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ABSTRACT 

In the current era, sensors in buildings have become an essential requirement for wide applications such as monitoring 

indoor air quality (IAQ), thermal and environmental conditions, controlling building heating, ventilation, and air-

conditioning systems (HVAC). To accurately control the IAQ for all areas in the indoor space, it is necessary to obtain 

considerable data from different locations in the space for more precision. The airflow in a room is not uniform, which raises 

the question of where the environmental sensor should be positioned with regard to optimum performance of IAQ and 

thermal comfort. This paper uses a case study of an open-plan office in Loughborough, UK, to assess the indoor climate 

conditions from real-time measurements from several sensors placed in different locations in the office and investigates the 

potency of using ventilation effectiveness (Ez), one of the IAQ relative indicators, as a preference to locate environmental 

sensors. The air parameters measured by the sensors are indoor temperature (ta), relative humidity (RH), carbon dioxide 

(CO2), total volatile organic compounds (tVOCs), formaldehyde (CH2O) and particulate matter (PM2.5 and PM10). 

Computational fluid dynamics (CFD) simulations were conducted to identify the areas in the office with low Ez evaluated 

using the age-of-air. Results showed that the measurement of RH and CO2 levels were marginally different between the 

sensors. A larger difference was found for temperature, assuming local heat sources significantly influenced the measured 

temperatures. Also, the calculated Ez from the measured data of each sensor was found to be different for each sensor 

location. The results from field measurements and CFD simulations can support decision making regarding the position of 

environmental sensors and the collection of indoor climate data in open-plan offices. 

INTRODUCTION 

Indoor Air Quality (IAQ) is one of the essential aspects of healthy buildings as people spend most of their lifetime 

indoors. It directly impacts their health (WHO, 2015), well-being and productivity (Wyon, 2005). The COVID-19 pandemic 

highlighted the need for better IAQ. Achieving an acceptable IAQ has become an essential design objective for newly 

constructed and renovated buildings as well as for the operational system in existing buildings. IAQ can be measured by the 

absolute value of contaminant/pollutant concentration (Yang et al. 2009) and can be measured by relative indicators such  a s  
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ventilation effectiveness  (Zhuang, Li and Tu, 2014) and age-of-air (Buratti et al., 2011). 

The absolute value of the pollutant concentration could be obtained using environmental sensors. With the continual 

development of low-cost sensor technology (Kumar et al., 2018; Morawska et al., 2018; Saini et al., 2020), it has become 

much more feasible for environmental sensors to be used in different indoor sectors. 

The relative indicators for IAQ tell how fresh the indoor air in a breathing zone can be measured by ventilation 

effectiveness (Ez). Ez is an indicator of the quality of supply air distribution in ventilated rooms. It represents how well a  

considered space is ventilated compared to a perfect air mixing condition (Rim and Novoselac, 2010). The effectiveness of 

ventilation in relation to pollution control in an occupied space is mostly evaluated using the age-of-air (Rim and Novoselac, 

2010). Age-of-air is defined as the time for air particles from entering the room to reach a certain point  in the indoor (Yang et 

al., 2014). The local value of age-of-air in a specific location describes the freshness of the air and is directly correlated with 

the airflow path (Rim and Novoselac, 2010). The shorter the age-of-air, the fresher the air due to higher air update frequency. 

Vice versa, the longer the age-of-air indicates that the air dredge is not free, and the air is stale. Therefore, the age of air is the 

most direct parameter to reflect the fresh degree of indoor air (Yang et al., 2014). The age-of-air equation is described in 

Chao and Wan, (2004). 

To accurately control the IAQ for all areas in the indoor space, it is necessary to obtain considerable data from different 

locations in the space for more precision. The airflow in a room is not uniform, which raises the question of  where a sensor 

should be positioned. The ideal location of the sensor depends on the intended purpose of the sensor. In other words, what is 

the reason for using the sensor? For instance, to detect a chemical and biological warfare (CBW) or transmission of infectious 

diseases (TID), the areas where the minimal amount of contamination needed to be sensed over a sensing period of time is 

the ideal location for the sensor to be placed (Fontanini et al., 2016). With regard to optimum performance of IAQ and 

thermal comfort, areas where maximum concentrations accumulate in breathing zones or areas with stagnate air are of 

interest to ensure the required ventilation rate is achieved. In some cases, the concentration of the pollutants in the enclosed 

environment does not reach the threshold limit value (TLV) due to having the air well mixed at the monitored location. The 

existing guidelines for indoor environmental sensor arrangement are useful yet generic, not giving enough consideration to 

critical variables (i.e., ventilation system and room layout) that could directly affect the airflow and pollutant distribution in 

the space and consequently influence IAQ. 

The current work investigates the influence of the location of environmental sensors on its measurement and on 

controlling the indoor environment. The Ez was also evaluated using measured data  and CFD simulations to identify the 

areas in the office with the shortest and longest age-of-air.  

METHODOLOGY 

Pollutants in an Office Environment 

In real life, the indoor environment would have different sources of emissions depending on the space functionality. The 

emission sources in an indoor open-plan office are mainly from carpets, furniture, HVAC and people (CIBSE, 2020) and are 

primarily controlled by ventilation. Some of the key pollutants found in offices and their permissible criteria are listed in 

Table 1.  

Table 1.   Permissible Criteria for IEQ parameters 

Air Parameter Acceptable comfort criteria Source 

ta 22-24°C (71.6-39.2°F) CIBSE Guide A 
RH 40-60 % CIBSE Guide A 

CO2 <1000 ppm RESET Air v2 

CH2O 0.1 mg/m3 *(30-minute average concentration) WHO Guidelines 

tVOCs <500 μg/m3 RESET Air 

PM2.5 <35 µg/m3 RESET Air v2 
PM10 <50 µg/m3 WELL, v2 
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Office Description 

 The open-plan office is located on the ground floor of a two-story building oriented southwest (with a degree angle of 

208° relative to the north) in Loughborough, UK. The office building is located on a university campus a nd approaches a 

lawn landscape and a small parking lot. The area and the volume of the office are 148.5m2 and 445.5m3, respectively. The 

external façade of the office includes six windows of the same shape, type, and dimension. The office can accommodate up to 

19 occupants. The type of activity work is sedentary office work. The open-plan office is mechanically ventilated with the 

supply and extract diffusers at ceiling level (mixing ventilation arrangement), as shown in Figure1.  

Real-time Measurements 

The air parameters were measured using two types of monitors: HOBO MX1102 (Tempcon Instrumentation Ltd, 2022) 

and Airthinx IAQ (Airthinx, 2022). HOBO MX1102 measures ta, RH, CO2 concentra tion, and the dewpoint. Same air 

parameters are measured using the Airthinx IAQ monitor in addition to the levels of CH2O and tVOCs, PM2.5 and PM10. The 

tVOCs are measured with respect to ethanol. All monitors were mounted at a  height of 1.5m. Figure 1 shows the location of 

each monitor in the open-plan office, each identified with a different colour. Monitors A1, A2 and A3 are HOBO MX1102. 

Monitor AX is the Airthinx IAQ.  

Figure 1 Examined open-plan office layout, including the occupant workplaces, HOBO MX1102 and Airthinx IAQ 

monitors, and supply and extract air diffusers at the ceiling level. 

CFD Simulation Inputs 

The outdoor air rate was based on the f loor area of the space as the number of occupancies was unknown during the 

monitored data. Therefore, in the CFD simulations, the number of occupancies varied to identify the areas in the open-plan 

office with stagnant air at different occupancy levels and different ventilation rates. The open-plan office was simulated 

under four scenarios, three scenarios with varying occupancy densities (0, 4 and 19) and one with the main office door open 

at full occupancy. The outdoor air requirement for the office with full occupancy was found to be 383.05 L/s. For every 

occupant in the simulation, a CO2 generation rate was defined (0.0052 L/s), and a prescribed removal rate of 10 L/s/person 

was added as recommended by guidelines. The prescribed outdoor air supply rates are based on the metabolic pollutants of 

occupants according to their activity or to the size of the space. For sedentary office work, the minimum ventilation rate is 10  

L/s per person for an office (CIBSE, 2015). The outdoor air supply per m 2 was set to 1.3 L/s (BSI, 1991). Thus, the rates at 

which the main air handler unit delivers outdoor air were proportional to the floor area . No windows are assumed to be 

opened, and no filters were added. Office equipment were also included in the simulation to reflect the real case scenario and 
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was assigned to opera te only during occupancy hours (08:00 to 18:00). The boundary conditions for the CFD were taken 

from the EnergyPlus simulation output of a typical winter working day at 11:00 am from a winter design week simulation. 

The turbulence model used was K-e, and the discretisation scheme used was power law.  

Data-analysis 

The collected data was collated and statistically analysed using pandas, a  software library written for the Python 

programming language for data manipulation and analysis (Pandas, 2018). Only data corresponding to working hours was 

processed. Preliminary analysis showed the indoor conditions of the open-plan office were within the comfort range for ta, 

CO2, CH2O PM2.5 and PM10. On the other hand, RH levels were below the comfort range for most of the measuring period. 

Besides, the tVOCs levels crossed the TLV, with a maximum value reached of 4.721667 ppm. It is noteworthy that the CO2, 

CH2O and tVOCs levels follow a similar trend during occupational hours, indicating that the rise of levels for CH2O and 

tVOCs is also associated with the presence of occupants, which might be influenced by either the type of occupants’ 

activities or by the changes of external weather conditions. Although the air quality at Loughborough UK is categorised as 

‘fair’, meaning that the air quality is generally acceptable for most individuals. However, sensitive groups may experience 

minor to moderate symptoms from long-term exposure (Accuweather.com, 2021). The representative data  of the air 

parameters in the results section are the sum of the hourly data for every sensor calculated from the 10 minutes interval 

recorded data . 

Using the CO2 measured data by all sensors, the zone air distribution effectiveness (Ez) was calculated from the 

measured data of the four monitors in accordance with ASHRAE standard 62.1-2019 (Equation 1). From the calculated Ez, 

the required ventilation rate for comfort and health were determined using Equations 2 and 3 (CIBSE KS17, 2011). The CO2 

concentrations were used for the calculations as it was the only pollutant measured by all monitors in the open-plan office. 

The definitions of the variables for each equation and their inputs are listed in Table 2.  

(1) 

(2) 

(3) 

Table 2.   Equations 1,2, and 3 Defined Variables and Inputs 

= zone air distribution effectiveness = the ventilation rate requires for 

comfort (L/s) 

= the ventilation rate required for 

health (L/s) 

Variables Input Variables Input Variables Input 

= average pollution 

concentration at the 

exhaust (ppm) 

475 
 = the sensory 

pollution load 

(olf) 

1 olf × 19 

(BSI, 1991) 
 = the pollution load of a 

chemical (L/s) 
0.0052 × 19 

= average pollution 

concentration at the 

supply (ppm) 

400 

 = the desired 
perceived indoor 

air quality 

(decipol) 

Category B: 1.4 

(BSI, 1991) 
 = the guideline value of 

a chemical (ppm) 
1000 

 = average pollution 
concentration at the 

breathing zone 

(ppm) 

Measured CO2 

data 

 = the perceived 
outdoor air 

quality at air 

intake (decipol) 

Excellent outdoor 

air quality 

(0 dp) 

(BSI, 1991) 

 = the outdoor 
concentration of a 

chemical at air intake 

(ppm) 

400 

= the ventilation 
effectiveness (-) 

= the ventilation 
effectiveness (-) 
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RESULTS & DISSCUSSION 

Figure 2 reflects the differences in the distribution in the measured data and the unusual observations illustrated by the 

outliers in the form of boxplots. While in the cumulative frequency distribution graphs, the differences between sensors are 

smaller when data behaves in a similar pattern and plotted lines have a similar range. The graphs also highlight the comfort 

ranges in the space. 

a) b) c) 

d) c) d) 

Figure 2 (a) ta (°C) measurement distribution reported by each sensor (b) RH measurements distribution reported by

each sensor (c) CO2 (ppm) measurement distribution reported by each sensor (d) ta (°C) cumulative

frequency distribution graph showing the distribution (smallest to largest) and frequency temperature range

of each sensor, (e) RH (%) cumulative frequency distribution graph and (f) CO2 (ppm) cumulative

frequency distribution graph.

Monitor AX was the most consistent in monitoring data as the data varied much less compared to the HOBO MX1102 

monitors A1, A2 and A3. However, the medians of the measured data for the AX monitor were different compared to the rest  

of the monitors and it had the maximum outlier observations for RH and CO2. Monitor A3 had a closer median value 

compared to monitors A1 and A2 than AX monitor, and it was located closer to AX monitor by approximately 2.5-meters.  

The differences in the medians for all sensors were rela tively small and not practically significant. In addition, the 

collected data  by the two types of monitors appeared to be highly correlated, with a value of 0.9 determined by ‘Pearson 

product moment correlation’. 

© 2022 ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution, 
or transmission in either print or digital form is not permitted without ASHRAE's prior written permission.

IAQ 2020: Indoor Environmental Quality Performance Approaches 5



Same with the HOBO MX1102 A1, A2 and A3 monitors, the medians for RH and CO2 levels were more similar to each 

other with a slight difference. However, the CO2 levels appeared to be lower for the A3 sensor because the sensor was placed 

relatively distant from the occupant workplaces compared to A1 and A2 monitors. Based on these results, it is fair to assum e 

that any of the A1, A2 and A3 sensor locations could provide representative data related to the CO2 levels and RH for the 

examined open-plan office.  

The difference in the temperature medians for all sensors was also relatively small but had a larger variation in the 

distribution in the open-plan office. The variation in the results exceeded 1°C. It is fair to assume that the differences in the 

temperature were mainly due to the heat sources from off ice equipment, occupants, and solar radiation through windows. 

Therefore, the distance between the sensor and the workplace(s) is important when it comes to the reliability of the 

measurements, especially if the sensor is a Building Management System sensor (BMS) controlling the ventilation system. 

Again, monitor A3 recorded lower temperature levels than A1, A2, and AX monitors because it was placed relatively distant 

from the workplaces. Also, it is worth mentioning that the placement of the A2 monitor was inappropriate as it was located 

near the window and a heat source (BSRIA AG, 2001). It was reported that the occupant seated near monitor A2 would move 

the monitor and place it on top of the windowsill, which may have influenced the reported results. As a  consequence, monitor 

A2 has recorded a temperature difference of ±5 °C between the maximum and minimum temperatures during the month of 

February. 

In regard to the influence of the monitors’ locations on IAQ and the freshness of the air, the Ez was calculated and found 

to be 0.6, 0.6, 0.7 and 1.5 for CO2 sensors A1, A2, A3 and AX, respectively. The average Ez from the four sensors reveals 

that the air distribution was well mixed in the open-plan office during the measuring period (CIBSE, 2015). Figure 3 displays 

the required ventilation rates for comfort and health for each of the CO2 sensor locations using the calculated Ez. 

Figure 3 (a) Calculated ventilation rates for comfort and health in the open-plan office using the calculated Ez at

each sensor location.

The recommended supply rate for ventilation was significantly higher than the calculated ventilation rates for comfort 

and health in the open-plan office. The Ez value calculated from the CO2 measured data of monitor AX was very high 

compared to the other monitors. An Ez value of 1.5 is usually achieved with displacement ventilation. Thus, the AX monitor 

resulted in a lower ventilation rate required for comfort and health. Note that monitors A1 and A2 were located closer to the 

workplaces and with less than 3-meters distance from the radiators. Both monitors had a larger distribution of temperature 

data  recorded compared to the other monitors. The difference in temperature recorded by the sensor due to local heat sources 

may have led to a lower Ez value due to the difference between the supply air temperature and room air temperature recorded  

by the sensor.  
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The reported data by each sensor in this study confirms that the sensor’s location could be critical in terms of effectively 

controlling the IAQ and thermal conditions of the space. The consequences of having a BMS sensor placed at not a 

representative location will falsely override the HVAC system for the rest of the areas in the space. This may cause thermal 

discomfort or potentially increase the energy demand.  

CFD Simulation Scenarios 

The local mean age-of-air (LMA) was calculated for each scenario. All values were taken at the height of 1.5 meters. For 

the first CFD scenario simulated with no occupants, the maximum age of air was 455.72 seconds(sec), as the ventilation rate 

was set to 1.3 L/s/m2. As for the second CFD scenario, including 4-occupants, the age of air improved by 10%, 12% in the 

third scenario with 19-occupants and 7% when the main office door was kept open. The freshness of the air increased due to 

the increase in the ventilation rate associated with each additional occupant. Figure 4 shows the area found in the open-plan 

office with the longest air for all scenarios marked with a navy-blue square. The occupant seated at that marked location 

would have the least fresh air compared to other locations in the open-plan office, especially the central locations. That is due 

to the number of supply diffusers in the central locations compared to the marked location and also due to the lack of 

openings. However, the temperature in that area was within the comfort range of the entire office. Assuming that the office 

was at full capacity and the ventila tion rate was below the recommended value, the pollutants would accumulate at the 

marked location as the air remains for a more extended time, and the occupant seated at that location will be affected the 

most. It was observed from Figure 4 that the location of monitor A1 has the least air mixing compared to the rest of the 

monitors, followed by A2, A3 and AX, respectively. Thus, the calculated Ez agrees with the CFD results.  

a) b) c) d) 

Figure 4 (a) CFD First scenario with no occupants (b) CFD second scenario with four occupants (c) CFD third

scenario with 19 occupants (d) CFD fourth Scenario with 19 occupants and main office door open.

CONCLUSION 

This study provides results from field measurements and CFD simulations that can support decision making regarding 

the position of BMS and environmental sensors and the collection of indoor climate data in open-plan offices. In the specif ic 

open-plan example examined in this study, the measured data  show little differences in RH and CO2 levels between the 

monitors. A larger difference was found for temperature distribution. It is fair to conclude that local heat sources contributed 

to this change since the measured period was during the cooling season (winter) when the heating plant was in operation. The 

calculated Ez from the CO2 measurements indicated that air distribution was well mixed (where the sensors were located) in 

the open-plan office during the measuring period. However, the Ez varied significantly across the office. The CFD simulation 

results identified the regions in the office with the least air freshness and the location of the occupant who would most be 

affected when certain pollutants reach the TLV. The region found was with the least air supply and had no openings except 

for the open-plan office main door. 
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Finding the optimal location to monitor and control the space’s IAQ and thermal conditions achieves health well-being 

objectives and may positively influence energy consumption. As the results of this study are based on just one open-plan 

office with an induction system under specific weather conditions, it is recommended to further develop the application of the 

method in more varied office settings, occupant demographics, and outdoor weather conditions for further conclusions and 

recommendations to be formulated. Also, a  better understanding of the collection and analysis of monitored data, extending 

over a long-time period, is required.  

REFERENCES 

ASHRAE (2020) Indoor Air Quality Guide (Atlanta GA: ASHRAE) 

ASHRAE. ASHRAE Standard 62-2019: ventilation for acceptable indoor air quality. Atlanta, GA, USA: ASHRAE; 2019. 

BSRIA (2001) Standard specifications for BMS BSRIA AG 9/2001 (Bracknell: BSRIA) 

BSI (1991) BS 5925: 1991: Code of practice for ventilation principles and designing for natural ventilation (London: British 

Standards Institution) 

Chao, C. Y. and Wan, M. P. (2004) ‘Experimental study of ventilation performance and contaminant d ist ribu tion o f  underfloor 

ventilation systems vs. traditional ceiling-based ventilation system’, Indoor Air, 14(5), pp. 306 –316 . do i:  10 .1111/ j.1600 -

0668.2004.00248.x. 

CIBSE (2020) Health issues in building services CIBSE TM40 (London: Chartered Institution of Building Services Engineers) 

CIBSE (2020) Operational performance: Indoor air quality -Emissions sources and mitigation measures CI BSE TM64 (London: 

Chartered Institution of Building Services Engineers) 

Airthinx (2022). Airthinx IAQ. [online]. Available at: https://airthinx.io/iaq/ (Accessed: 28 March 2022). 

BSI (1991) BS 5925: 1991: Code of practice for ventilation principles and designing for natural ventilation (London: British 

Standards Institution) 

Buratti, C. & Mariani, R. & Moretti, Elisa. (2011). Mean age of air in a naturally ventilated office: Experimental data and 

simulations. Energy and Buildings. 43. 2021-2027. 10.1016/j.enbuild.2011.04.01. 

Fontanini, A. D., Vaidya, U. and Ganapathysubramanian, B. (2016) ‘A methodology for optimal placement of sensors in enclosed  

environments: A dynamical systems approach’, Building and Environment. Elsevier Ltd, 100, pp. 145–161. doi: 

10.1016/j.buildenv.2016.02.003. 

Kumar, Anuj et al. (2018) ‘Sensing Technologies for Monitoring Intelligent Buildings: A Review’, IEEE Sensors Journal. I EEE, 

18(12), pp. 4847–4860. doi: 10.1109/JSEN.2018.2829268. 

Morawska, L. et al. (2018) ‘Applications of low-cost sensing technologies for air quality monitoring and exposure assessment: How 

far have they gone?’, Environment International, 116(April), pp. 286–299. doi: 10.1016/j.envint.2018.04.018. 

RESET (2018) RESET Air Standard v2.0 for Commercial Interiors(Shanghai: GIGA)  

Rim, D. and Novoselac, A. (2010) ‘Ventilation effectiveness as an indicator of occupant exposure to particles from indoor sources’, 

Building and Environment. Elsevier Ltd, 45(5), pp. 1214–1224. doi: 10.1016/j.buildenv.2009.11.004. 

Saini, J., Dutta, M. and Marques, G. (2020) ‘Indoor air quality monitoring systems based on internet of things: A systematic 

review’, International Journal of Environmental Research and Public Health, 17(14), pp. 1–22. doi: 10.3390/ijerph17144942. 

Tempcon Instrumentation Ltd (2022). HOBO MX1102A CO2 Monitor - Optional Remote Monitoring. [online] Available at: 

https://www.tempcon.co.uk/hobo-mx1102-bluetooth-co2-temp-rh-data-logger (Accessed: 28 March 2022).  

WELL (2018) WELL Building Standard v2.1. 

WHO (2015). Resolution WHA68.8. Health and the environment: addressing the health impact of air pollution . I n : Six t y-eigh th 

World Health Assembly, Geneva, 18–26 May 2015. Geneva: World Health Organization  Available at: 

https://apps.who.int/iris/handle/10665/253237, (Accessed: 10 March 2021). 

Wyon, D. P. (2005) ‘The effects of indoor air quality on performance, behaviour and productiv ity’, Po llu t ion  Atm ospherique , 

14(SPECIAL ISSUE), pp. 35–41. 

Yang, L., Ye, M. and he, B. J. (2014) ‘CFD simulation research on residential indoor air quality’, Science of the Total Environment. 

Elsevier B.V., 472, pp. 1137–1144. doi: 10.1016/j.scitotenv.2013.11.118. 

Zhuang, R., Li, X. and Tu, J. (2014) ‘CFD study of the effects of furniture layout on indoor air quality under typical office  

ventilation schemes’, Building Simulation, 7(3), pp. 263–275. doi: 10.1007/s12273-013-0144-5. 

 

© 2022 ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution, 
or transmission in either print or digital form is not permitted without ASHRAE's prior written permission.

IAQ 2020: Indoor Environmental Quality Performance Approaches 8




