacy among users. By shifting
the emphasis from compliance monitoring to informed
decision-making, such systems aim to reduce emissions
without relying on statutory change or more punitive
regulations.

Study Contributions

This study makes empirical, theoretical and policy con-
tributions. Empirically, it reports the first burn alert trial to
combine a bespoke, high-density official sensor network
with real-time, postcode level PM2.5 data to deliver street-
specific ‘push’ alerts via SMS and email. This level of
spatial granularity and personalization extends the func-
tionality of existing alert systems, which typically rely on
regional averages or require users to manually access
information (Heydon et al., 2024). The study also provides
the first empirical assessment of how engagement with burn
alerts affects AQ literacy, which may be an important pre-
cursor to sustained behavior change (Mogles et al., 2017).
Taken together, these findings add to emerging evidence on
the potential role of local, voluntary AQ interventions in
shaping behavior and improving public understandings in
real-world settings.

Theoretically, the study extends the reach of the IBM-
WASH (Dreibelbis et al., 2013). While the framework was
originally developed to explain technology uptake in low-
income contexts (Paasche et al., 2022; Tamene & Afework,
2021), it has only recently been applied to high-income
settings (Jewitt et al., 2023; Kostas-Polston et al., 2022) and
AQ issues (Clasen & Smith, 2019; Jewitt et al., 2022). By
applying IBM-WASH to a voluntary, digitally mediated AQ
alert system in Wales, this study extends the framework to a
new behavioral domain and socio-economic context. In
doing so, it demonstrates how the model can be used to
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explain uneven engagement, partial compliance, and non-
participation in voluntary interventions.

The findings also have policy relevance. In Wales, as
elsewhere in the UK, SCA rules continue to focus primarily
on visible smoke. This means PM2.5 is addressed only
indirectly under legislation such as the Environment (Air
Quality and Soundscapes (Wales)) Act 2024. Burn alerts
invert this approach by directly targeting particulate matter-
producing behavior, offering a mechanism aligned with the
Act’s objective of reducing population exposure to PM2.5
by 2030. The findings suggest a voluntary system alone is
unlikely to achieve population-level reductions without
wider public awareness and uptake. However, improve-
ments in AQ literacy suggest they may play a role in
building the awareness and engagement on which the
effectiveness of such systems depend.

In this context, burn alerts could complement existing
statutory mechanisms by providing a rapid, relatively low-
cost addition to current monitoring and regulatory approa-
ches. Although enforced alert regimes exist elsewhere (see
Heydon et al., 2024), introducing coercive measures
without public support may be politically contentious,
particularly given the role of energy costs in driving use
(Price-Allison et al., 2023). A voluntary system may
therefore represent a more workable near-term step, while
retaining the potential for later integration with more
stringent SCA-based regulation if needed (see Heydon
et al., 2024).

The IBM-WASH Analytical Framework

The IBM-WASH framework for understanding user behavior
was used for several reasons. First, the previous UK-wide
pilot of a less advanced burn alert system showed high
usability and positive behavior change among users (Heydon
et al., 2024). However, it also identified a variety of factors
beyond the system itself that affected engagement. This
highlighted the need for an analytical lens sensitive to a wide
range of behavioral influences on intervention use. The model
identifies these across five ‘levels’ and three ‘dimensions’ (see
Table 1). The three dimensions capture ‘contextual’ influ-
ences, which speak to the structural features of a setting,
‘psychosocial’ factors, that speak to the opportunity, ability
and motivational determinants of behavior change, and
‘technology’, which focuses on characteristics of the inter-
vention being introduced. Factors within each dimension can
exert influence at four analytical ‘levels’, with a fifth ‘habi-
tual’ level being ‘nested’ within the individual but represented
separately (Dreibelbis et al., 2013: 6).

This model readily transfers to domestic burning. Clasen
and Smith’s (2019) call for ‘the “A” in WASH [to] stand for
Air’ was based on the fundamental similarities betweenTa
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WASH and household air polluting behaviors, the latter of
which extend to domestic combustion. Like cookstoves
(Jewitt et al., 2022), latrines (Tamene and Afework, 2021),
handwashing stations (Hulland et al., 2013), and energy
consumption (Walker & Hope, 2020), burning is woven
into daily routines, motivated by overlapping health and
non-health motivations (Kantar, 2020; Cupples et al., 2007),
and shaped by insufficient policy responses (Heydon,
2023). As with WASH behaviors, domestic burning is
therefore best understood as a routine practice embedded
within wider contexts.

Domestic burning also produces diffuse, community-
level effects that impose disproportionate health burdens on
vulnerable groups, consistent with patterns identified in
WASH research (Paasche et al., 2022). Across England and
Wales, urban areas average 62.5 stoves per km2, more than
twice the rural density of 30.8 km2 (Horsfall et al., 2025).
This clustering intensifies exposure. While Wales-specific
data is sparse, this clustering has been widely evidenced
elsewhere (Kangas et al., 2024; Casey et al., 2021; Kuk-
konen et al., 2020). Much like fecal or water contaminants
in dense WASH settings (Clasen and Smith, 2019), this also
means that individual shifts to cleaner practices are more
effective when occurring at scale. Taken together, these
features illustrate the value of IBM-WASH for not only
understanding the intersecting factors shaping engagement
with burn alert messaging, but also providing targeted
suggestions for future improvement.

Intervention Design

Existing communications research evidences the impor-
tance of locality in perceptions of AQ (Riley et al., 2021).

Accordingly, participants received notifications via SMS
and/or email when AQ at their home postcode crossed a
given threshold (see Section 3.1). This was accompanied by
a website where users could input their postcode and
receive up-to-date AQ information at any time. Figure 1
illustrates the website and alert messaging, the latter of
which was displayed on both the webpage and in the emails.
These were available in both English and Welsh languages.

Alert AQ Thresholds

A set of bespoke thresholds based on one-hour average
PM2.5 concentrations were developed to structure the alerts
in response to three inter-related challenges. First, existing
thresholds in the UK’s Daily Air Quality Index (DAQI) rely
on 24-h averages that smooth out the short-term pollution
spikes associated with domestic burning. This made them less
appropriate for alerting people to episodic, highly-localized
emissions. Second, DAQI thresholds are underpinned by a
relatively sparse official monitoring network designed to
characterize regional trends rather than local-level dynamics
(Louro et al., 2024: 14). This can elicit concerns among
users about the credibility of postcode-level alerts based on
limited sensor coverage (Heydon et al., 2024). Third, any
alert system must balance sensitivity against the risk of both
‘alert fatigue’, where overly-frequent warnings undermine
engagement, and ‘green fatigue’, where prolonged periods of
unchanging messages reduce responsiveness.

The threshold structure and alert design were developed
with these considerations in mind. One-hour PM2.5 con-
centrations were used to detect short-term emission events
in near real-time. This was supported by the installation of
eighteen additional monitors to provide dense, hyper-local
coverage across Swansea. Threshold bands were informed

Fig. 1 Website Home and Example Alert Pages
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by exploratory analysis of three years of historical PM2.5
data across Swansea, and by evidence that no exposure
threshold has been identified below which adverse health
effects do not occur (Committee on the Medical Effects of
Air Pollutants, 2022). Thresholds were therefore set to
produce perceptible changes in alert status without gen-
erating excessive alert frequency, with the intention of
primarily supporting behavioral decision-making. Multiple
color gradations informed by climate changes communica-
tions research (McQuaid et al., 2024), were organized
within a three-part alert hierarchy, making changes in air
quality more visible while maintaining a simple design.

System

The burn alert was accompanied by an animation outlining
the system rationale, guidance on how to use it, and brief
information on the sensor network underpinning the alerts
(see Swansea Burn Alert, 2024). This was intended to
enhance AQ literacy among stove users prior to their
engagement with the system, aligning with established
research in health and environmental psychology high-
lighting the importance of improving AQ awareness
(McCarron et al., 2023). The animation was careful not to
demonize burning practices and included references for all
information provided, with sources drawn from those
deemed trustworthy (see Wood et al., 2023).

AQ data was drawn from Swansea City Council’s
expanded monitoring network. This included one reference-
grade station, five Zephyr units, and eighteen BettAir sensors
reporting at 15–60-min intervals. Both the Zephyr and BettAir

sensors use optical particle counting (light scattering) for
PM2.5 measurement, with manufacturer-reported R² > 0.8
against reference methods under field conditions. These latter
sensors were installed to increase spatial density relative to the
official network and capture local variation in AQ. Sensors
were initially deployed to target specific postcodes, but some
were repositioned during the trial after this approach proved
impractical in certain locations. For this reason, exact sensor
locations – such as using a fixed distribution map – were not
provided to participants.

Postcode-level estimates were generated for every parti-
cipant and messages auto dispatched using the UK Gov-
ernment’s email/SMS alert service in Welsh or English,
depending on participant preference. Alerts followed the
FEMA message structure outlined in Table 2. The messa-
ging for this project used the four-part framing system
known as FEMA: Fact, Evaluation, Motivation, Action.
Previously deployed in behavior change research to reduce
domestic energy consumption and improve layperson
energy literacy (Mogles et al., 2017), Table 2 illustrates the
application of this structure to determine the specific
wording of messages issued at each alert level. Other
research-informed features of message source, content,
channel and recipient designed into the prior system were
continued here (see Heydon et al., 2024).

Methods

The study was conducted in Swansea, a coastal city in
South Wales with an estimated population of approximately

Table 2 Burn Alert Thresholds and Messaging Structure

Alert Level  Alert Color / Text  Threshold  Fact  Evaluation  Motivation  Action  
Burn Alert  Extremely High  >30 ug/m3 Particle pollution on your

street is extremely high
(ug/m3).  

This is well above
guideline limits.   

Exposure to higher
levels of air pollution
can be harmful to you
and your family’s 
health.  

Please avoid lighting your
stove, unless you do not
have an alternative 
source of heating.  Very High  > 20 ug/m3 Particle pollution on your

street is very high (ug/m3).  
Advisory  High  15–20 ug/m3  Particle pollution on your

street is high (ug/m3).   
This is above
guideline limits.   

Exposure to higher
levels of air pollution
can be harmful to you
and your family’s
health.  

Please consider not 
lighting your stove and
using an alternative 
source of heating.   

Please monitor the burn 
alert website as 
conditions may worsen.   

Moderate  10-15 ug/m3  Particle pollution on your
street is moderate (ug/m3). 

This is below but
approaching 
guideline limits.   

Sensitive groups may
experience adverse
effects, especially with
prolonged exposure.   

Particle pollution levels
can change as stoves are
lit. If you can, please
consider an alternative
source of heating.   

No Alert  Fair  0–10 ug/m3  Particle pollution on your
street is low (ug/m3).   

This is well below
guideline limits.   

Exposure at this level
involves minimal health
risks.  

Particle pollution levels
can change as stoves are
lit.   
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238,000 (Swansea Council, 2024). Swansea contains a mix
of urban, suburban and semi-rural neighborhoods, with a
small number of Smoke Control Areas (Welsh Government,
2025). The city was selected due to the presence of an
expanded local authority monitoring network and prior
evidence of concentrated domestic burning emissions
(Lewis, 2023). The intervention was implemented across
multiple Swansea postcodes between December 2024 and
March 2025.

Between December 12, 2024, and March 31, 2025,
49 stove and fireplace users across Swansea were recruited to
test the system over four weeks. Participation was limited to
adults (18+ ), residents with Swansea postcodes, and those
burning solid fuel as a secondary heat source. This latter
exclusion criterion served to minimize the risk of alerts dis-
couraging those without alternative heating from warming
their homes (approx. 5% of stove users; Kantar 2020: 11).

The study was originally designed as a quasi-
experimental intervention comparing area-level outcomes
between intervention and matched control sites. Bilingual
(Welsh and English) letters and leaflets were distributed to
over 3,000 households across 24 areas in Swansea, selected
for their high burner concentrations and levels of depriva-
tion (see Lewis, 2023). However, the exceptionally low
response rate made this comparative design unfeasible. The
study was therefore adapted to a broader exploratory design
using purposive sampling to recruit participants through
social media, council and university email lists. This shift
limited the ability to conduct controlled comparisons or
draw population-level inferences. However, it did provide
insight into the likely uptake of a voluntary alert system
introduced without an accompanying public information
campaign.

A sequential mixed methods research design was used to
evaluate the effects of the burn alert system on stove user
behavior and AQ literacy. This involved three components
administered in turn. First, a structured pre-intervention
survey (Pre-S) was used to capture baseline characteristics,
AQ literacy and pre-existing burning behaviors and per-
spectives (n= 49). Secondly, after four weeks of burn alert
use, a post-intervention survey (Po-S) with the same parti-
cipants was used to compare pre- and post-survey respon-
ses, and capture user experiences. AQ literacy was assessed
using twelve multiple-choice items adapted from the
Swansea Air Quality Literacy Scale (SAQLS; Sunter et al.,
forthcoming). The full SAQLS consists of twenty items
measuring a broad range of AQ-related knowledge (e.g.
engine idling). Here, analysis focused on the subset of items
directly relevant to domestic wood burning. Similarly, the
10-item Positive System Usability Scale (SUS) was used in
the Po-S to assess usability (Hyzy et al., 2022). The pre-
intervention and post-intervention surveys are provided in
Supplementary Information I and II. Finally, follow-up

qualitative online interviews (Int) with a sub-sample
(n= 14) were used to explore these effects and experi-
ences in greater detail.

Participant identifiers used in the analysis combine a
unique participant number with engagement level and data
source. Engagement levels are denoted as High, Moderate,
or Low/No, based on self-reported compliance with burn
alert advice (see Section 5.1). ‘Pre-S’ denotes data drawn
from the pre-intervention survey, ‘Po-S’ from the post-
intervention counterpart, and ‘Int’ indicates data from
follow-up interviews. Qualtrics was used to administer the
surveys. SPSS and Microsoft Excel were used to analyze
quantitative data, while NVivo was used for qualitative
analysis. Interviews were conducted and transcribed using
Microsoft Teams.

Thematic analysis followed Braun and Clarke’s (2006)
six-phase framework, using a hybrid deductive-inductive
approach (Fereday and Muir-Cochrane, 2006). Initial cod-
ing was conducted by one researcher. This was deductively
informed by the IBM-WASH framework while also
allowing for the creation of themes inductively. Coding
proceeded iteratively through repeated reading of tran-
scripts, comparison across responses, and refinement of
themes. Although coding was undertaken by a single
researcher, theme development and supporting extracts
were reviewed and discussed in detail with two co-authors.
These discussions involved reviewing coded extracts, clar-
ifying theme boundaries and refining interpretations. Con-
sistent with reflexive thematic analysis, inter-rater reliability
statistics were not calculated. Open text responses were
analyzed in relation to their corresponding closed survey
items (see Rouder et al., 2021). Quotations exemplify
analytically derived themes rather than representing the full
distribution of responses, consistent with established qua-
litative research practice.

Ethical approval was granted by the University of Not-
tingham’s Ethics Sub-Committee (Ref: 97519) and Swansea
University’s Ethics Committee (Ref: 10523). All partici-
pants provided informed consent prior to participation.
Participation was voluntary, with those taking part informed
of their right to withdraw at any time without penalty.
Survey and interview data were anonymized, stored
securely, and handled in accordance with UK data protec-
tion legislation. No personal identifying information is
reported in this article. All participants who completed both
surveys were entered into a prize draw to win one of twenty
£20 shopping vouchers.

Results

Forty-nine stove users participated in the trial. Sample
characteristics can be viewed in Table 3. The ethnic
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composition was broadly reflective of Swansea’s popula-
tion, though participants were more highly educated than
the local average (Swansea Council, 2024). As the sample
was purposively restricted to domestic burners rather than
the wider population, population-level comparisons should
be understood as providing context only. There is no
baseline against which to assess the socio-demographic
representativeness of stove users in Swansea.

Behavioral and AQ Literacy Outcomes

Over four weeks, 84% (41 of 49) of participants avoided
burning at least once on receipt of an alert. Among these,
participants reported a total of 606.25 h of avoided burning.
This equated to an average reduction of 3.7 h per household
per week. In the pre-intervention survey, participants
reported burning for an average of 9.8 h per week. Com-
pared with the avoided burning reported in the post-
intervention survey, this indicates an average reduction of
around 38%. Using participants’ self-reported avoided
burning hours and the number of alerts they reported acting
on, each acted-on alert corresponded to approximately
3.5 h of avoided burning (IQR: 3–5, median: 4). 11 of 41
participants (27%) who avoided burning at least once also
reported shortening the duration of burns when they did
light. These estimates assume that avoided or shortened
burning episodes would otherwise have occurred in line
with participants’ typical burning patterns, as reported in
the pre-intervention survey. Using only respondents who
fully completed both relevant survey sections (41 of 49),
AQ literacy also improved over the trial period. The mean
pre-system score was 7.91/12 (SD= 1.41), and the post-
system score increased to M= 8.56/12 (SD= 1.45), a
mean change of M= 0.65. A paired t-test indicated a sta-
tistically significant increase from pre- to post-use
(t(40)= 2.04, p <0.05).

While these results show reductions in burning and
improvements in AQ literacy, the outcomes were unevenly

distributed across participants. For analytic purposes, par-
ticipants were grouped according to self-reported engage-
ment with alert advice. High Engagement households (24 of
49; 49%), defined as those who reported ‘always’ or ‘often’
following alert advice, prevented 363.75 h of burning in
total (60% of all avoided burning). Moderate Engagement
households (‘sometimes’ following advice, 11 of 49; 22%)
prevented a further 222 h (36.6%), while Low/No Engage-
ment households (‘rarely’ or ‘never’ following alert advice,
14 of 49; 29%) contributed only 20.5 h (3.4%). This indi-
cates that while the system achieved positive changes
overall, the degree of compliance varied considerably across
households. The following section explores this variation
using the IBM-WASH model to analyze the factors shaping
participant willingness to act on alerts.

IBM-WASH Analysis of Intervention Engagement

Table 4 illustrates that engagement with alerts was shaped
by a combination of contextual, psychosocial and tech-
nological factors operating across levels. Contextual
influences, such as high energy prices, sunk installation
costs, and the availability of cheap or free fuel was seen to
constrain compliance, even where participants accepted
the rationale for the alerts. By contrast, psychosocial
influences, especially health concerns for vulnerable
household members and neighbors, supported higher
levels of engagement and helped frame compliance as
socially responsible behavior. Yet these same motivations
were tempered by wider perceptions of fairness and trust.
Several participants contrasted their own burning with
other sources, such as traffic and industry, and interpreted
‘authorized’ appliance labels as evidence of environmen-
tally legitimate practices, reducing their perceived need to
follow alerts.

Technological factors influenced these responses but
rarely determined them outright. While the system was rated
as highly usable, alert frequency, message timing, and
uncertainty over sensor placement affected trust in the data.
For many, alerts conflicted with routine lighting practices,
and doubts about monitor locations prompted reliance on
sensory cues instead of the system. These findings show
that compliance is not driven solely by system design, but
by the intersection of system features with household rou-
tines (as in Walker & Hope, 2020), financial pressures and
information environments. Voluntary engagement with alert
messaging is therefore contingent on broader socio-
economic contexts as well as the technical features of the
intervention itself.

Although the IBM-WASH model helped to sensitize
analysis to these different dimensions, participant accounts
did not map neatly onto its discrete categories. Instead,
experiences clustered around cross-cutting themes that

Table 3 Sample Characteristics (n= 49)

Characteristic Domestic Burners

Age Mean = 50.2 (SD 12.1), range = 25
to 74 years

Gender 65% Female; 35% Male

Ethnicity 94% White; 4% Mixed; 2% Other

Children ( < 18) in the home 44% Yes; 56% No

Respiratory illness in
household

22% Yes; 78% No

Homeowner 96% Yes; 4% No

In a smoke control area? 2% Yes; 51% No; 47% I don’t know

Alert medium 50% SMS only; 27% SMS & Email;
23% Email only;
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reflected interactions between levels and factors. For this
reason, the findings are presented through four interacting
themes that together explain patterns of differential
engagement, rather than being organized strictly by the
framework. This is also consistent with the ‘hybrid’ coding
approach adopted (see Section 4).

System Usability and Alert Features

Across most measures (see Fig. 2), participants rated the
burn alert system as highly usable (see Fig. 2). The
average System Usability Score (SUS) of 74 places the
system above the benchmark of 68 typically regarded as
‘good’ within the usability literature (Hyzy et al., 2022).
Most considered the system easy to use (38 of 43, 88.4%)
and quick to learn (37 of 43, 86%), with a similar pro-
portion reporting that no technical support (36 of 43,
83.7%) or learning (35 of 43, 81.4%) was required.
Confidence in using the system was also relatively high,
with 72.1% (31 of 43) in agreement. More mixed
responses were given for intuitiveness (21 of 43, 48.8%
agreement) and system integration (17 of 43, 39.5%
agreement), with a relatively large proportion of neutral
responses on both items. These more qualified figures
suggest that, while core system functions worked well,
some aspects of interpretability and coherence could be
developed to improve user experience.

More pointed technological influences on engagement
arose in relation to the frequency and timing of alerts. Despite
design efforts aimed at reducing warning fatigue, participants
across engagement levels commented on the high frequency
of alerts (P48, Moderate, Po-s; P47; High, Po-S). Low
engagers in particular reported disregarding alert messages for
this reason: ‘[If] I followed [the alerts], I feel like I’d never
use my log burner’ (P26, Low/No, Po-S). Similarly, ‘[e]very
day it was the same: avoid lighting your stove…there’s no
point in consulting it’ (P18, Low/No, Po-S).

Table 5 provides more context on this view. Participants
received alerts skewed towards the lower thresholds,
meaning messages would have looked similar because they
tended to cluster in the Advisory category. Moderate alerts
were most commonly received, at around 10 each (IQR 8-
13), whereas Very High and Extremely High alerts were
comparatively rare (Fig. 3). Most participants received
between 15 and 25 alerts over 30 days, with 20 of 49 (41%)
participants receiving twenty or more (see Fig. 4). A second
issue with the alerts concerned their being scheduled too
late in the evening for some, with nine noting they had
already lit their stove by 6 pm. Five of these were in the
Low/No Engagement Category (Po-S) - plausibly as a direct
result of the alerts arriving too late for them. A further three
people in the Low/No Engagement category also noted that
alerts did not coincide with the days in which they plannedTa
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to burn, otherwise they would have complied. Taken
together, these results indicate a need to ensure fewer push
messages, prioritize higher thresholds, and consider tailor-
ing alerts to individual household routines.

The final technological obstacle to engagement was the
absence of detail on exactly where each AQ sensor was
installed. Many raised questions about data quality linked
to sensor proximity, subsequently challenging their
engagement:

[Knowing sensor locations] would certainly make me
trust it more because I’m thinking it’s not a general-
ization of Swansea…. So, [I’d] definitely not light my
log burner.

(P11, High, Int)

The burn alert animation explained that sensor density
had been increased in Swansea for this study but did not
give precise locations. The findings suggest the exact
location of these sensors needs to be communicated, and
that these locations will need to be close to users to increase
trust in the data. In the absence of this, several noted relying
on their senses, which often contradicted alerts (P49, Low/
No; P39, Moderate, Int). As P11 (High, Int) explained, ‘[c]
an’t see it, can’t smell it – it doesn’t exist. So, to be told that
the air quality in my postcode is poor, I’m thinking, well it
must be a monitor somewhere in my postcode…but is it? I
don’t know’.

Fig. 2 Post-Intervention Itemized Usability Scores (n= 43)

Table 5 Distribution of Alerts by Level (n= 49)

Alert Level  Alert Color / Text  Threshold  Mean alerts per
participant (30 days)

Total No. (%) Issued 
over 30 Days 

Burn Alert  Extremely High  >30 ug/m3 0.2 9 (1.1%) 

Very High  > 20 ug/m3 2.8 134 (16.6%) 

Advisory  High  15–20 ug/m3  4.0 191 (23.6%) 
Moderate  10-15 ug/m3  9.9 474 (58.7%) 

No Alert  Fair  0–10 ug/m3  N/A N/A 
Total / / 16.9 808 (100%) 
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Aesthetics and Economics

Consistent with findings elsewhere (Kantar, 2020; Cupples
et al., 2007), co-existing reasons were given for burning.
Among baseline survey respondents (44 of 49), 34 (73%)
reported using their stove to heat the home and 22 (50%) to
save on energy costs. Notably, 17 (39%) selected both
reasons, illustrating a coupling of warmth and affordability.
However, when asked for their priority reason for burning,
aesthetics dominated (17 of 44, 39%), followed by ‘saving
on energy bills’ (14 of 44, 32%) and ‘heating the home’ (11

of 44, 25%). This highlights that while burning is motivated
by multiple factors, aesthetic appeal may continue to sustain
burning behaviors even in the event of declining energy
costs or improved household finances.

Cost-related influences cut across the engagement spec-
trum, though the justification of financial necessity became
more explicit as engagement became less consistent. These
tended to frame burning in financial terms: ‘every time I get
my gas and electric bill, I think I’m going to start using my
burner more’ (P25, Low/No, Po-S; P30, Low/No, Int; P45,
Low/No, Po-S). By contrast, those in the High-engagement

Fig. 3 Distribution of Alerts per Participant by Level (n= 49)

Fig. 4 Total Alerts per Participant in the 30-day Test Period (n= 49)*. *Alert counts are grouped into five-alert bins to aid visual interpretation of
the distribution of alerts received across participants
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category appeared to have more flexibility to use their
central heating. Several of these described burning as a
‘luxury’ (P7, High, Int; P34, High, Po-S), and reported
feeling more able to use central heating on receipt of an
alert. Here, there was greater recourse to available house-
hold finances. P16 (High, Int) noted being in a ‘fortunate
position’ where they could ‘afford to pay our bills’. This
afforded greater flexibility: ‘I’ve got gas central heating,
we’ve got heated blankets…It’s not like I would have
actually frozen to death if I didn’t use it’ (P9, High, Int).

Relatedly, many participants reported being able to
access wood locally for very little or no cost. Low-cost fuel
options, including salvaged or free wood, were burned by
55% (24 of 49) of participants. As reflected in the qualita-
tive data: ‘I don’t pay for the wood, I’ve got a friend who’s
got a forest… every year he delivers me a pile’ (P41, High,
Int). Once woodpiles are stocked and readily available,
perceptions of cost are lower than alternative heating
methods: ‘[with] the abundance of wood in my store out-
side, for me it’s a no-brainer… it’s almost like free heating’
(P1, Low/No, Int). In the context of energy prices perceived
as high, the availability of low-cost fuels further positions
burning as a cost-effective option.

The initial cost of purchasing and installing a stove also
affected alert engagement as burning was seen as a way to
recover that initial outlay. Mirroring wider evidence of
households turning to wood burning in response to rising
energy prices (Price-Allison et al., 2023), participants across
the engagement spectrum noted that stopping burning
entirely was unfeasible because of this sunk cost:

I’ve just spent a good few thousand installing this
burner and I haven’t yet kind of reached net zero…in
terms of recouping the cost yet… I’m definitely, for
that reason, not going to stop burning completely.

(P20, High, Int)

Even if you know about the impact of pollution caused
by them, you’ve spent over £1000 installing one.
You’re going to just stop using it?

(P40, Low/No, Int)

Taken together, these cost-related justifications cannot be
explained solely by reference to income. Participant occu-
pations and qualifications varied, and burning cut across
these socio-economic differences as a perceived means of
reducing household costs. Participants were predominantly
employed in the education sector (32%, 15 of 49) and health

services (19%, 9 of 49), with additional representation from
public administration (9%, 4 of 49). Participants were also
highly educated; 85% (41 of 49) held undergraduate and
postgraduate degrees, while 15% (7 of 49) reported voca-
tional, college or secondary education. Most were also
homeowners (96%, 45 of 49). Yet, burning was widely
framed as one of the few cost-saving options available in a
period of rising living expenses, where food, energy, and
mortgage costs were seen to be increasing. In this context, the
ability to offset heating costs through wood burning was seen
as a tangible, controllable action, even among those other-
wise relatively financially secure.

Information Environment

The information environment surrounding domestic burning
shaped how participants understood their practices and, in
turn, responded to alerts. For some, inconsistent avoidance
was justified through a combination of perceived existing
compliance and environmental discounting. Participants
described feeling unfairly targeted by alert messages because
they believed their burning was environmentally acceptable.
This perception was grounded in their reading of ‘authorized’
appliance labels such as ‘EcoDesign’, ‘ClearSkies’, and
‘Defra-approved’. Rather than being understood as minimum
technical standards, these were interpreted as evidence of their
environmentally responsible burning:

We installed it thinking it was low carbon… we were
very keen on reducing our carbon impact.

(P46, High, Int)

They’re so easily available to buy… there’s no
restrictions to make people think, oh this could
potentially be a negative thing.

(P34, Moderate, Int)

There’s a huge amount of fear, uncertainty and
doubt… people see the labels and think they’re fine.

(P49, Low/No, Int)

For some, this label-based assurance allowed for envir-
onmental discounting, where use of ‘authorized’ appliances
was seen to offset the need to comply with alerts. As P2
(Low/No, Int) explained, ‘I’ve got an eco-burner…I like to
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feel that I’ve done everything that was expected of me, to
allow me to burn wood without worrying about it’. Simi-
larly, ‘[i]f I am burning cleaner than 98% of those with a
wood burner, why should I stop?’ (P49, Low/No, Po-S).
Such interpretations reflect a broader tendency, evidenced
elsewhere (Heydon & Chakraborty, 2022), where technical
standards are taken to indicate environmental credentials
extending beyond AQ.

These interpretations may be related to the limited and
predominantly commercial origins of information about
burning (see Fig. 5). Of the 44 people answering this
question, baseline survey data indicated that 25% (11 of 44)
had ‘never’ received guidance, 66% (29 of 44) a ‘moderate’
amount, and 9% (4 of 44) a ‘great deal’. Of the 33 who had
received information, the dominant source was industry (21
of 33), while only one participant recalled receiving infor-
mation from government. Awareness of smoke control
regulations was also low. Among baseline respondents (43
of 49), two lived in an SCA but almost half (20 of 43,
46.5%) did not know (see Table 3). As (P34, Moderate, Int)
noted, ‘we used to have smoke control areas. Are they still a
thing?’, and (P40, Never, Int), ‘I thought it was just for coal
back in the day. No-one tells you if it applies to wood
burners’. Taken together, broad interpretations of ‘author-
ized’ appliance labels, an absence of independent informa-
tion sources beyond those with a commercial interest, and
limited regulatory awareness, combined to influence alert
engagement. These therefore indicate potential avenues for
future policy action.

Social Responsibility and Self-Efficacy

Health concerns were a significant motivator for those
more consistently complying with alerts. Eleven of the 49

(23%) participants reported a health vulnerability in the
household, six of whom were high engagers. Yet concern
extended more broadly, with almost half of high engagers
(10 of 24, 42%) citing health impacts as a factor under-
pinning compliance. For some, this derived from direct
personal or household experiences of worsened symptoms
following lighting (P29, High, Int; P9, High, Int). For
others, health concerns extended to the wellbeing of oth-
ers, with compliance justified because they had ‘no wish
to add to my neighbors’ burden or exposure’ [sic] (P30,
High, Po-S):

The thought of me sending stuff out into the
atmosphere for other kids in the street that might
have respiratory conditions, or adults that have them
– it definitely did make me rethink (P7, High, Int).

Some of my neighbors really aren’t that fit and
healthy, some have kids, some are older, some are
really poorly (P31, High, Int).

For higher engagers, compliance was therefore often
framed as a form of social responsibility rooted in health
concerns. However, responses were tempered by varying
perceptions of self-efficacy in the context of other pollu-
tion sources. Local industry (especially the Port Talbot
steelworks), vehicles, wildfires, and other domestic bur-
ners, were all cited as persistent and under-regulated
contributors to poor AQ that perhaps excused individual
burning. While higher engagers saw their own actions to
curtail or manage burning as still meaningful in this
context (P9, High, Int), those in other categories expressed
less certainty:

Fig. 5 Sources for Guidance on Burning
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I was more likely to follow the advice when the alert
was at Medium, as it felt more like we could make a
difference.

(P14, Moderate, Po-S).

I don’t know, really, how much difference I would
make. I’m only one person, one household.

(P28, Moderate, Int).

My road is pretty heavily trafficked by motor vehicles,
and I doubt lighting or not lighting my stove is going
to be a game changer.

(P49, Low/No, Po-S).

Taken together, health concerns and a sense of social
responsibility supported greater engagement, particularly
among high engagers. Yet varying perceptions of self-effi-
cacy, and forms of environmental discounting, shaped how
far these motivations translated into consistent compliance.

Discussion

This pilot study examined whether a voluntary, hyper-local
burn alert system could supplement existing domestic
burning controls by discouraging lighting during high
PM2.5 episodes, improving AQ literacy, and reducing
emissions at source. Among participants who engaged with
the system, alerts were associated with substantial reduc-
tions in reported burning and improvements in AQ literacy
over the four-week trial. While causal inference is limited,
these findings suggest that behaviorally informed alerts
combining local AQ data, health framing and clear recom-
mendations to avoid burning can support short-term chan-
ges in emission-producing practices. This reinforces
evidence on the effectiveness of concise and actionable
messaging in AQ communications (Riley et al., 2021;
Sunter et al., forthcoming).

These effects were, however, unevenly distributed. To
understand how the system influenced burning behavior and
AQ literacy, the IBM-WASH framework was used to ana-
lyze engagement. While technological factors such as alert
design and timing acted as important enablers, engagement
was also shaped by contextual and psychosocial influences.
These included energy costs, household routines, health

vulnerabilities, trust in the intervention, and the signaling
effects of ‘authorized’ appliance labeling. Taken together,
the results indicate that while voluntary burn alerts can
dissuade burning and improve AQ literacy among users,
uptake and sustained engagement are strongly influenced by
factors outside of the intervention itself.

A central insight from this study is therefore that, although
burn alerts may reduce emissions among engaged users,
population-level effectiveness is likely to be constrained by
limited uptake. As with other WASH and household AQ
interventions, impact scales with participation (Clasen &
Smith, 2019). Low recruitment relative to the estimated
burning population of Swansea suggests that wider con-
textual factors restrict engagement. AQ remains low on the
public agenda, (Defra, 2025a: 52), willingness to reduce
domestic burning is limited (Defra, 2025a: 58), and support
for additional regulation is weak (Defra, 2025a: 61). These
constraints are compounded by persistently high energy costs
(Pittaway & Try, 2025), with domestic burning often per-
ceived as a strategy for managing household expenditure
(Defra, 2024; Price-Allison et al., 2023). In this context, low
uptake of a system that discourages stove use is perhaps
unsurprising. It may also help to explain why burn alert
schemes elsewhere rely on enforcement mechanisms to
sustain participation (see Heydon et al., 2024: 773).

Encouraging wider uptake is further challenged by the
nature of the behavior targeted. Many AQ interventions
focus on behaviors aimed at reducing exposure, where the
social acceptability of the underlying activity is left
unquestioned. By contrast, burn alerts directly target
emission-producing behaviors. By linking harm reduction
to use reduction, they implicitly challenge the widely
accepted framing of domestic burning as a harmless activity
embedded in routine practice. This tension is reinforced by
a policy landscape that continues to legitimate stove use
through ‘authorized’ appliance labels and SCA exemptions.
As AQ standards tighten and awareness of health impacts
grows, other interventions that target equally normalised
behaviors could become contested in similar ways (Air
Quality Expert Group, 2024).

To mitigate these tensions and improve uptake and
engagement, the findings indicate that effective voluntary
burn alert systems would benefit from interventions at
multiple levels. Drawing on the IBM-WASH framework,
these include strengthening public information and adver-
tising standards at the societal level; incorporating partici-
patory design approaches at the community level (see Cibin
et al., 2025); and improving system usability, relevance and
feedback at the household and individual level. Table 6
provides a structured summary of these recommendations,
linking proposed actions to IBM-WASH dimensions and
the contextual, psychosocial and technological factors
shaping engagement.
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Study Limitations

Several limitations should be considered when interpreting
these findings. First, the study relied primarily on self-
reported survey data to assess compliance, attitudes, and
behavior change. Although these were supplemented by
open-text responses and follow-up interviews to improve
internal validity, the influence of social desirability and
recall biases cannot be excluded. Participants also entered
the trial with varying levels of AQ knowledge. While AQ
literacy improved on average, differences in prior under-
standing may have shaped how alerts were interpreted and
acted upon.

Second, ambient AQ concentrations during the trial were
influenced by factors beyond domestic burning, including
meteorological conditions (e.g. wind speed and direction,
boundary layer height and precipitation), housing char-
acteristics (such as proximity to roads), and background
pollution sources (including traffic, industrial emissions and
transboundary transport). Meteorological normalization
techniques were considered but not implemented, as the
primary aim was to assess behavioral responses to alerts
rather than attribute concentration changes to specific
emission sources.

Third, the sample was small relative to the estimated
burning population of Swansea (see Lewis, 2023). While
this reflects the voluntary nature of the system, approx-
imating likely uptake under similar real-world conditions, it
limits the generalizability of the findings. The four-week
trial period also restricts conclusions about the durability of
behavioral change and AQ literacy gains over time. Longer-
term evaluation would be helpful to assess sustained
engagement and potential cumulative effects.

Conclusion

This pilot study demonstrates that a voluntary, hyper-local
burn alert system can reduce domestic burning and improve
AQ literacy among participating households. However, it
also shows that engagement with the system is uneven, and
shaped by wider contextual, psychosocial and technological
factors. As an exploratory intervention, the study does not
provide population-level estimates of impact, but offers
insight into the mechanisms, constraints and opportunities
associated with voluntary approaches to domestic burning
control. The findings suggest that voluntary alerts are best
understood as an episode-specific, decision-support inter-
vention, rather than a stand-alone solution to structurally
embedded sources of domestic emissions.

Within these limits, the findings suggest that burn alerts
could be most effective when embedded within broader
strategies aimed at addressing household energy

pressures, increasing low public AQ literacy, and
improving trust in interventions. Future research should
assess whether such complementary measures increase
uptake, examine the durability of behavioral and literacy
effects over longer periods, and determine whether there
would be utility in burn alerts being incorporated into a
modified regulatory regime.

Data Availability

The data that support the findings of this study are available
from the authors upon reasonable request.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00267-026-02463-8.

Author Contributions All authors contributed to the study conception
and design. Material preparation, data collection and analysis were
performed by James Heydon, Menna Price, Kori Sunter and Caitlin
Bunce. The first draft of the manuscript was written by James Heydon
and all authors commented on previous versions of the manuscript. All
authors read and approved the final manuscript.

Funding This study was funded by the Welsh Government Local Air
Quality Management Fund. James Heydon, Menna Price and Paul
Lewis serve on air quality advisory boards for Welsh Government. The
research involved human participants. Each provided free, prior and
informed consent before taking part.

Compliance with ethical standards

Conflict of interest The authors declare no competing interest.

Disclaimer The views expressed are those of the authors and not
necessarily those of the UK Health Security Agency (UKHSA).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Air Quality Expert Group (2024) Air pollution horizon-scanning:
Seven potential risks of relevance to the UK, available at: https://
uk-air.defra.gov.uk/library/reports?report_id=1161

Braun V, Clarke V (2006) Using thematic analysis in psychology. Qual
Res Psychol 3:77–101. https://doi.org/10.1191/1478088706qp063oa

Environmental Management          (2026) 76:171 Page 15 of 17   171 

https://doi.org/10.1007/s00267-026-02463-8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://uk-air.defra.gov.uk/library/reports?report_id=1161
https://uk-air.defra.gov.uk/library/reports?report_id=1161
https://doi.org/10.1191/1478088706qp063oa


Casey J, Grieve A, Fuller, G (2021) Mapping hotspots of outdoor
air pollution from solid fuel burning in Islington. London:
London Borough of Islington. Available at: https://www.
islington.gov.uk/-/media/sharepoint-lists/public-records/
environmentalprotection/information/adviceandinformation/
20222023/mapping-solid-fuel-hotspots.pdf (Accessed: 3
August 2025)

Casey J, Mittal L, Buchanan L, Fuller G, Mead I (2023) London Wood
Burning Project: Air quality data collection. Imperial College
London. Available at: https://www.imperial.ac.uk/school-public-
health/environmental-research-group/research/measurement/
london-wood-burning-project-air-quality-data-collection/ (Acces-
sed: 3 August 2025)

Chief Medical Officer (2022) ‘Chief Medical Officer’s Annual Report:
Air Pollution’, available at: https://www.gov.uk/government/
publications/chief-medical-officers-annual-report-2022-air-
pollution (Accessed: 3 August 2025)

Cibin R, Horgan L, Ciolfi L, Dockray S, Murphy G, Venables D,
Cassarino M (2025) Promoting air quality-related awareness and
behavioural change: a rapid review of communication interven-
tions integrating behavioural, science communication and socio-
ecological perspectives. Environ Chall 20:101237. https://doi.org/
10.1016/j.envc.2025.101237

Clasen TF, Smith KR (2019) Let the “A” in WASH stand for Air:
Integrating research and interventions to improve household air
pollution (HAP) and water, sanitation and hygiene (WASH) in
low-income settings. Environ Health Perspect 127(2):25001.
https://doi.org/10.1289/EHP4752

Committee on the Medical Effects of Air Pollutants (2022) Response
to publication of the World Health Organization Air Quality
Guidelines 2021, available at: https://www.gov.uk/government/
publications/comeap-statement-response-to-who-air-quality-
guidelines-2021/comeap-statement-response-to-publication-of-
the-world-health-organization-air-quality-guidelines-2021
(Accessed 13 January 2026)

Cupples J, Guyatt V, Pearce J (2007) ‘“Put on a Jacket, You Wuss”:
Cultural identities, home heating, and air pollution in Christch-
urch, New Zealand’. Environ Plan A 39(12):2883–2898

Davies K (2025) Breathing Clean Air. South Yorkshire Sustainability
Centre. Available at: https://shura.shu.ac.uk/35190/1/Davies%20-
%20Breathing%20Clean%20Air%20-%20Was%20the%20Past%
20More%20Sustainable.pdf (Accessed 3 August 2025)

Defra (2024) Domestic Burning Practices in the UK, available at:
https://sciencesearch.defra.gov.uk/ProjectDetails?ProjectId=
21104 (Accessed 9 January 2026)

Defra (2025a) Survey on Attitudes to the Environment: Wave 4.
Available at: https://sciencesearch.defra.gov.uk/ProjectDetails?
ProjectId=20907 (Accessed 15 August 2025)

Defra (2025b) Authorised/Certified Fuels for Wales, available at:
https://smokecontrol.defra.gov.uk/fuels-php/wales/ (Accessed 7
January 2026)

Defra (2025c) Exempt Appliances Wales, available at: https://
smokecontrol.defra.gov.uk/appliances-php/wales/ (Accessed 7
January 2026)

Dreibelbis R, Winch PJ, Leontsini E, Hulland KR, Ram PK, Uni-
comb L, Luby SP(2013) The Integrated Behavioural Model for
Water, Sanitation, and Hygiene: a systematic review of beha-
vioural models and a framework for designing and evaluating
behaviour change interventions in infrastructure-restricted set-
tings BMC Public Health 13:10–15. https://doi.org/10.1186/
1471-2458-13-1015

Eurocities (2025) ‘Cities call for stronger EU rules on new wood-
burning heaters to tackle deadly air pollution’, Eurocities News,
21 January. Available at: https://eurocities.eu/latest/cities-call-for-
stronger-eu-rules-on-new-wood-burning-heaters-to-tackle-dea
dly-air-pollution/ (Accessed: 3 August 2025)

European Commission (2022) Special Eurobarometer on Attitudes of
Europeans towards air quality. Available at: https://europa.eu/
eurobarometer/surveys/detail/2660 (Accessed 3 August 2025)

European Environment Agency (2022) Premature deaths due to air
pollution continue to fall in the EU, more efforts needed to
deliver a toxic-free environment. Available at: https://www.eea.
europa.eu/en/newsroom/news/premature-deaths-due-air-pollution
(Accessed 15 September 2025)

Fereday J, Muir-Cochrane E (2006) Demonstrating rigor using the-
matic analysis: a hybrid approach of inductive and deductive
coding and theme development. Int J Qual Methods 5(1):80–92.
https://doi.org/10.1177/160940690600500107

Garcia A, Santa-Helena E, De Falco A, de Paula Ribeiro J, Gioda A,
Gioda CR (2023) Toxicological effects of fine particulate matter
(PM2.5): health risks and associated systemic injuries-systematic
review. Water Air Soil Pollut 234:346. https://doi.org/10.1007/
s11270-023-06278-9

Heydon J (2023) Between Ordinary Harm and Deviance: Evaluating
the UK’s Regulatory Regime For Controlling Air Pollution From
Wood Burning Stoves. Br J Criminol 63(6):1504–1522. https://
doi.org/10.1093/bjc/azac102

Heydon J, Chakraborty R, Patel V, Wood C, Wood M, Bunce C
(2024) Reconceiving Domestic Burning Controls: Air Quality
Alerts, Behavioural Responsive Regulation, and Designing for
Compliance. Environ Manag 75:761–777. https://doi.org/10.
1007/s00267-024-02014-z

Heydon J, Chakraborty, R (2022) ‘Wood burning stoves, participatory
sensing, and ‘cold stark data”, SN Soc Sci, 2(19), https://doi.org/
10.1007/s43545-022-00525-2

Horsfall L, Kennedy C, Shelton N, Taylor J, Hurst JR, Loxham M,
Dennett A, Hardelid P (2025) Where are the wood burners in
England and Wales? available at: https://storymaps.arcgis.com/
stories/9231a18627b94b3a80e4f33fb3b4a9fd (Accessed 15 Jan-
uary 2026)

Hulland K, Leontsini E, Dreibelbis R, Unicomb L, Afroz A, Dutta NC,
Nizame F, Luby S, Ram P, Winch P (2013) Designing a hand-
washing station for infrastructure-restricted communities in
Bangladesh using the integrated behavioural model for water,
sanitation and hygiene interventions. BMC Public Health
13(1):877. https://doi.org/10.1186/1471-2458-13-877

Hyzy M, Bond R, Mulvenna M, Bai L, Dix A, Leigh S, Hunt S (2022)
System Usability Scale benchmarking for digital health apps:
Meta-analysis. JMIR mHealth uHealth 10(8):e37290. https://doi.
org/10.2196/37290

Jewitt S, Smallman-Raynor M, Binaya KC, Robinson B, Adhikari P,
Evans C, Karmacharya B, Bolton CE, Hall IP (2022) Domes-
ticating cleaner cookstoves for improved respiratory health:
Using approaches from the sanitation sector to explore the
adoption and sustained use of improved cooking technologies in
Nepal. Soc Sci Med 308:115201. https://doi.org/10.1016/j.
socscimed.2022.115201

Jewitt S, Smallman-Raynor M, McClaughlin E, Clark M, Dunham
S, Elliott S, Munro A, Parnell T, Tarlinton R (2023) Exploring
the responses of smallscale poultry keepers to avian
influenza regulations and guidance in the United Kingdom.
Heliyon 9(9):e19211. https://doi.org/10.1016/j.heliyon.2023.
e19211. Article

Kangas L et al. (2024) The contribution of residential wood com-
bustion to the PM₂.₅ concentrations in the Helsinki metropolitan
area. Atmos Chem Phys 24:1489–1507. https://doi.org/10.5194/a
cp-24-1489-2024

Kantar (2020) Burning in UK Homes and Gardens. Available at:
https://uk-air.defra.gov.uk/library/reports?report_id=1014
(Accessed: 3 August 2025)

Kortekand M, de Vries J, van Berkel P, and de Bruyn S (2022) Health-
related social costs of air pollution due to residential heating and

  171 Page 16 of 17 Environmental Management          (2026) 76:171 

https://www.islington.gov.uk/-/media/sharepoint-lists/public-records/environmentalprotection/information/adviceandinformation/20222023/mapping-solid-fuel-hotspots.pdf
https://www.islington.gov.uk/-/media/sharepoint-lists/public-records/environmentalprotection/information/adviceandinformation/20222023/mapping-solid-fuel-hotspots.pdf
https://www.islington.gov.uk/-/media/sharepoint-lists/public-records/environmentalprotection/information/adviceandinformation/20222023/mapping-solid-fuel-hotspots.pdf
https://www.islington.gov.uk/-/media/sharepoint-lists/public-records/environmentalprotection/information/adviceandinformation/20222023/mapping-solid-fuel-hotspots.pdf
https://www.imperial.ac.uk/school-public-health/environmental-research-group/research/measurement/london-wood-burning-project-air-quality-data-collection/
https://www.imperial.ac.uk/school-public-health/environmental-research-group/research/measurement/london-wood-burning-project-air-quality-data-collection/
https://www.imperial.ac.uk/school-public-health/environmental-research-group/research/measurement/london-wood-burning-project-air-quality-data-collection/
https://www.gov.uk/government/publications/chief-medical-officers-annual-report-2022-air-pollution
https://www.gov.uk/government/publications/chief-medical-officers-annual-report-2022-air-pollution
https://www.gov.uk/government/publications/chief-medical-officers-annual-report-2022-air-pollution
https://doi.org/10.1016/j.envc.2025.101237
https://doi.org/10.1016/j.envc.2025.101237
https://doi.org/10.1289/EHP4752
https://www.gov.uk/government/publications/comeap-statement-response-to-who-air-quality-guidelines-2021/comeap-statement-response-to-publication-of-the-world-health-organization-air-quality-guidelines-2021
https://www.gov.uk/government/publications/comeap-statement-response-to-who-air-quality-guidelines-2021/comeap-statement-response-to-publication-of-the-world-health-organization-air-quality-guidelines-2021
https://www.gov.uk/government/publications/comeap-statement-response-to-who-air-quality-guidelines-2021/comeap-statement-response-to-publication-of-the-world-health-organization-air-quality-guidelines-2021
https://www.gov.uk/government/publications/comeap-statement-response-to-who-air-quality-guidelines-2021/comeap-statement-response-to-publication-of-the-world-health-organization-air-quality-guidelines-2021
https://shura.shu.ac.uk/35190/1/Davies%20-%20Breathing%20Clean%20Air%20-%20Was%20the%20Past%20More%20Sustainable.pdf
https://shura.shu.ac.uk/35190/1/Davies%20-%20Breathing%20Clean%20Air%20-%20Was%20the%20Past%20More%20Sustainable.pdf
https://shura.shu.ac.uk/35190/1/Davies%20-%20Breathing%20Clean%20Air%20-%20Was%20the%20Past%20More%20Sustainable.pdf
https://sciencesearch.defra.gov.uk/ProjectDetails?ProjectId=21104
https://sciencesearch.defra.gov.uk/ProjectDetails?ProjectId=21104
https://sciencesearch.defra.gov.uk/ProjectDetails?ProjectId=20907
https://sciencesearch.defra.gov.uk/ProjectDetails?ProjectId=20907
https://smokecontrol.defra.gov.uk/fuels-php/wales/
https://smokecontrol.defra.gov.uk/appliances-php/wales/
https://smokecontrol.defra.gov.uk/appliances-php/wales/
https://doi.org/10.1186/1471-2458-13-1015
https://doi.org/10.1186/1471-2458-13-1015
https://eurocities.eu/latest/cities-call-for-stronger-eu-rules-on-new-wood-burning-heaters-to-tackle-deadly-air-pollution/
https://eurocities.eu/latest/cities-call-for-stronger-eu-rules-on-new-wood-burning-heaters-to-tackle-deadly-air-pollution/
https://eurocities.eu/latest/cities-call-for-stronger-eu-rules-on-new-wood-burning-heaters-to-tackle-deadly-air-pollution/
https://europa.eu/eurobarometer/surveys/detail/2660
https://europa.eu/eurobarometer/surveys/detail/2660
https://www.eea.europa.eu/en/newsroom/news/premature-deaths-due-air-pollution
https://www.eea.europa.eu/en/newsroom/news/premature-deaths-due-air-pollution
https://doi.org/10.1177/160940690600500107
https://doi.org/10.1007/s11270-023-06278-9
https://doi.org/10.1007/s11270-023-06278-9
https://doi.org/10.1093/bjc/azac102
https://doi.org/10.1093/bjc/azac102
https://doi.org/10.1007/s00267-024-02014-z
https://doi.org/10.1007/s00267-024-02014-z
https://doi.org/10.1007/s43545-022-00525-2
https://doi.org/10.1007/s43545-022-00525-2
https://storymaps.arcgis.com/stories/9231a18627b94b3a80e4f33fb3b4a9fd
https://storymaps.arcgis.com/stories/9231a18627b94b3a80e4f33fb3b4a9fd
https://doi.org/10.1186/1471-2458-13-877
https://doi.org/10.2196/37290
https://doi.org/10.2196/37290
https://doi.org/10.1016/j.socscimed.2022.115201
https://doi.org/10.1016/j.socscimed.2022.115201
https://doi.org/10.1016/j.heliyon.2023.e19211
https://doi.org/10.1016/j.heliyon.2023.e19211
https://doi.org/10.5194/acp-24-1489-2024
https://doi.org/10.5194/acp-24-1489-2024
https://uk-air.defra.gov.uk/library/reports?report_id=1014


cooking in the EU27 and UK. Available at: https://cedelft.eu/wp-
content/uploads/sites/2/2022/03/CE_Delft_210135_Health-rela
ted_social_costs_of_residential_heating_and_cooking_Def_V1.
2.pdf (Accessed 15 September 2025)

Kostas-Polston, E, Buechel, J, Ryan-Wenger, R, Remesz-Guerrette, J
(2022) U.S. active-duty service women's urogenital health and
operational readiness through the lens of the IBM-WASH model:
A systematic integrative review, Applied Nursing Research,
67,151620, https://doi.org/10.1016/j.apnr.2022.151620

Kukkonen J, López-Aparicio S, Segersson D, Geels C, Kangas L,
Kauhaniemi M et al. (2020) The influence of residential wood
combustion on the concentrations of PM2.5 in four Nordic cities.
Atmos Chem Phys 20:4333–4365. https://doi.org/10.5194/acp-
20-4333-2020

Kurmayer N (2025) ‘Controversial EU clampdown on wood stoves
delayed’, Euractiv, 6 March. Available at: https://www.euractiv.
com/section/eet/news/controversial-eu-clampdown-on-wood-
stoves-delayed/ (Accessed: 3 August 2025)

Lewis P (2023) Health Impact Analysis and Risk Assessment of
Particulate Matter Emissions from Domestic Burning in Swansea,
Llanelli [unpublished report], The Beacon Centre for Enterprise

Louro B, Pittman J, Gil R, Chakravarty S, Day C, O’Hare E, Fouklava
N, Chong D, Bartington S, Nikkah-Eshghi, Ducie S (2024)
Evaluation of the Daily Air Quality Index (DAQI): Appendices.
Report for Defra (AQIS review). Available at: https://uk-air.defra.
gov.uk/assets/documents/reports/cat05/2503060822_3-1_Daily_
Air_Quality_Index_Evaluation_Appendix_1.pdf (Accessed: 3
August 2025)

McCarron A, Semple S, Braban CF, Heal MR, Vieno M, MacKenzie
IA et al. (2023) ‘Public engagement with air quality data: Using
health behaviour change theory to support exposure-minimising
behaviours’. J Exposure Sci Environ Epidemiol 33:321–331.
https://doi.org/10.1038/s41370-022-00449-2

McQuaid J, Pringle K, Illingworth S (2024) ‘These colourful diagrams
show how air quality has changed in over 100 countries since
1850’, The Conversation, 5 March. Available at: https://
theconversation.com/these-colourful-diagrams-show-how-air-qua
lity-has-changed-in-over-100-countries-around-the-world-since-
1850-237079 (Accessed: 3 August 2025)

Mogles N, Walker I, Ramallo-González A, Lee J, Natarajan S, Padget
J, Gabe-Thomas E, Lovett T, Ren G, Hyniewska S, O’Neill E,
Hourizi R, Coley D (2017) How smart do smart meters need to
be? Build Environ 125:439–450. https://doi.org/10.1016/j.
buildenv.2017.09.008

National Atmospheric Emissions Inventory (2024) Air pollutant
inventories for England, Scotland, Wales, and Northern Ireland:
2005:2022. Available at: https://naei.energysecurity.gov.uk/sites/
default/files/2024-10/DA_Air_Pollutant_Inventories_2005-2022.
pdf (Accessed 15th September 2025)

Paasche T, Whelan M, Nahirney M, Olemshumba S, Bastien S (2022)
An Application of the Integrated Behavioral Model for Water,
Sanitation and Hygiene to Assess Perceived Community
Acceptability and Feasibility of the Biosand Filter among Maasai

Pastoralists in Rural Tanzania. Am J Trop Med Hyg
106(2):464–478. https://doi.org/10.4269/ajtmh.21-0398

Pittaway J, Try A (2025) Bare necessities: How to reduce the cost of
essentials in 2025. London: Resolution Foundation. Available at:
https://www.resolutionfoundation.org/publications/bare-
necessities/ (Accessed: 3 August 2025)

Price-Allison A, Cottom J, Mitchell EJS (2023) The socioeconomic
and wellbeing benefits of stove ownership and use. Report for the
Stove Industry Alliance. Available at: https://stoveindustryassocia
tion.org/wp-content/uploads/2025/01/SIA-Wellbeing-Report-
FINAL.pdf (Accessed: 3 August 2025)

Riley R, de Preux L, Capella P, Mejia C, Kajikawa Y, de Nazelle A
(2021) How do we effectively communicate air pollution to
change public attitudes and behaviours? A review. Sustain Sci
16(6):2027–2047. https://doi.org/10.1007/s11625-021-01038-2

Rouder J, Saucier O, Kinder R, Jans M (2021) What to do with all
these open-ended responses? Data visualization techniques for
survey researchers. Survey Practice. August. https://doi.org/10.
29115/SP-2021-0008

Stove Industry Association (2023) Wood burning stove sales
remain strong, available at https://stoveindustryassociation.
org/woodburning-stove-sales-remain-strong/ (Accessed 15
September 2025)

Sunter K, Price M and Walker I (forthcoming) ‘Measuring Air Quality
Awareness: Development of the Swansea Air Quality Literacy
Scale (SAQLS)’ [Report in preparation], Swansea University

Swansea Council (2024) ‘2021 Census: Population characteristics’.
Available at: https://www.swansea.gov.uk/article/22503/2021-
Census-population-characteristics (Accessed: 3 August 2025)

Swansea Burn Alert (2024) Swansea Burn Alert. Available at: https://
youtu.be/bK3w1H-P4js (Accessed 10 April 2026)

Tamene A & Afework A (2021) Exploring barriers to the adoption and
utilization of improved latrine facilities in rural Ethiopia: An
Integrated Behavioral Model for Water, Sanitation and Hygiene
(IBM-WASH) approach. PloS One, 16(1), https://doi.org/10.
1371/journal.pone.0245289

Walker I, Hope A (2020) Householders’ readiness for demand-side
response: A qualitative study of how domestic tasks might be
shifted in time. Energy Build 215:109888. https://doi.org/10.
1016/j.enbuild.2020.109888

Welsh Government (2025) Wales Smoke Control Areas (dataset).
DataMap Wales. Available at: https://datamap.gov.wales/layers/
geonode:final_wales_sca (Accessed: 3 August 2025)

Wood M, Wood C, Styring P, Jones CR, Smith JK, Day M, Chak-
raborty R, Mensah G (2023) Perceptions of accountability and
trust in the regulatory governance of wood-burning stove sus-
tainability: Survey evidence from the post-Brexit UK. Energy
Policy 177:113549. https://doi.org/10.1016/j.enpol.2023.113549

Yu W, Guo Y, Yang J, Chen G, Zhang Y, Li S et al. (2024) Estimates
of global mortality burden associated with short-term exposure to
fine particulate matter (PM2.5). Lancet Planet Health
8(3):e124–e135. https://doi.org/10.1016/S2542-5196(24)00003-
2. 10/30/2025; 03/28/2026

Environmental Management          (2026) 76:171 Page 17 of 17   171 

https://cedelft.eu/wp-content/uploads/sites/2/2022/03/CE_Delft_210135_Health-related_social_costs_of_residential_heating_and_cooking_Def_V1.2.pdf
https://cedelft.eu/wp-content/uploads/sites/2/2022/03/CE_Delft_210135_Health-related_social_costs_of_residential_heating_and_cooking_Def_V1.2.pdf
https://cedelft.eu/wp-content/uploads/sites/2/2022/03/CE_Delft_210135_Health-related_social_costs_of_residential_heating_and_cooking_Def_V1.2.pdf
https://cedelft.eu/wp-content/uploads/sites/2/2022/03/CE_Delft_210135_Health-related_social_costs_of_residential_heating_and_cooking_Def_V1.2.pdf
https://doi.org/10.1016/j.apnr.2022.151620
https://doi.org/10.5194/acp-20-4333-2020
https://doi.org/10.5194/acp-20-4333-2020
https://www.euractiv.com/section/eet/news/controversial-eu-clampdown-on-wood-stoves-delayed/
https://www.euractiv.com/section/eet/news/controversial-eu-clampdown-on-wood-stoves-delayed/
https://www.euractiv.com/section/eet/news/controversial-eu-clampdown-on-wood-stoves-delayed/
https://uk-air.defra.gov.uk/assets/documents/reports/cat05/2503060822_3-1_Daily_Air_Quality_Index_Evaluation_Appendix_1.pdf
https://uk-air.defra.gov.uk/assets/documents/reports/cat05/2503060822_3-1_Daily_Air_Quality_Index_Evaluation_Appendix_1.pdf
https://uk-air.defra.gov.uk/assets/documents/reports/cat05/2503060822_3-1_Daily_Air_Quality_Index_Evaluation_Appendix_1.pdf
https://doi.org/10.1038/s41370-022-00449-2
https://theconversation.com/these-colourful-diagrams-show-how-air-quality-has-changed-in-over-100-countries-around-the-world-since-1850-237079
https://theconversation.com/these-colourful-diagrams-show-how-air-quality-has-changed-in-over-100-countries-around-the-world-since-1850-237079
https://theconversation.com/these-colourful-diagrams-show-how-air-quality-has-changed-in-over-100-countries-around-the-world-since-1850-237079
https://theconversation.com/these-colourful-diagrams-show-how-air-quality-has-changed-in-over-100-countries-around-the-world-since-1850-237079
https://doi.org/10.1016/j.buildenv.2017.09.008
https://doi.org/10.1016/j.buildenv.2017.09.008
https://naei.energysecurity.gov.uk/sites/default/files/2024-10/DA_Air_Pollutant_Inventories_2005-2022.pdf
https://naei.energysecurity.gov.uk/sites/default/files/2024-10/DA_Air_Pollutant_Inventories_2005-2022.pdf
https://naei.energysecurity.gov.uk/sites/default/files/2024-10/DA_Air_Pollutant_Inventories_2005-2022.pdf
https://doi.org/10.4269/ajtmh.21-0398
https://www.resolutionfoundation.org/publications/bare-necessities/
https://www.resolutionfoundation.org/publications/bare-necessities/
https://stoveindustryassociation.org/wp-content/uploads/2025/01/SIA-Wellbeing-Report-FINAL.pdf
https://stoveindustryassociation.org/wp-content/uploads/2025/01/SIA-Wellbeing-Report-FINAL.pdf
https://stoveindustryassociation.org/wp-content/uploads/2025/01/SIA-Wellbeing-Report-FINAL.pdf
https://doi.org/10.1007/s11625-021-01038-2
https://doi.org/10.29115/SP-2021-0008
https://doi.org/10.29115/SP-2021-0008
https://stoveindustryassociation.org/woodburning-stove-sales-remain-strong/
https://stoveindustryassociation.org/woodburning-stove-sales-remain-strong/
https://www.swansea.gov.uk/article/22503/2021-Census-population-characteristics
https://www.swansea.gov.uk/article/22503/2021-Census-population-characteristics
https://youtu.be/bK3w1H-P4js
https://youtu.be/bK3w1H-P4js
https://doi.org/10.1371/journal.pone.0245289
https://doi.org/10.1371/journal.pone.0245289
https://doi.org/10.1016/j.enbuild.2020.109888
https://doi.org/10.1016/j.enbuild.2020.109888
https://datamap.gov.wales/layers/geonode:final_wales_sca
https://datamap.gov.wales/layers/geonode:final_wales_sca
https://doi.org/10.1016/j.enpol.2023.113549
https://doi.org/10.1016/S2542-5196(24)00003-2
https://doi.org/10.1016/S2542-5196(24)00003-2

	Reducing Domestic Wood Burning through Voluntary Air Quality Alerts: An IBM-WASH Evaluation of a Pilot Intervention in Wales
	Abstract
	Introduction and Background
	The Limits Of Domestic Burning Regulations in the UK and Wales
	Study Contributions
	The IBM-WASH Analytical Framework
	Intervention Design
	Alert AQ Thresholds
	System

	Methods
	Results
	Behavioral and AQ Literacy Outcomes
	IBM-WASH Analysis of Intervention Engagement
	System Usability and Alert Features
	Aesthetics and Economics
	Information Environment
	Social Responsibility and Self-Efficacy


	Discussion
	Study Limitations

	Conclusion
	Supplementary information
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




