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ABSTRACT 

The provision of good IAQ in schools is important both for the health of students and in 

maximising educational achievement.  It is, however, common for school classrooms to be 

significantly under-ventilated and this can lead to high levels of CO2 and other pollutants.  

Natural ventilation offers the potential to improve IAQ within schools whilst at the same time 

reducing running and maintenance costs.  Accordingly, this article examines a natural 

ventilation strategy based on the use of a roof mounted split-duct Windcatcher ventilator.  

Here, 16 U.K. classrooms are studied and CO2, temperature, relative humidity and ventilation 

rates are measured for the summer and winter seasons.  Results show that during the summer 

months the ventilator is capable of significantly improving ventilation rates as well as 

reducing CO2 levels, especially when used in combination with open windows; however, in 

the winter months, the ventilator is seen not to open for a sufficient length of time and so CO2 

levels rise above those required in the standards.  Thus, the ventilator is shown to have the 

potential to improve IAQ within school classrooms, but the operation of the ventilator should 

be carefully controlled in order to realise these benefits. 

PRACTICAL IMPLICATIONS 

It is common for ventilation rates in school classrooms to fall below the levels required by 

relevant standards. The data presented here demonstrates that by using a top-down natural 

ventilation Windcatcher as part of a well designed natural ventilation strategy, ventilation 

rates in school classrooms can be significantly improved. 
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1.  INTRODUCTION 

The adverse effect of poor indoor air quality (IAQ) on the health and productivity of building 

occupants is well known, see for example Mendell and Heath (2005).  Poor IAQ can be 

particularly detrimental to children in schools who spend approximately 30% of their time 

inside school buildings, which is more than in any other building type other than their homes 

(Bakó-Biró et al. 2011). Here they are shown to be subject to a variety of pollutants from 

furnishings (Seppänen et al. 1999), IT equipment (Bakó-Biró et al. 2004), bio-effluents, and 

external pollutants such as nitrogen dioxide (Stranger et al. 2008) and carbon monoxide 

(Chaloulakou and Mavroidis 2002). Mendell and Heath (2005) note that there is the potential 

for children to sustain long lasting damage because their tissue and organs are still growing, 

they breath more air relative to their body mass than adults, and ventilation rates in school 

classrooms are often below those recommended by the various standards organisations (see 

Daisey et al. 2003, for example). Because ventilation is also used to control temperature and 

humidity, low ventilation rates also have a detrimental effect upon the comfort and health of 

occupants, which in schools is likely in the future to be further be compounded by the effects 

of climate change.  Furthermore, poor ventilation rates can also lead to high CO2 levels, 

which have been shown to have an effect on the health and performance of occupants 

(Myhrvold 1996, Seppänen et al. 1999, Coley et al. 2007, Bakó-Biró et al. 2011). Conversely, 

Wargocki et al. (2002) show that the perceived quality of indoor air by occupants, and 

therefore their comfort, increases with the per capita ventilation rate, and that outdoor supply 

rates should exceed 25 litres per second per person (l/s – person) to reduce the risk of SBS 

symptoms and short-term sick leave, and to increase productivity. Furthermore, by using 

intervention tests in school classrooms, Wargocki and Wyon (2007a, 2007b) show that as per 

capita ventilation rates increase, the speed and accuracy of students performance also 

increases. 
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Clearly, it is desirable to achieve minimum ventilation rates and here most standards specify 

outdoor ventilation rates to a room, and also use the internal CO2 concentration as an indicator 

of the ventilation rate, despite known misunderstandings of a consistent relationship between 

the two parameters (Persily 1997). The American Society of Heating, Refrigeration and Air-

Conditioning Engineers Standard 62.1 (ASHRAE 2007) recommends a default minimum 

ventilation rate for acceptable indoor air quality in school classrooms of 6.7 to 7.4 l/s – person, 

depending upon the age of the children, but is generally cited in the literature as a blanket rate 

of 8 l/s – person (see Daisey et al. 2003). It also shows that the maintenance of a steady state 

CO2 concentration of 700ppm above ambient levels will ensure the provision of 7.5 l/s – 

person, and will constrain body odour. In Europe, several standards present guidelines for 

good indoor air quality in classrooms, see EN13779 (2004) and EN15251 (2007).  EN15251 

classifies IAQ into four bands of performance that correspond to the proportion of occupants 

that are dissatisfied with the indoor air quality (10%, 20%, 30%, and >30% respectively) and 

ventilation rates of 10, 7, 4, and <4 l/s – person, respectively. EN13779 also classifies IAQ 

into high, medium, moderate, and low quality that correspond to values of 250 ppm, 500 ppm, 

800 ppm, and 1200 ppm respectively for the indoor CO2 concentration above the ambient, and 

a per capita rate of ventilation for non-smoking rooms of 20, 12.5, 8, and 5 l/s – person 

respectively. Various national guidelines specify other ventilation rates for classrooms; for 

example, Conceição and Lúcio (2006) report that the Portuguese standards is 8.3 l/s – person, 

Geelen et al. (2008) show that The Netherlands Standard 1089 stipulates 5.5l/s – person and a 

guideline peak value of CO2 at 1200 ppm, and Smedje and Norback (2000) record that 

Swedish standards require 8 l/s - person and an internal CO2 concentration below 1000 ppm. 

In the U.K., Building Bulletin 101 (BB101), DfES (2006), uses CO2 as an IAQ indicator for 

schools and goes on to prescribe a maximum concentration of 5000 ppm and a mean occupied 

concentration of 1500 ppm.  Of course, in the absence of a combustion source, the rate at 

which CO2 is produced within a space depends on the number of occupants, as well as their 

size, activity, and metabolic rate (Persily 1997).  Thus, one can link desired CO2 levels to 
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ventilation rates and here BB101 specifies a minimum of 3 l/s – person, a daily mean of 5 l/s 

– person, and the ability to achieve a purge ventilation rate of 8 l/s – person at any given time. 

When compared against ASHRAE Standard 62.1 (2007) the ventilation rates prescribed by 

BB101 are lower, but are similar to rates specified in The Netherlands, and may be seen as a 

compromise between the need to dilute pollutants, to save energy, and to save money.  BB101 

also specifies the internal temperature for classrooms during the summer season: no more 

than 120 hours above 28ºC, a maximum of 32ºC, and on average the internal temperature 

should be no more than 5ºC above the external temperature.  It is noticeable that for schools 

BB101 sets no specific limits on relative humidity (RH), although it does refer to the U.K. 

building regulations (ODPM 2006), which state that the RH must not exceed 70% for more 

than two hours in any 12 hour period, or 90% for more than one hour in any 12 hour period 

during the heating season. 

Most of the IAQ data available for school classrooms is for mechanically ventilated (MV) 

classrooms, see for example Godwin and Batterman (2007) who report adequate ventilation 

rates in only 27% of classrooms, and Grimsrud et al. (2006) who report adequate ventilation 

in only 3 of 8 schools. Prill et al. (2002) measured CO2 in 3801 U.S. classrooms and found 

internal concentrations of over 1000 ppm in 43% of the classrooms; later Shendell et al. 

(2004a) show that in 50% of these classrooms ventilation rates are less than the ASHRAE 

standard rate of 7.5 l/s per person. For 50 U.S. classrooms, Shaughnessy et al. (2006) 

measured a mean ventilation rate of 3.9l/s - person, which is equivalent to half of the 

ASHRAE Standard 62.1 requirement. Clearly, these findings for U.S. schools suggest that 

mechanical systems do not always provide ventilation adequate to meet national standards 

and this is also reflected in other parts of the world, although in Europe far fewer classrooms 

are MV and natural ventilation strategies that involve manually opening windows are 

common. For example, in Germany, windows are generally used to regulate the indoor air 

quality, although Hellwig et al. (2009), still report CO2 concentrations greater than 1500 ppm 
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in 7 of the 15 classrooms monitored in the Summer, and in 32 of the 36 measured in the 

winter. In Swedish classrooms, Smedje et al. (1997) found ventilation rates ranging from 0.1 

to 22.4 l/s - person in 38 schools (27% naturally ventilated) with an IAQ perceived to be 

worse in schools with a mechanical extract and best in schools with a mechanical supply and 

extract. In a further study on a mixture of naturally ventilated (NV) and MV classrooms, 

Smedje and Norback (2000) report that 77% of the schools measured failed to meet Swedish 

ventilation standards. In Norway, Myhrvold et al. (1996) measured 35 MV classrooms and 

found that only 49% of classrooms would meet ASHRAE Standard 62.1 and 74% would meet 

the U.K. BB101 Standard. In the Netherlands, Van Dijken et al. (2006) show CO2 

concentrations to be in excess of 1000 ppm for a median average of 80% of the time for seven 

schools between April and May, and for 77% of the time for eleven schools measured 

between February and March. Geelen et al. (2008) also report median CO2 concentration 

exceeded 1000pm during teaching hours in 81 classes taken in 20 NV primary schools. For 62 

NV classrooms in Athens, Greece, Santamouris et al. (2008) measured 29% of classrooms 

with a mean CO2 concentration above 1500 ppm during teaching hours, and approximately 

77%, 55%, and 38% of classroom have a mean ventilation rate during teaching hours of less 

than 8, 5, and 3 l/s – person respectively. Santamouris et al. (2008) also collate measurements 

of ventilation rate and internal CO2 concentration found in the literature for 1187 classrooms 

during occupied hours (with 287 NV and 900 MV), it is shown that 25% and 53% of NV 

classrooms have a mean CO2 concentration of less than 1000 ppm and 1500 ppm, respectively, 

and for MV classrooms, 55% and 85% have a mean CO2 concentration of less than 1000 ppm 

and 1500 ppm, respectively. Furthermore, the database also shows that 50%, 30%, and 5% of 

NV classrooms have a mean ventilation rate during teaching hours greater than 3, 5 and 8l/s – 

person respectively, while 99%, 61%, and 50% of MV classrooms have a ventilation rate 

greater than 3, 5 and 8l/s – person respectively. In the U.K. Coley and Beisteiner (2002) 

measured seven NV classrooms reported a mean internal CO2 concentration of 1957 ppm for 

occupied hours in winter. In a related study Beisteiner and Coley (2002) measured four NV 
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classrooms in the summer and report that only two of the classrooms achieved a mean CO2 

concentration of below 1500 p.p.m, largely because the mean ventilation rates for each 

classroom are less than 3.6 l/s – person.  More recently, Mumovic et al. (2009) monitored 18 

classrooms during winter time and show that all six classrooms that exceeded the required 

mean CO2 levels used a natural ventilation strategy (based on opening windows).  Clearly, 

Mumovic et al. identify problems with a natural ventilation strategy based solely on opening 

windows and that such a strategy is unlikely to suffice for modern school designs. 

The data reported here for school classrooms indicate that, when judged against local 

ventilation standards, school classrooms are significantly under-ventilated. Furthermore, if 

geographical, architectural, and seasonal considerations are ignored, the ventilation rate in a 

NV classroom is, on average, much lower than in a MV classroom, and that only about half of 

the NV classrooms would meet the U.K. BB101 Standard for CO2, whilst only 30% would 

meet the ventilation rate requirements.  Clearly, target ventilation rates may be achieved using 

appropriate mechanical ventilation, although some of the examples quoted here demonstrate 

that this is not always successful. However, the U.K. Government proposes that to minimise 

environmental impact and to reduce running and maintenance costs, school designs should 

“aim for natural ventilation where possible” (DfES 2002).  Accordingly, in order to deliver 

the IAQ levels required by the relevant standards a natural ventilation strategy must meet the 

challenges presented by modern classrooms, such as the move towards air tight buildings and 

classrooms of deeper plan containing significant ICT equipment.  The ventilation rates 

reported in the previous paragraph indicate that an NV strategy based on opening windows is 

on its own unlikely to deliver rates demanded by standards such as BB101.  One possible 

alternative is to use top-down wind driven natural ventilation either on its own, or in 

combination with open windows.  Top-down ventilation is normally achieved using a roof 

mounted device that channels fresh air into a room through the action of wind pressure, whilst 

simultaneously drawing air out of a room by virtue of the low pressure region created 
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downstream of the device.  This action can be observed in the wind tunnel tests of Elmualim 

and Awbi (2002) and Elmualim (2006) and the performance of these devices in an office was 

measured by Kirk and Kolokotroni (2004), who also note a significant increase in ventilation 

rates when operating in combination with open windows.  Furthermore, by entraining air into 

a room from roof level, the incoming air will contain less pollutants; for example, Laxen and 

Noordally (1987) show that the concentration of NO2 declines with height, reverting to 

background levels at approximately 20 m above ground level; see also Gage et al. (2001).  

Clearly, these devices offer the potential to enhance natural ventilation rates in schools and a 

commercial development of this device, called a Windcatcher
1
, has to date been installed in 

over 1100 U.K. schools.  These devices are currently sized on the basis of ventilation rates 

measured in a wind tunnel, although Jones and Kirby (2009, 2010) recently introduced simple 

semi-empirical algorithms for estimating this ventilation rate.  However, there is very little 

data in the literature that examines how well these devices perform in situ.  For example, Kirk 

and Kolokotroni (2004) and Kolokotroni et al. (2002b) do examine the behaviour of top-down 

split-duct ventilators but this is only for offices.  To the best of the authors’ knowledge, no 

equivalent studies on similar ventilators have been published for schools.  Accordingly, this 

article reports on the performance of split-duct ventilators in 16 school classrooms and 

compares IAQ data against the relevant standards for the summer and winter seasons.  In 

addition to the measurement of CO2, temperature and RH, ventilation rates will also be 

measured in order to investigate the action of split-duct ventilators in a school environment.  

The methods used to obtain this data are described in Section 2, the results from these 

measurements are recorded in Section 3, and a review of the in situ performance of split-duct 

ventilators in schools is undertaken in Section 4.  

                                                 
1
 WINDCATCHER

®
 is a proprietary product of Monodraught Ltd. 
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2.  METHODOLOGY 

Five schools and 16 classrooms ventilated by a single top-down split-duct ventilation element 

are examined here.  At roof level each element is free from obvious shielding caused by 

external obstacles or architectural features and each element is chosen to be square, as this is 

known to maximise performance (Jones and Kirby 2009). In addition, none of the classrooms 

contain supplementary mechanical supply or extract ventilation. A split-duct ventilator works 

by channelling air into a room under the action of wind pressure, and simultaneously drawing 

air out of the room by virtue of a low pressure region created downstream from the element, 

see Jones and Kirby (2009).  The ventilation element’s cross-section is divided diagonally 

into quadrants running the length of the element.  Depending on the angle of the wind, each 

quadrant either channels air into or out of the room.  At its base, a series of flow control 

dampers are used to regulate the ventilation rate with their position governed by the 

temperature in the room.  The relevant parameters of the split-duct ventilators used in this 

study are given in Table 1. Here, each school is assigned an alphabetical prefix and each 

classroom monitored within a school is given a numerical suffix. All of the school buildings 

were built after 2003 and are located in urban areas in the south of England. The cross 

sectional area (CSA) of each ventilator takes into account the presence of an acoustic lining, 

which is normally made from foam and covers the duct walls and the diagonal dividers. It is 

interesting to note here that the mean volume of the classrooms is 254m
2
, which is 

approximately one third larger than those measured by Mumovic et al. (2009) (170m
2
), and 

Beisteiner and Coley (2002) (182m
2
). 

All of the classrooms examined here are have a single wall of double glazing, which in 

classrooms F2 and F4 is augmented by clerestory windows (here 77% of total glazing area). 

At school F all of the windows are sealed, but at the other schools some of the windows can 

be opened manually and the estimated opening areas for these windows is presented in Table 
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1.  One hundred measurements of ventilation rates have been obtained under controlled 

conditions, where possible, with windows both open and shut.  All measurements were 

undertaken in empty classrooms during normal occupied hours and throughout the year to test 

a range of different environmental conditions.  However, the CO2 measurements must be 

undertaken during normal occupied hours and so we cannot say if the windows were open or 

shut during each monitored period.  Note also that the windows of classroom G3 are not 

shielded; the classrooms of school E are shielded by a balcony, and those of schools C and F 

have solar fins and slats, respectively, to reduce solar heat gains. 

The ventilator is automatically controlled and opens according to room temperature. Dampers 

at the base of the ventilator duct control the flow of air into and out of the supplied room, and 

when a prescribed temperature or set point is reached the dampers open 20% for every 1°C 

above the set point: in the winter the set point is 22°C and in the summer it is 16°C.  In the 

summer the dampers also open fully from midnight until 6am to provide night-cooling unless 

the internal temperature is at or below 15°C. Occupants may override the control settings at 

any time by using a wall-mounted override switch that will fully open or close the dampers.  

The summer and winter set points are designed to modify the performance of a ventilator 

according to the heating season, and so monitoring was conducted during both the summer 

and winter seasons to determine the effectiveness of this ventilation strategy. The high winter 

set point suggests that the ventilator dampers should remain closed for most of this season and 

so it is important to determine if this is true, and then to determine the overall air quality and 

ventilation rate in each classroom given that the ventilator is a significant part of the 

ventilation strategy and its inactivity could have a detrimental effect on the air quality in a 

classroom during the winter months. Here, winter monitoring was conducted during weeks 44 

to 4 in 2008/9, and in the summer during weeks 19-25 in 2008 and week 27 in 2007. 
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Internal temperature, CO2, and RH measurements were taken every minute for at least five 

working days during each season, and for each of nine classrooms; measurements of 

temperature only were taken in five other classrooms using the same time interval. External 

temperature was measured at 5 minute intervals for all classrooms. Q-Trak 8551 sensors were 

used to take measurements of temperature, RH, and CO2. Here, the temperature 

measurements are accurate to ±0.6°C, CO2 measurements are accurate to ±3% and ±50 ppm 

at 25°C, with an uncertainty of ±0.36% per °C change in temperature, and RH readings are 

accurate to ±3%, with a ±1% hysteresis. Internal temperature was also measured using Onset 

U10 Hobo dataloggers that are accurate to ±0.4°C at 25°C. External temperature was 

measured using DS1921 iButton Dataloggers that are accurate to ±1°C. BB101 guidelines 

recommend measurements are taken at seated head height, but in order to secure the 

equipment it was often necessary to place the equipment just above floor level, whereas on 

other occasions the equipment was placed at standing head height.  It is noted that similar 

problems were encountered by Coley and Beisteiner (2002), Beisteiner and Coley (2002), and 

Kolokotroni et al. (2002). However, in all cases effort was taken to place the equipment away 

from heat sources and in regions of free air flow in order to obtain reliable and accurate 

readings. Ventilation rates were measured using the standard single-zone tracer gas decay 

method, see for example Liddament (1996). Sulphur hexafluoride (SF6) was used as the tracer 

gas and was only applied to the classroom, and not any adjacent rooms or corridors.  Note that 

the single zone gas decay method used here does not measure the rate of air flow though the 

ventilator, rather it measures the ventilation rate for the room and may also include airflow 

between the room and corridors.  Mixing fans were used to ensure an even distribution of SF6 

throughout the room, but were not used during the measurements because they are thought to 

initiate artificial flow paths (Liddament 1996).  The SF6 was measured every 45 seconds by 

an Innova 1312 dual gas analyser that has a reading repeatability of 1%.  Measurements were 

taken from the centre of the room for periods of no less than 20 minutes and an estimation of 
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the air change rate (ACR) was obtained by plotting the natural log of the tracer gas 

concentration against time in accordance with Liddament (1996). 

3.  RESULTS 

IAQ data is presented here as a mean over the data measured for the occupied hours of 0900 

to 1530, covering working weeks in both summer and winter.  The only exception to this is 

the winter data for School D where three working days have been used.  In Figures 1 and 2, 

the CO2 measurements for summer and winter, respectively, are presented for nine classrooms.  

Here, the centre bar denotes the mean value and the upper and lower bars denote the 

maximum and minimum values, respectively; the dotted box denotes one standard deviation 

(σ) from the mean and the horizontal dashed line denotes a relevant BB101 criterion; Figure 3 

presents summer room temperatures using the same method methodology, although six 

additional classrooms have been added here.  In Figure 4 the difference (∆T) between the 

mean internal (Tin) and external (Tout) temperatures during the summer is presented since ∆T 

≤ 5 ºC represents an important BB101 criterion.  In Figures 5 and 6 the RH is presented for 

winter and summer, respectively.  

The data plotted in Figures 2-6 may readily be compared with the requirements of BB101; 

however, these values are closely determined by the ventilation rates in each classroom.  

Moreover, it is the ventilation rates, which must be achieved whatever the meteorological 

conditions, that are an important indicator of the performance of a split-duct ventilator and 

hence the success of the proposed natural ventilation strategy.  Accordingly, aggregate 

ventilation rates are also presented here, although individual measurements with 

corresponding meteorological conditions are given in Jones and Kirby (2010).  In Table 2, the 

average ventilation rates for each classroom are presented for four different natural ventilation 
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strategies: (i) all windows and split-duct ventilator closed, (ii) windows closed and split-duct 

ventilator fully open, (iii) all windows and split-duct ventilator fully open, and (iv) windows 

open and split-duct ventilator closed.  Here, the term “fully open” means that the ventilator’s 

dampers are open to their full extent and that all available openable window area was 

employed. For the ventilation measurements, Liddament (1996) provides a thorough 

overview of their methodology and limitations, and the estimated errors are recorded in Table 

2. There is disagreement on the accuracy of such measurements and Sherman (1990) suggests 

that a reasonable assumption of the overall error in this data is ±10% while Persily (2006) 

proposes that ±20% is more appropriate. Sherman also suggests that an estimate of the 

precision of each measurement can be made from the regression, and so the errors presented 

here have been calculated using the coefficient of determination (R
2
), and show the extent of 

exponential decay and any errors from poor mixing of the tracer gas. Note also that school F 

has no manually openable windows and it was not possible to measure a ventilation rate with 

the windows and split-duct ventilator closed for rooms C3, C4, and D2.  Finally, as BB101 

quantifies ventilation rates using l/s - person these values are presented in Figures 7 – 9, 

assuming a standard classroom capacity of 30 occupants in all of the classrooms except F1 

and F3, which were designed for 20 occupants. 

4.  DISCUSSION 

In the majority of the standards, CO2 is a key indicator of performance and in Figures 1 and 2 

the measured data shows that all classrooms lie inside the BB101 maximum of 5000 ppm for 

both winter and summer seasons.  In the summer months, all rooms meet BB101’s mean limit 

of 1500 ppm, although only three classrooms meet the ASHRAE (2007) maximum of 1100 

ppm (assuming an external CO2 level of 400 ppm). However, seven classrooms do have 

internal CO2 concentrations of less than 1100 ppm for approximately 84% of the time in 
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summer. Furthermore, mean CO2 values also meet the requirements for category 1 of the 

European Standards EN15251 (2007) and so are considered to have high IAQ during the 

summer.  The CO2 levels measured during the summer months also compare favourably with 

the equivalent data measured by Beisteiner and Coley (2002), who reported maximum and 

mean CO2 levels of 3756 ppm and 1570 ppm, respectively, with a standard deviation of 764 

ppm.  The equivalent values for the current study in the summer are: 3383 ppm, 687 ppm and 

246 ppm.  Here, Beisteiner and Coley’s NV strategy relies on opening windows, either on a 

single side of the building, or through cross-ventilation between two open sets of windows.  

In the current study it is observed that the ventilator was, on average, fully open for over 60% 

of the time and is never fully closed during the summer, and so an improvement in ventilation 

rates appears possible using either a split-duct ventilator on its own, or in conjunction with 

open windows. 

In the winter months, Figure 2 shows that six of the nine classrooms meet BB101 

requirements, whereas none meet the ASHRAE standards.  In addition the classrooms are 

classified as having low IAQ (category 4) when compared against EN13779, and an 

acceptable/moderate level (category 3) when compared against the less stringent EN15251.  

Clearly, CO2 levels are seen to rise in all classrooms during the winter when compared to the 

summer months.  An examination of the room temperatures in winter suggests that, on 

average, the split-duct ventilator is closed for 92% of the time, whilst it is highly likely that 

the windows have remained closed throughout the testing period.  Accordingly, in winter the 

CO2 levels are largely controlled by background ventilation and this is the likely cause of the 

rise in CO2 levels seen in the winter months.  In Table 3 CO2 levels for winter are compared 

with other studies in the U.K. measured over a similar time period and here our data is 

generally comparable to the measurements of Mumovic et al. (2009), but lower than Coley 

and Beisteiner (2002).  Here, it seems likely that in winter ventilation rates in each of these 

studies are dominated by background ventilation and so differences may simply be caused by 
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differences in the fabric of each building, although it is noticeable that two of the rooms 

studied by Mumovic et al. (2009) adopt stack driven ventilation and here CO2 levels are 

similar to those found in the current study.  What is clear, however, is that if one relies simply 

on opening windows to control CO2 levels during the winter months then there is a significant 

risk of failure to meet BB101 requirements. Thus, a split-duct ventilator offers an alternative 

strategy with the potential of lowering CO2 levels in the winter by partially opening the split-

duct ventilator, although it would appear necessary to set the split-duct ventilator controls to 

open at a given CO2 level rather than at a pre-determined temperature, which was the strategy 

for the classrooms measured here.  Of course, thermal comfort issues arise in the winter when 

ventilating using external air that is significantly colder than the internal temperature, 

particularly in the draught-risk zone close to the diffuser; however, a split-duct ventilator 

provides top-down mixing-ventilation that allows the cold external air gradually to dilute the 

warm internal air and so is potentially more acceptable than opening windows (Gage et al. 

2001), although particular attention should be paid to the design of the diffuser to dissipate 

incoming flow away from the occupants. 

A comparison with the data of Santamouris et al. (2008) reveals that in winter the mean CO2 

concentration of 1302 ppm measured here is lower than 62% of NV and 24% of MV data 

reported by Santamouris et al.; whereas in the summer the measured concentration of 687 

ppm is lower than 97% of all NV classrooms and 84% of MV classrooms. This indicates that, 

when compared against the 1187 classrooms in the database of Santamouris et al., the 16 

classrooms monitored in this study perform very well. 

The temperature requirements of BB101 apply only to the summer time, and Figure 3 shows 

that all sixteen classrooms did not exceeded the maximum limit of 32°C, nor did they exceed 

28°C for more than 120 hours. However it should be noted that monitoring was only 

conducted over a representative working week and not for the whole summer season and so 
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this remains only an indicator of compliance. Figure 4 shows the difference between mean 

internal and external temperatures, ∆T, which to be compliant must be less than 5°C. The 

classrooms of school F are the only rooms not to meet this standard and this could be 

attributed to their comparatively large glazing area and orientation, which on the ground floor 

is purely south-west facing, while on the 1
st
 floor is split between the south-west and the 

north-east. These windows do have solar shields and so the high values of ∆T are most likely 

to be due to the low mean external temperature for occupied hours of 16.8°C, with σ = 3.5°C.  

It should be noted, however, that during the summer months the dampers of a split-duct 

ventilator will automatically open to their full extent from midnight until 6 a.m. and this will 

provide night cooling and so help to deliver the temperatures seen in Figure 3.  Thus, the 

ability of a split-duct ventilator to automatically deliver night cooling, without compromising 

security, further helps to meet IAQ requirements in classrooms. 

Relative humidity levels in the summer and winter seasons are shown in Figures 5 and 6 and 

here mean levels are between 30-70% for both seasons and so demonstrate compliance with 

U.K. building regulations (ODPM 2006). Furthermore, these limits are comparable to the 

findings of Mumovic et al. (2009) and Kolokotroni et al. (2002a) and so RH does not appear 

to be a significant cause for concern. 

To achieve CO2 and temperature targets, one must provide sufficient ventilation to a room 

and so the measured ventilation rates presented in Table 2 provide an important indication of 

the performance of a split-duct ventilator. Here, the use of a split-duct ventilator on its own 

delivers ventilation rates that generally compare well with those reported by Mumovic et al. 

(2009), indicating that per capita rates of over 3 l/s - person are readily achievable (if the 

design occupancy levels are assumed). Table 2 also shows that, in general, the ventilation rate 

for a classroom increases once a split-duct ventilator is opened, although there are a few 

notable exceptions, such as in school G, and rather low values are also observed in classrooms 
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C1 and C3. It is difficult to be certain about the reasons for this, although the rooms in school 

G, and also rooms C1 and C3, all have long split-duct ventilator duct lengths.  Kolokotroni et 

al. (2002b) noted a similar problem when studying ventilation rates from Windcatchers in a 

two storey office building, and so it appears there may be operational problems with long 

Windcatchers, although those long Windcatchers in school F appear to be working 

satisfactorily. 

In Table 2, it is evident that by opening a window as well as the split-duct ventilator one can 

significantly increase the ventilation rates in a classroom.  In general ventilation rates are seen 

to increase at least two-fold, although some very high multiples also appear possible.  Of 

course, it is also interesting to isolate the effect of the split-duct ventilator by closing the 

dampers and opening the windows.  To investigate this, ventilation rates were measured with 

just the windows open in classrooms C1, D1, E1, E3, and G1 (see Table 2); results show that 

in classrooms C1, E1, and E3 flow rates for windows operating on their own were between 

69-76% lower than the flow rates generated with windows and split-duct ventilator dampers 

open, while in D1 and G1 flow rates were 4-16% lower. Here, the greater effective openable 

window area in classrooms C1, E1 and E3 (see Table 1) is the likely explanation for the 

difference in these results. Moreover, this indicates that a split-duct ventilator operating in 

combination with an open window will help to boost flow rates over and above that provided 

by windows operating autonomously, and so provide a viable method for meeting BB101 

provided a sufficient number of windows are opened. These findings also agree with the 

measurements carried out in offices by Kirk and Kolokotroni (2004), who observed an 

increase in flow rates when a split-duct ventilator operates in combination with open windows. 

Kirk and Kolokotroni also noted that the use of windows was disliked by the occupants 

because they caused uncomfortable draughts, although no such observations were 

forthcoming in the current study. 
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In order to compare measured ventilation rates with those required by BB101 it is necessary 

to assume the number of occupants in the classroom. Here, 30 occupants are assumed in each 

classroom, except in F1 and F3 where 20 are assumed. This assumption is intended to provide 

a worst case scenario and so may underestimate the actual volume flow rate per person if 

class sizes are smaller, which is possible in secondary (high) schools. Figure 7 suggests that 

the minimum level of 3 l/s - person cannot be achieved by background ventilation alone, 

except in classrooms F1 and F3 that have lower occupancy levels. When using a split-duct 

ventilator on its own, it is seen in Figure 8 that 3 l/s - person is met in eight classrooms and 

the required mean flow rate of 5 l/s - person is surpassed in a total of five classrooms. When a 

split-duct ventilator is combined with fully open windows then in Figure 9 it is observed that 

all classrooms meet 5 l/s - person apart from D2, which is very close to the required value.  It 

is also evident that the required purge ventilation rate of 8 ± 0.2 l/s - person is achieved in all 

rooms except classroom D2.  Here, there is no clear explanation for the lower performance of 

classroom D2, as the driving forces do not differ greatly from other rooms.  Thus, Figures 7-9 

show that to consistently achieve the required mean and purge rates of 5 l/s - person and 8 l/s 

– person, respectively, it is necessary to open windows, although the exact effective opening 

area required in a façade to meet the guidelines is difficult to ascertain from this data. 

However, these results indicate that for the CO2 measurements reported in Figure 2, windows 

are most probably open for a significant portion of the occupied hours. 

The per capita ventilation rates reported in Figures 8-9 are now compared with the data of 

Santamouris et al. (2008) using a mean ventilation rate for each figure. With the split-duct 

ventilator operating on its own, the mean ventilation rate is 3.1 l/s – person, which is greater 

than approximately 49% of NV and 16% of MV classrooms reported by Santamouris et al.  

With the split-duct ventilator and windows open, the mean ventilation rate is 13.4 l/s – person 

and this is greater than approximately 95% of all NV classrooms and 70% of MV classrooms. 

Accordingly, the split-duct ventilator is seen to perform well relative to the extensive database 
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of Santamouris et al., especially when the windows are opened.  This demonstrates that 

combining a split-duct ventilator with open windows has the potential to provide relatively 

high per capita ventilation rates to school classrooms, which are greater than those specified 

by BB101 and ASHRAE Standard 62.1. 

The findings presented here indicate that the classrooms containing a split-duct ventilator are 

capable of meeting BB101 criteria during the summer months, especially if they are fully 

integrated with openable windows.  However, problems are seen to exist during the winter 

months.  Here, ventilation rates provided by the split-duct ventilator are regulated by the 

dampers, which for those Windcatchers studied here are controlled according to internal 

temperature.  Accordingly, the Windcatchers are generally inactive during the winter season 

and so in order to improve winter ventilation an improved control strategy it may be sensible 

to use CO2 as a set-point in addition to temperature to create demand-controlled ventilation. 

This type of strategy would incur heat losses, although for a mean flow rate of 5 l/s – person, 

with ∆T=10°C, the energy lost by ventilating a classroom would be approximately 62W per 

person, and it is possible this could be generated by incidental heat gains from ICT equipment, 

or by the metabolic heat of occupants. Consideration should also be given to the provision of 

automatic purge ventilation during unoccupied periods to bring internal CO2 concentration 

back to ambient levels.  

5.  CONCLUSIONS 

The IAQ and ventilation rates in 16 school classrooms in the U.K. have been measured here.  

Results demonstrate that a top-down natural split-duct ventilator is capable of meeting the 

U.K. BB101 standards.  For the summer months all classrooms were able to meet the CO2 

requirements and 50% meet the minimum 3 l/s – person requirement with a ventilator 
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operating autonomously. If a split-duct ventilator is operated in conjunction with open 

windows, then all classrooms are capable of delivering at least 3 l/s – person and 92% of 

classrooms meet the mean requirement of 5 l/s – person.  Under this arrangement it is also 

noted that the purge ventilation requirement of 8 l/s –person can be achieved in 92% of 

classrooms.  Furthermore, these levels of ventilation are found to be greater than those 

achieved by the action of windows operating on their own.  It is evident, therefore, that for 

those classrooms studied here a split-duct ventilator can aid in the delivery of ventilation rates 

that meet the UK standards during the summer months, and this also extends to meeting 

European and U.S. standards.  However, in the winter months the split-duct ventilator is 

rarely opened and, although the maximum CO2 limit of 5000 ppm is never exceeded, only 67% 

of classrooms meet the mean required CO2 level, and only one classroom is capable of 

delivering the minimum ventilation rate.  This is because in winter ventilation largely relies 

on background levels and so it is evident that an alternative strategy is necessary, probably 

involving the opening of the split-duct ventilator according to CO2 levels, in order to deliver 

appropriate IAQ during the winter months. 

The ventilation of school classrooms currently presents many problems and, when judged 

against relevant IAQ and ventilation standards, school classrooms are currently significantly 

under-ventilated.  A top-down natural split-duct ventilator has been shown here to offer the 

potential to significantly improve natural ventilation rates in classrooms and to aid in the 

compliance with IAQ standards for schools. 
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FIGURE CAPTIONS 

Figure 1. Measured CO2 levels for occupied hours in summer. 

Figure 2. Measured CO2 levels for occupied hours in winter. 

Figure 3. Measured temperature for occupied hours in summer. 

Figure 4. Difference between mean internal and external temperatures (∆T) for occupied hours 

in summer. 

Figure 5. Measured RH for occupied hours in summer. 

Figure 6. Measured RH for occupied hours in winter. 

Figure 7. Estimated ventilation rate per person: Windcatcher closed and windows closed. 

Figure 8. Estimated ventilation rate per person: Windcatcher open and windows closed. 

Figure 9. Estimated ventilation rate per person: Windcatcher open and windows open. 

 

 

 

 

 



 

 

 

 

 

Table 1. 

Classroom parameters 

Room Floor Volume 

(m3) 

Windcatcher 

CSA (m2) 

Duct length 

(m) 

Total glazing 

area (m2) 

Glazing 

Orientation 

Openable 

Windows 

Openable window 

area (m2) 

C1 Ground 148 0.77 4.8 3.15 South 6×Top Hung 0.87 

C2 1st 172 0.77 1.0 3.15 South 6×Top Hung 0.87 

C3 Ground 148 0.77 4.8 3.15 South 6×Top Hung 0.87 

C4 1st 172 0.77 1.0 3.15 South 6×Top Hung 0.87 

D1 Ground 272 0.64 1.0 6.53 North 5×Top Hung 1.53 

D2 Ground 272 0.64 1.0 6.53 North 5×Top Hung 1.53 

D3 Ground 272 0.64 1.0 6.53 North 5×Top Hung 1.53 

E1 Ground 157 0.46 4.6 7.87 South East 4×Bottom Hung 0.49 

E3 Ground 157 0.46 4.6 7.87 South East 4×Bottom Hung 0.49 

F1 Ground 323 0.92 7.0 12.10 South West None n/a 

F2 1st 549 0.58 1.0 12.34 South West and 

North East 

clerestory 

None n/a 

F3 Ground 323 0.92 7.0 12.10 South West None n/a 

F4 1st 498 0.58 1.0 12.34 South West and 

North East 

clerestory 

None n/a 

G1 Ground 203 0.64 5.5 4.61 West 4×Sash 1.84 

G2 Ground 185 0.64 5.8 4.61 West 2×Sash 1.84 

G3 Ground 203 0.64 5.5 9.69 West and South 2×Sash 3.88 

 

 



 

 

 

 

 

Table 2. 

Volume flow rate (litres per second) measured for each classroom 

Windcatcher 

Dampers 
Closed Open Open Closed 

Window 

Position 
Closed  Closed  Open Open  

Room        

C1 4.1 ± 0.2 30.8 ± 1.5 238.7 ± 3.8  

C2 4.1 ± 0.6 168.1 ± 3.1 247.8 ± 2.5 59.6 ± 4.2 

C3  32.6 ± 2.6 393.9 ± 4.6  

C4  121.6 ± 2.8 320.3 ± 3.0  

D1 25.7 ± 2.4 54.5 ± 45.8 234.5 ± 51.6 225.5 ± 31.6 

D2  168.7 ± 18.6 133.9 ± 68.3  

D3  92.3 ± 38.8 254.2 ± 30.5  

E1 1.7 ± 1.3 24.5 ± 2.8 395.4 ± 4.2 95.2 ± 1.9 

E3 10.0 ± 1.8 19.2 ± 2.1 352.6 ± 12.5 111.0 ± 1.2 

F1 72.7 ± 8.0 183.7 ± 6.9 n/a n/a 

F2 62.5 ± 15.0 109.5 ± 8.1 n/a n/a 

F3 73.6 ± 2.9 119.5 ± 7.2 n/a n/a 

F4 30.4 ± 1.5 179.8 ± 9.0 n/a n/a 

G1 17.5 ± 7.5 16.4 ± 10.0 1245.6 ± 62.3 1037.1 ± 62.2 

G2 Negligible 11.3 ± 3.2 432.9 ± 13.0  

G3 14.1 ± 2.4 16.4 ± 11.5 555.9 ± 11.1  

 

 



 

 

 

 

 

Table 3. 

CO2 concentration in UK school classrooms in winter with ventilation type 

CO2 

(ppm) 

Jones & Kirby 

NV 

Mumovic et al (2008) 

NV 

Mumovic et al (2008) 

MV/MM 

Coley & Beisteiner (2002) 

NV 

Mean  1302 1459 869 1957 

σ 444 560 225 917 

Max 4336 2917 1254 4108 

NV, Natural ventilation; MV, Mechanical ventilation; MM, Mixed-mode ventilation 
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