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Towards understanding air pollution in homes: the INGENIOUS project

Nic Carslaw (and the INGENIOUS Team)

* Introduction: summary of indoor pollutant concentrations (Nic)
* Focus on under heating and mould (Lia)
* Focus on health inequalities (Tiffany)
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Aims

The overarching aims of INGENIOUS are to:
Undertake first comprehensive mapping of main sources, transformations and fate of air pollutants in UK

homes

|dentify inequalities in exposure and the consequent impacts on health amongst diverse populations
Identify the physical, social and behavioural factors that control pollutant distribution
Co-design novel, scalable interventions to improve air quality and health.
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Providing a significant body of data towards an indoor emissions inventory

To successfully complete IAQ measurements in more than 300 homes in Bradford which showed:
* Wide variability in indoor concentrations between houses: behaviour is key
« High PM, . concentrations in kitchens, >>WHO guidelines

« High CO, in bedrooms at nighttime
* Evidence of under heating below WHO guidelines for health indicating fuel poverty

Providing evidence that most deprived families are subject to much higher PM, . than least deprived

www.ingenious.vork.ac.uk
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Cooking emissions
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Processes & Impacts

Emission rates (pg s?)

View Article Online

View Journal |

| ) Check for updates Chemical fingerprints of cooking emissions and
their impact on indoor air quality
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View Article Online

M) Check for updates Chemical fingerprints of cooking emissions and
their impact on indoor air quality

Cite this: DOJ: 101038 /dSem003; 85

Ashish Kumar, ©*2 Catherine O'Leary, 2 Ruth Winkless, @ Wael Dighriri,®
Marvin Shaw,?® David Shaw, (/"¢ Nicola Carslaw 2" and Terry Dillon*®

e Cooking formaldehyde up to 12 ppb > background:

* higher than reference concentration (7 ug m=3/5.7 ppb) for sensory irritation
from US EPA

* higher than 8 hour reference exposure levels (9 ug m=3/7.3 ppb) for non-
cancerous impacts from the California OEHHA

: : * Average cooking acetaldehyde 0.028—-0.090 mg m~3, exceeding the IARC
j - | prescribed limit by a factor of 9-30.

Formaldehyde

12

10

tio (ppb)

ing ra
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S TP T ST | * Exceedances are for a short duration: reference values are established for a
I constant exposure over a prolonged period of time.

Implications for those who work in professional kitchens

© Cooking * Many other species emitted for which we have no health data at present
@ Not cooking



00z (ppm)

25 1

TEmperature (°C)

2500 A

2000 4

1500 1

1000 4

500 1

Low Cost Sensor data summary from 310 homes in Bradford

(o)
=
i

e

I E |
o
=}
_l::l_ I E
8
1.|'|'ir|l1:er Eprling 5urr|:mer ALItLIJFI'I-n
L]
o B
Q
L] o o
g 0 :
Q &)
'|.|'|'in|ter Sprling E.Jm:mer Autl.limn

PM 2.5 [pg/m?)

Humidity (%)

250

200 4

150

100 1

fo

i
T 7
|
8
1 1 1 1
Winter Spring Summer Autumn
L&)
. :
o E 0
Q
E g D
] i premn ey ==
T T T T
Winter Spring Surnmer Autumn

Variability between houses > seasons
Internal T often low
Indoor PM, ., CO, can be high

Lia Chatzidiakou, Dave Shaw, University of York



Percent of time exceeding CO, thresholds

Distribution of bedroom night-time CO, concentrations
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* > 1000 ppm 60 % of the time

* > 2000 ppm 20% of the time _ o o
Lia Chatzidiakou, University of

York



Eﬂa Environmental Health Perspectives

» Environ Health Perspect. 2012 Sep 20;120(12):1671-1677. doi: 10.1289/ehp.1104789

Is CO, an Indoor Pollutant? Direct Effects of Low-to-Moderate CO,
Concentrations on Human Decision-Making Performance

Usha Satish !, Mark J Mendell 2%, Krishnamurthy Shekhar !, Toshifumi Hotchi 2, Douglas Sullivan 2, Siegfried

Streufert 1, William J Fisk 2

» Authorinformation » Article notes » Copyright and License information

PMCID: PMC3548274 PMID: 23008272
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Impact on cognitive performance

Concentrations in bedrooms often exceed those known to affect
cognitive performance

CO, is likely an indicator for high concentrations of other
pollutants, so for inadequate ventilation in general

Given many children spend significant time in their rooms, could
be having an impact



Indoor and outdoor PM,, .

— PMQ.Ei in the kitch?n — OutdoorI PM, . at reft?rence urbanI backgrouncli station
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Indoor PM, . follows outdoor concentrations in the absence of occupant activities

High concentrations driven by occupants, mainly cooking

Drive to reducing indoor PM (mean~20 ug/m® might be a more economic means to reduce exposure than efforts
to lower outdoor concentrations (mean~10 pg/ms?)

Lia Chatzidiakou, University of



Detecting indoor emissions outdoors?
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Budisulistiorini, S.H., Moore, T.C., Shaw, M.D., Drysdale, W.S., Lee, J.D.and D.C.
Carslaw (2025). Linking Indoor Commercial Source Emissions to Outdoor Volatile
Organic Compounds Using Mobile Measurements, ES&T Air, submitted.

Population Density
(persons/km?)

I 20000
o ~ 10000

* New approach developed to highlight influence of sources taking account of their density and dispersion

* The source factor used to test the strength of the relationship between a measured VOC concentration with a factor
representing approximate source influence

* Species such as acetone are most strongly related to sources such as beauty salons



Underheating, a serious harm to health

~ 30 % of households below ~ 10 % of households
recommended temperatures reported fuel poverty
When you are at home on a
Thermal comfort —thresholds typical day in winter, are you

(and everyone in your
household) warm enough?

1.00

M' | “ ihh .‘ |
Wy

Don’t know
Don’t wish to answer

Number of hours below thresholds

! No, never
[ No,rarely
B VYes, sometimes
. Yes, always
Household Number (N 310 .
. Hours below 18 °C
Hours below 21 °C 0.00
Total Number of observations s im
With these thresholds underheating is It is currently estimated that
quite common and may have significant cold and damp homes cost the
health implications NHS £1.4 billion annually




Underheating, a serious harm to health

~ 30 % of households below
recommended temperatures

Winter Summer

1.5
1.0- I

-1.01

0.75 1

0.50 1

0.25

-0.25 1

Difference in blood pressure per 1°C PET decrease (mmHg)

-0.50 1

0.5 1 —

00fF —=-===—=== === - - :|E ———————————————————
-0.51

N e S et

HTN Non-HTN HTN
Population

Undeheating particularly harmful on
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cardiovascular function of hypertensive
individuals (results from AIRLESS study)
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~ 10 % of households
reported fuel poverty

| 484 Public Health England

High blood pressure affects
more than 1 in 4 adulis in England

ptdh

People from the most deprived areas in
England are 30% more likely than the
least-deprived to have high blood pressure

Healthmatters High blood pressure in England

High blood pressure
is the 3rd biggest
risk factor for
premature death and
disability in England
after smoking and
poor diet

At least half of all
heart attacks and
strokes are associated
with high BP and it

is a major risk factor

for chronic kidney

disease, heart failure
and dementia A @ ﬁ ‘\f’

It is currently estimated that
cold and damp homes cost the
NHS £1.4 billion annually




Mould growth
(self-reported)
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Mould growth is primarily
driven by water activity (RH on
surfaces) and has significant
health impacts

In which rooms are there signs or smells of mould or damp?

(Tick all that apply)

Adult bedroom

300

200

count

B =

100

|

.szh

Child’s bedroom

3004

2001

count

1004

Other

count

Living room

B =
B s

count

300

200

100

Kitchen

24

297

l

Bathroom

300

200

count

100

BN :
B =

51

| B ‘
| B

Basement

16

300

200

count

B -
B s

100




Mould prediction (microbial model)
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Assessing monthly mould risk in all rooms of all

households with a validated microbiological model [1]

of

2.0 1

litres/day

1.5 =

1) o

0.5 4

Moisture production category

Extensive dataset - Subset above mould threshold
The most critical period for mould growth appears to be the Autumn

[1] Johansson et al., 2021, https://doi.org/10.1016/j.jobe.2021.102301



A conceptual model to understand indoor
humidity levels (and temp)

Heating
schedule
Shower 1 Temperature Shower 4 /
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Simulated outdoor timeseries

Simulated indoor timeseries —window closed

Simulated indoor timeseries — window open

Water vapour can be removed
with timely ventilation
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Typical daily moisture flows in a house -
Adapted from Oreszczyn and Pretlove 1999



A conceptual model to understand the effect

of timely ventilation on mould risk

RH (%)
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Incoming air

I L%
J‘ 0.5 litres/day in
diffusion losses

30 to 80 litres/day in
exhausted air

Windows
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1
Jan 04
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Simulated outdoor timeseries

Simulated indoor timeseries — window closed

Simulated indoor timeseries —window open

Opening windows (at the right time) reduces

— Occupants:
Mo 20 litres/day

il

Typical daily moisture flows in a house —

water condensing on surfaces and mould risk ! Adaptedrom oreszezyn and pretiove 1900



Watch this space...
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INGENIOUS

Inequalities in indoor air pollution:
Particulate matter (PM, ;) in 309 homes from
Born in Bradford

UK Indoor Air: research at the science-policy interface
November 5, 2025
Tiffany Yang - Born in Bradford, BTHFT
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Research questions

1. What levels of indoor PM, . are observed in
homes?

2. How does this relate to known social
determinants of health (housing tenure, ethnicity,
deprivation)?



Research setting

Born in Bradford families

5th largest local authority in England

57% White British, 25% of Pakistani origin

13th most deprived local authority in England
20% of residents living in fuel poverty

Annual outdoor PM, 0 2021-2023: 7.1-8.4 pg/m?

Born In

Bradford

Research that changesacity |
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Methods: Data collection

Aim: 300 Born in Bradford households recruited for
~ 2 weeks

s
el %i Averaged
= per home

Sensor 1: Sensor 2: Sensor 3:
Child’s bedroom Kitchen Living room

Per home:

Figure 3 Image of the AirGradient sensor.

 Home characteristics, e.g. tenure, occupancy, household size, pet
ownership (Day 1)

* Building characteristics, e.g. type, age (Day 1)

* Health and behaviour characteristics, e.g. smoking, perceptions of air
quality (Day 14)




Methods: Analysis

Per home, PM, . metrics:
1. Mean daily average concentration (ug/m?)
2. % daily average concentration> 15 pg/ms3
3. % hourly average indoor > 100 pg/m3

Descriptive, group-based, mean comparisons to look at PM, ; by three

key social determinants of health:
* Housing tenure
* Ethnicity
* Deprivation
* Two-sample unpaired Wilcoxon tests/Kruskal-Wallis + pairwise Wilcoxon
with false discovery rate corrections for p-values



Results: Sample

e 321 households

* 309 homes with
sensor data> 7/
days and at
least 50%
collection rate
per hour and
per day

)
=

household_characteristics

Ethnicity 1

* From March
2023 - April
2024

0 25 50 75 100
percentage_recruited_population



Results: AirGradient sensors

* 3.5 million observations~ 13,850 home-room-days and ~300,000 home-

room-hours
* M=13.6 daysand M =924.2 hours per home
* Participants at home M =76% of day (VERY rough estimate)

Overall, in the two-week observation period per home:
1. Mean daily indoor PM, . concentration=20.2 ug/m3(SD = 25.7)

2. Exceeded WHO daily threshold an average of 41% monitored days:
Range 0% (37 homes) to 100% (20 homes)

3. Exceeded 100 pyg/m3an average of 4% monitored hours
Range 0% (21 homes) to 68% (1 home)
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Results: Ethnicity

A: Daily average indoor PM2.5 concentration
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B: Monitored days exceeding WHO threshold

Mean monitored days (%), indoor PM2.5 conc > 15 ug / m®

South Asian White Other South Asian White
Ethnicity Ethnicity
Mean =16.6 pg/m? Mean=17.2 ug/m3 Mean = 33% Mean=31%
Mean = 23.5 pg/m3 Mean =51% |
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Results: Housing tenure

A: Daily average indoor PM2.5 concentration

EI
L
-

..

®

M individual homes
@ outliers

O\hn Rénl
Housing Tenure
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B: Monitored days exceeding WHO threshold
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Mean daily average indoor PM2.5 conc pg / m®

Results: Deprivation

A: Daily average indoor PM2.5 concentration
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Results: Household size

Mean hourly average PM2.5 ug / m®

50 1

451

40 1

35 -

30 4

25 1

20 1
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10 1
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Time (24 hour clock)

000-

Household size

2 people
~ 3 people
- 4 people
- 5 people
- 6 people
7 or more people



Conclusions

* High indoor PM, . levels recorded in homes:
* Exceeding WHO 24-hour thresholds 41% of days

* Highest PM, s concentrationsin areas of deprivation, South Asian homes, rented
accommodation

* Need

* Urgent need to tackle indoor air pollution as a health risk factor, esp. in deprived areas and
minority ethnic households, and for more research

* Longer duration of monitoring
* Understandinginterplay between buildings and occupant behaviours
* National public awareness campaigns, policy action on buildings



