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Proposed activities (copy from your project proposal) 

1. Quantification of spatio-temporal distribution of the chemical and biological pollutants 
under different activities and ventilation conditions. 
2. Evaluation of low-cost environmental diagnostics to assess and manage indoor 
environmental quality. 
3. Improvement of numerical simulations to support healthy and sustainable built 
environment operation using CFD. 
4. The development of a larger funding bid bringing together different aspects of indoor air. 



5. Collaborative publication (eg RSC ”Atmospheres" or other Open Access) 
6. Inform and influence building design and awareness of behaviour change potential. 

Please report on the activities completed in the project 

1. quantification of spatio-temporal distribution of chemical and biological pollutants 
a. Development of framework 

Cooking, cleaning and ventilation are major sources of indoor air pollution (WHO, 2010); 
however, there is no defined framework for assessing the impact of these behaviours.  In 
order to develop a framework of activity duration and frequency for the field trial of this 
project, the UK Time Use Survey (UKTUS) was analysed.  The UKTUS survey was 
undertaken in 2014-15 on a representative sample of the population of households and 
individuals across the UK (Gershuny and Sullivan, 2017).  Confounding variables such as 
day of the week and number of people in the household were considered. The outcome of 
the analysis was the following daily activity schedule implement in the field trial in controlled 
environment. 
 
Table 1. Daily activity schedule from UKTUS 
Activity Time of the day Duration (mins) 
Cooking (toast & tea) 08:00 – 08:16 16 

Leave the room 08:16 – 09:10  

Washing up 09:10 – 09:25 15 
Leave the room 09:25 – 09:50  

Cleaning the dwelling 09:50 – 10:15 25 
Leave the room 10:15 – 12:30  

Cooking (pasta & sauce) 12:30 – 12:48 18 

Leave the room 12:48 – 13:30  

Washing up 13:30 – 13:46 16 
Leave the room 13:46 – 17:30  

Cooking (chicken stir fry) 17:30 – 17:53 23 

Leave the room 17:53 – 18:40  

Washing up 18:40 – 18:57 17 
 
Toast & Tea were chosen for the breakfast cooking period; boiling pasta for the lunch 
cooking period and a chicken stir fry for the evening meal.  This covered a range of food 
products including meat which has been associated with higher pollution rates than 
vegetables (Dennekamp et al., 2001).  A more detailed breakdown of the experimental protocols 
followed can be found in “Full Experiment Schedule” in (Appendix 1).  
 

 
b. Characterisation of DOMESTIC unit as context  

i. Blower door testing 
E2 Consultants carried out a comprehensive Air Tightness Test, with points of leakage 
identified using a smoke test. These tests were carried out under two scenarios, analagous 
to those investigated during the experiments:  

- “Standard test” which was carried out with the unit fully sealed (Appendix 2a) 
- “Extra ventilation test” was carried out under more experimentally representative 

conditions with more ports open, including the exhaust ventilation port (Appendix 
2b).  

These showed minimal differences and so the ventilation rates are shown as the blower 
door test results.  
 



ii. Pulse testing 
A Pulse-60 unit was used to carry out airtightness tests.  The results are presented in Table 
2.  An attempt was also made to test the air change per hour in the space with the extractor 
vent running (representative of the “high ventilation” test option; however, the extractor fan 
introduced too much noise into the results and it was impossible to achieve a valid test. 
 
Table 2. Summary of the Pulse test results 

Scenario description Extract off, all vents 
closed and sealed 

Extract off, vent flap 
unsealed and untaped 

Extract off, vent 
flap taped open 

# tests 5 1 (vent flapped open 
during test) 

5 

Air permeability at 4Pa 0.982 1.142 1.370 

Air change per hour at 4Pa 1.886 2.192 2.630 

Further details in Appendix 3. 
 

iii. Air flow analysis 
Three hot wire anemometers were used to assess air speed during common kitchen 

scenarios (eg extractor fan off, extractor fan on, boiling water).  In addition a Windmaster 3 

axis ultrasonic anemometer was used to assess air speed and direction.  Although the 3 

axis ultrasonic anemometer is more commonly used for outdoors measurements, there are 

precedents for it’s use indoors (Izadyar, 2020; Walikewitz, 2015) and it’s ability to measure 

airflow in 3 dimensions is useful for compaison with CFD simulations.   

Walking in the kitchen area created a similar air speed as switching the extract vent on.  

Periods without using the extract vent or walking were calm.  As expected, the air flow moved 

towards the extractor vent when it was on, while walking created a more random air flow.   

Boiling water on the stove created an air current which was detectable using the hot wire 

anemometers which were 1.12 to 1.81m away.  There was concern that this could be a false 

reading created by the heat of the steam plume.  The air speed result was confirmed by the 

Windmaster 3 axis ultrasonic anemometer which is independent of temperature effects 

(WindMaster User Manual, ND) and which was positioned 0.78m away from the stove.  

Graphs available in Appendix 4.   

 
c. Analysis of chemical and biological pollutants 

 
Viable microbial bioaerosols where assessed with passive settlement plates and active sampling 

with a 6 stage Andersen Cascade Impactor, both using a non-selective Luria-Bertani agar to 

enumerate total bacteria and fungi during various activities under different ventilation scenarios. 

Overall there was no significant difference between the total abundance of viable microbial 

bioaerosols between the high and low ventilation scenarios (1792 and 1731 cfu/m3 air in the low 

and high scenarios respectively). Although it is noteworthy that the highest recorded concentration 

of 2687 cfu/m3 air was recorded for the low ventilation scenario on the second day; indicating that 

over a longer experiment the effects of low ventilation may have started to build. There was also 

no significant difference in the size profiles for microbial bioaerosols based on ventilation alone. 

Specifically, there where very few large >7.1 µm da microbial bioaerosols (<1.5%), and about 45% of 

microbial bioaerosols had a da of between 7.1-3.3 µm, and 50% with a da from 3.3-0.65 µm. This 

means about ~50% of the microbial bioaerosols present could be inhaled into the lungs (Secondary 

bronchi and below) in either ventilation scenario. The biggest driver of microbial bioaerosol 

concentration was the activity type, with much higher concentrations associated with Cooking 

(toast and tea) (1864 ± 671 cfu/m3 air) than Cooking (pasta and sauce) (868 ± 340 cfu/m3 air).  



 

Overall these results highlight the critical role that activity play in the generation of, and our 

exposure to microbial bioaerosols indoors. In a small indoor environment with low ventilation we 

recorded exceptionally high concentrations of viable microbial bioaerosols, many of which (50%) 

where inhalable. Without knowing what microbial taxa where present it is not possible to speculate 

on the health effects, further work would be required to identify numbers of pathogens or 

respiratory sensitizers present. Although we did not find changes in abundance with ventilation it is 

possible that the taxa present might vary with influx of outdoor microbes associated with higher 

ventilation. Further, we only monitored for short periods, is it not known if ventilation influenced 

the rate at which microbial bioaerosol concentrations decreased after activity. Results from day 2 

at low ventilation indicate that the concentrations where rising over time, it is possible that a longer 

experiment is needed to evaluate the effects of low ventilation.  

 

 

Continuous real-time measurements for biological particles were made with the Spectral Intensity 

Bioaerosol Sensor (SIBS) (Droplet Measurement Technologies, USA) collocated with other 

instruments throughout the measurement period (4 days), involving different activities under low 

and high ventilation scenarios. Overall, the levels of particles were higher during low ventilation 

scenarios. The temporal profile of both the total and fluorescent (biological) particles was variable 

over a day during various activities and ventilation scenarios. Figure 1 highlights the influence of 

different indoor activities and the impact of ventilation on the intensity of emissions and the 

contribution of biological particles to total particle load. Overall high particle concentrations were 

recorded during low ventilation in comparison to high ventilation.  Cooking involving stir fry 

demonstrated the highest contribution to the particle emissions and the concentration of biological 

particles can increase to 13.46 cm-3 during low ventilation scenarios.      

  

 
  



Figure 1. Temporal profile of particle concentration during different indoor activities under low and 

high ventilation scenarios 

  
Regarding the number size distribution of particles, a large fraction of biological particles was in fine 

size mode (Figure 2). Ventilation had a significant impact in removing particles of varying sizes during 

different activities.   

  

  

 

Figure 2 – Number size profile of biological particles during different indoor activities under low and 

high ventilation scenarios.  

  

Further analysis of biological particles emissions as a function of activities revealed that stir frying 

had the highest contribution (2.72 ± 0.07 cm-3) followed by washing up (1 ± 0.11 cm-3) during low 

ventilation (Figure 3). In contrast, cooking toast, pasta and cleaning showed a slightly higher mean 

levels during high ventilation (0.16 ± 0.11; 0.17 ± 0.07; 0.15 ± 0.06) in comparison to low ventilation 

(0.07 ± 0.11; 0.10 ± 0.04; 0.12 ± 0.04). respectively. These findings need further analysis to better 

understand the impact of fan extractor vent running (high ventilation scenarios) on airflows and the 

resultant particles dispersion during these activities. 

  



  
 

Figure.3. Mean concentration of biological particles during different indoor activities under low and 

high ventilation scenarios. 

 

Particulate Analysis shows that cleaning and dishwashing made very little contribution to the PM10 

count.  Figure 4 illustrates the first 2 days of low ventilation and the second 2 days of maximum 

ventilation via a kitchen extractor fan.  Cooking events could be associated with discernible peaks, 

particularly the stir fry including meat.  Ventilation was effective in reducing the daily mean to 7.7 

g/m3 from the low ventilation daily mean of 20.4g/m3.  Even during the low ventilation day, the 

levels detected were lower than 45g/m3 recommended in the latest WHO global air quality 

guidelines (WHO,2021). 

  
Figure 4. PM10 analysis during testing of the framework.   

 



2. Evaluation of low-cost environmental diagnostics to assess and manage indoor 
environmental quality. 
 
An array of low-cost sensor (LCS) technologies were installed to characterise typical indoor 
air pollution events (e.g. cooking). These tests helped the team to evaluate the performance 
of these sensors under real-world conditions. Tested LCS include: 

 NAQTS V2000 – CO2, PM2.5/10, NO2 

 NuWave – CO2, PM2.5/10 

 QuantAQ ModulairPM – PM1, PM2.5, PM10 
 
Comparison of time series and scatterplots below show that there is largest discrepency in 
PM2.5 concentrations (Figure 5) detected by different LCS at the extremes of observed 
concentration ranges. This could be an issue when using these for indoor measurements, 
where trends are often sharper than that observed in outdoor air quality monitoring. The 
difference between a peak exposure to ~ 250 ug/m3 and 60 ug/m3 measured by another 
sensor is significant. A comparison of CO2 (Figure 6) measured by two of these sensors is 
also included and shows fewer discrepencies than PM2.5. 
 

 
Figure 5. Comparison scatterplots of PM2.5 data  

 
Figure 6. Comparison time series of CO2 data 
 
These results highlight some of the challenges in using low-cost environmental diagnostics 
to assess and manage indoor air quality (IAQ). To name but a few, one challenge relates to 
the appropriate selection of measurement. For example, the proliferation of CO2 
measurements to represent IAQ (through ventilation to manage SARS-CoV-2), represents 
a great opportunity for a better understanding of indoor environments. However, it is clear 
that this management strategy (despite CO2 sensors being more observedly repeatable) 
does little to address other sources of indoor pollution (which may be indoor or outdoor 
generated). Secondly, the release of the latest WHO Global Air Quality Guidlines (WHO, 
2021) has seen recommended target concentrations decrease, it is pushing concentrations 
thresholds lower than is routinely achievable by LCS, in particular for PM and NO2. Overall, 
there are considerable considerations that need to be addresed for what to measure to 



manage the relationship between indoor and outdoor air, taking into account LCS 
capabilities, and affordability. The project team recommend future work to examine these 
tradeoffs. 
 
3. Improvement of numerical simulations to support healthy and sustainable built 
environment operation using CFD. 
A series of simulations has been performed in STFC to simulate the flow (example in Figure 

7) and some pollutant dispension inside the DOMESTIC facility. The main focus of the study 

was to look at the air flow inside the facility particularly. The report in Appendix 5 details the 

numerical set-up as well as perform a comparison between experimental and numerical 

results for flow field, thermal field and CO2 and PM1 dispersion. The comparison highlights 

a degree of discrepancy mainly due to the uncertainty in some of the set up conditions. This 

generates a relatively different plume from the cooking area that affect the overall flow field 

in the test facility. Further work is required to properly address some of the assumptions 

made during the numerical analysis in order to improve the accuracy of the numerical 

simulations. 

 
Fig. 7. Distribution of CO2 (ppm) in the test house at the end of simulation, including streamlines 

 
 
4. The development of a larger funding bid bringing together different aspects of indoor air. 
A concept for a larger funding bid has been developed, which was originally based on 
including Dr Gavin Phillips (Chester University) as PI and Dr Archit Mehra to enable use of 
the DOMESTIC test unit.  The recent resignation of Dr Phillips and Dr Mehra from Chester 
University has caused a delay.  We now have contacts for the DOMESTIC test unit under 
York University (and Fleur Hughes of STFC has also volunteered to liaise with York 
University to assist with this).  We also have new ideas about a potential PI for the proposal. 
 
5. Collaborative publication (eg RSC ”Atmospheres" or other Open Access) 
Conferences: 

- European Aerosol Conference 30 Aug 2021 (Appendix 6) 
- International Conference on Evolving Cities 22-24 Sept 2021(Appendix 7) 

Two collaborative papers for journal submission are planned.  The first focussing on the 
framework development is already underway.  A second focussing on the experimental 
results is also planned.  We have talked with the editorial team from “Ventilation and Indoor 



Air Quality” Special Topic at Atmospheres, and the Topic Editor-in-Chief is keen on 
publishing our findings.  We are also considering “Indoor Air Journal” or “Atmospheres”. 
 
6. Inform and influence building design and awareness of behaviour change potential. 

- Blog - https://www.saqn.org/2021/01/06/guest-blog-sources-behaviour-and-
mitigation-strategies-influencing-indoor-air-quality-a-pilot-study/ 

- Presentation – SAQN Annual meeting 11/3/2021 
- Scoping study page - https://www.saqn.org/funding/scoping-studies/scoping-study-

3/  
- Contribution to NICE Consultation on Indoor Air Quality at Home (8/6/21) 
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What are the next steps for this research? Will you be applying for further funding? What 
will you need to continue researching this topic? 

1 - We are interested in applying for further funding to:  
- Longer term testing of bioaerosols under domestic conditions/activities  
- Further evaluation of low cost sensor options which are capable of meeting the 

updated WHO air quality guidelines  
- The influence of cooking fuel choice (including hydrogen) on air quality. 

Initial plans to carry out this type of testing using the DOMESTIC test unit at Chester 
University have been delayed (as explained above). 
2 – The experimental data base created has the potential to be used for further CFD 
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validation. There is an interest from the development team of Code_Saturne (EDF R&D 
France) to use the data to validate their Lagrangian particle tracking in the code. This 
modelling feature has the potential to be much more accurate than the current methodology 
used for particulate dispersion even for the heavier particles like PM10. This will require the 
database to be made openly available and to have a precise definition of the working 
conditions for the facility to have really reproducibility numerical results. Potentially this work 
could be carried out in STFC creating an ad-hoc project for the graduate scheme. 

Please outline the role of STFC in this project 

STFC has been responsible for performing numerical simulation related to the pollutant 
dispersion in the DOMESTIC facility. Calculations have been performed using an open-
source CFD code called Code_Saturne. Full details of the simulations are given in 
Appendix 5. 

Please list a brief list of all outputs and impacts below. These may include papers, articles 
or blogs, presentations at events or conferences, meetings about future plans for the 
research. Please include links wherever possible 

- Blog - https://www.saqn.org/2021/01/06/guest-blog-sources-behaviour-and-
mitigation-strategies-influencing-indoor-air-quality-a-pilot-study/ 

- Presentation – SAQN Annual meeting 11/3/2021 
- Scoping study page - https://www.saqn.org/funding/scoping-studies/scoping-study-

3/ 
- European Aerosol Conference 30 Aug 2021 
- International Conference on Evolving Cities 22-24 Sept 2021 

Were there any unexpected outcomes as part of the project? 

A longer period of “no ventilation” is required to establish rising trend on bio-aerosols 
 

What are your plans to share the outcomes of this research with others? (Give details of any 
future meetings, conferences, papers or other dissemination planned) 

- Two papers for “Indoor Air Journal”, “Atmospheres”, “Ventilation and Indoor Air 
Quality” or other high quality journal 

Project Impact: What is the most significant output/impact from this project? 

- The development of the test framework has been received with interest by 
academics in the field who are eager for it to be published. 

- Development of emission chracteristics data of chemical and biological pollutants for 
specific indoor activities to a) inform real world studies evaluting indor air quality in 
built environmrnts b) develop and validate numerical models to better understand 
the fate and behaviour of indoor pollutants. 

- Utility and challenges associated with low cost indoor air quality sensing systems 
- Potential to use the data generated for validation of numerical modelling of particle 

dispersion. 
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