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Executive summary
Good indoor air quality is a key design criterion for sustainable buildings. Lecture theatres, or large
rooms, with unpredictable occupancy patterns, present a special design challenge. The installed
ventilation systems have to be designed to respond to the fluctuating fresh air demand but without
excess supply of conditioned fresh air. The demand-controlled air-conditioning system, from which
fresh air is supplied to meet its demand based on the levels of CO2 in the room, provides a feasible
solution that is becoming more widely used. The aim of this case study is to evaluate the
performance of such a demand-controlled air-conditioning system that serves the Mayfield lecture
theatre at the Falmer site of the University of Brighton.
This report is divided into four main parts. The first part describes the layout of the lecture theatre, the
air-conditioning system and its control. The second part introduces a novel simulation design tool,
which is developed from a generic software called STELLA. This tool enables the ‘macro’ study of the
homogeneous indoor air quality - in terms of CO2 concentration - taking into consideration of the
occupancy pattern, room volume, fresh air flow rate, fan characteristics and control method. The third
part introduces a computational fluid dynamic software called FLOVENT. This software enables
‘micro’ analysis of the room air distribution, which is of particular importance in large spaces where
variation of air quality is influenced by the ventilation method. The fourth part reports on the
monitoring of the indoor air quality in the Mayfield lecture theatre, which involves the measurement of
temperatures, air speed, relative humidity, CO2 concentration and tracer gas.
Computer models were established using the Mayfield lecture theatre’s physical and operational
parameters. STELLA simulation was then applied to evaluate the indoor air quality performance
under different control and operation regimes. Results indicated 50% saving in fresh air supply could
be achieved without exceeding the design set point. FLOVENT software is a state of the art design
tool that provides graphical and visual outputs for the performance of the indoor air quality. The
software shows not only some of the ‘dead spots’ within the lecture theatre, but also the distribution of
CO2 concentrations, air movements, mean age of air and thermal comfort.
Monitoring of the Mayfield lecture theatre has provided the operational performance under partial
conditions. The air-conditioning system was originally designed to operate at two fan speeds; this has
resulted in CO2 levels below the set point during the monitoring periods. The deviations between the
measured values and the calculated homogeneous CO2 levels are consistent with the prediction of
spatial variation from the FLOVENT software. The results from STELLA suggested that the change
from two speeds to variable speed control would provide improved control and better maintenance of
indoor air quality.
This case study has demonstrated the benefits of using demand control over conventional constant
volume ventilation systems. It also highlighted the need to evaluate the system performance at the
design stage in particular the study of air distribution.
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1. Introduction
The aim of this case study is to evaluate the indoor air quality (IAQ) of Mayfield lecture theatre, which
is served by a demand-controlled air-conditioning system. The report gives an overview of the air
conditioning system configuration, its design specification and operation criteria. In order to study the
IAQ performance, a simulation tool for use during the design stage has been developed, which can be
used to analyse the concentration levels of carbon dioxide with or without the demand control.
Computer models were used to evaluate the steady state and dynamic performance of the IAQ
including comparison with a conventional lecture theatre using constant air flow.

The effect of

ventilation method to air distribution was investigated using a computational fluid dynamic (CFD)
software called Flovent. Flovent provides graphic outputs of the effect of ventilation methods upon
the IAQ. The IAQ of Mayfield lecture theatre was monitored to give a ‘snap shot’ picture of its partload operational performance.

The simulation tool, the CFD analsysis and experimental

measuurements provided feedback to the performance of the system and highlighted options for
future system modifications and operational changes.

2. The Mayfield lecture theatre
2.1.

The lecture theatre

Figure 1: Layout of Mayfield Lecture Theatre
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The design of the lecture theatre is conventional and consists of three sections of benches as shown
in Figure 1. The room measures 3.64m high with the floor dimensions shown in Figure 2. Figure 3
illustrates the configuration of the benches and seats. The lecture theatre has a maximum capacity of
one hundred and six seated occupants.

Figure 2: Plan of Mayfield House

Figure 3: Seating configuration

2.2.

The air-conditioning system

The air-conditioning system is a variable air volume type and operates by using 100% fresh air for the
supply air with no re-circulation of exhaust air. The exhaust air passes through a heat recovery unit,
which is used to preheat the supply air. The speed of the supply and extract fans is linked to the
concentration of carbon dioxide (CO2) which is monitored by a sensor in the return air duct. The CO2
sensor is set between 900-950ppm. When the level of CO2 is above this set point, the speed of the
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supply fan will increase to introduce more fresh air into the room. Figure 4 is a schematic diagram of
the air conditioning system, which shows the airflow circuit and the main components.

.

m

.

m

Figure 4: Schematic diagram of the system

Figure 5: Seating and air outlets
The air-conditioning supply grilles are positioned in the vertical section of the steps underneath the
benches. The exhaust air is extracted from the ceiling at the front of the theatre.
The air-handling unit (AHU) that serves the lecture theatre comprises of fresh air damper, an inverter
driven supply fan, pre-filter, main filter, preheat coil, a two 2 stage DX cooling unit, heating coil, return
air filter, a recuperator, face/bypass damper and an inverter driven extract fan. The DX condenser

www.durabuild.org

Page 7 of 27

Centre for Sustainability of the Built Environment
coils are housed within the AHU’s extract compartment. The AHU, located outside the building, is
controlled from a BMS outstation in the boiler plant room.

2.3.

Operation and control

The inverter driven supply and extract fans are operated by Hand/Off/Auto switches located on the
AHU control panel. In the auto position, they are enabled by the BMS time schedule. Differential
pressure switches placed across each fan provide airflow status across each fan. The fans operate in
high-speed mode or low speed mode. When heating is needed, the fans will operate at low speed.
The BMS monitors the return temperature and CO2 level to determine the fan speed. The BMS has
“Ventilation Override” facility to allow the lecture theatre to be used out of normal hours. Occupancy
sensors locate in each room hold off AHU’s DX units when the areas are unoccupied; however, the
heating of the space is maintained even when it is unoccupied.

3. Evaluation of indoor air quality
3.1.

Background

Conventional method of calculating CO2 concentration in a room is based on the decay equation as
shown below. The calculation procedure is tedious and can only provide steady state solutions. In
order to evaluate the dynamic behaviour of IAQ within the lecture theatre, the project team has
developed a simple computer simulation tool for this task. This computer simulation tool can take into
account the physical parameters – such as the occupancy pattern, IAQ set point, control methods and
fan characteristics – that represent closer to the actual air-conditioning setup and its dynamic mode of
operation.

Decay equation:

⎡ 106V
⎤
C = ⎢ ' c + Ca ⎥ (1 − e − n ) + C0e − n
⎣ Q
⎦
Where:
Vc = volume of CO2 produced by breathing on the part of the occupants [m3/s person]
Ca = concentration of CO2 present in the ventilating air [ppm]
Co = initial concentration of CO2 [ppm]
C = concentration of CO2 at any instant [ppm]
n = number of air changes per hour
Q’ = rate of fresh air supply [m3/s]

3.2.

Selection of software

A generic simulation software called Stella was chosen for developing the simulation tool. Stella
allows the construction of systems for simulation using the basic components it provides.

The

concept of “System Thinking” is used as the basis for the construction of the system, the model and
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the computer simulation. Details of the software and the references on the Stella simulation can be
found from the Stella web site (http://www.iseesystems.com/index.aspx).

The Stella programme consists of three main Windows – equation, model and interface – each serves
a specific function. Equations are automatically generated when components are added or modified
in the model Window. The equation window allows the advanced users to view the simulation code.
The Interface Window contains special components - such as Dial, on/off switch, levers, graphical
display, text display etc. that allow interactive graphical interface for the input parameters and the
display format of the output results. The Interface Window mimics the control panels commonlyt
found in plant rooms, this provides a familiar and easy to use user interface. The model window
contains the simulation components that can be connected graphically to form a system. More details
of Stella are illustrated in the following sections.

3.3.

Indoor air quality simulation tool and user interface

The user interface of the simulation tool was set up to allow users to set and change the simulation
and output parameters. The display of the Interface window is shown below:

Figure 6: The Interface window
The Interface Window is divided into five regions. The top-right buttons are hyperlinked to documents
and drawing to provide users with general background information about the simulation tool, the
model and the case study. The Schematic diagram and the AutoCAD drawings are particularly useful
as they show the design concept of the air-conditioning system and the layout for the lecture theatre.
The default occupancy pattern can be modified by double clicking the ‘Occupancy’ icon. The
occupancy pattern can be changed by dragging the lines on the graph or direct input of the data
directly in the table as shown in Figure 7.
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Figure 7: Setting of occupancy pattern
The circular knobs next to the occupancy icon (see figure below) can be rotated by dragging the
mouse (or type in the number the box) to set the “Initial room CO2 concentration”, the “External CO2
concentration”, “Room initial temperature” and “Room volume”.

Figure 8: User interface of initial settings
The two regions on the left of the Interface window are related to the control of temperature and CO2
level. Proportional and integral control options are available to control the output of the heater/cooler
and the supply of air volume from the fresh air supply fan.

Figure 9: User interface of control settings

Click the “run” button above the output graphs will start the simulation. A number of graphical or
numeric output pages can be created to display the necessary outputs. An example of the graphical
output is shown in Figure 10.

www.durabuild.org

Page 10 of 27

Centre for Sustainability of the Built Environment

Figure 10: Example of output graphics

3.4.

Simulation model

By using the simulation components provided in the Stella software, a system representing the
dynamic IAQ behaviour of the lecture theatre can be established. For details of system components
and details of Stella, please read information and references on the Stella web site
(http://www.iseesystems.com/index.aspx). The complete simulation model for of the Mayfield lecture
theatre is shown in the figure below. More details of the simulation model are shown in the appendix.

Figure 11: Simulation model
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3.5.

Simulation input and output parameters

A number of parameters are used in the simulation that can be modified to test or optimise their
individual or combined effects to the system performance. The key input and output parameters of
the current model are indicated below.
Input parameters

Room volume
CO2 emission per occupants
Room temperature
Room CO2 concentration
External air CO2 concentration
Occupancy (number at different time periods)
Proportional control constant
Intergral control constant
Fan flow characteristics against control signal
Room temperature
Room CO2 concentration
Fan flow rate
Heater/cooler output
Other variable e.g. integral error, proportion error,
fan control signal etc.

Output parameters

3.6.

Simulation of indoor air quality in lecture theatres

The simulation tool was used to evaluate the indoor air quality of a conventional lecture theatre that
uses a constant air volume system. The results were compared with that of a demand controlled air
conditioning system as used in the Mayfield lecture theatre. Both systems were evaluated using
constant and variable occupancy patterns. The Mayfield theatre has 106 seats and has a volume of
400 m3. The CO2 level was set at 800 ppm. The acceptable level of CO2 and its effect to occupants
are outside the scope of this study but can be found in a number of publications (ASHRAE 1989;
Daisey 2003; Teachernet 2005).
3.6.1. Indoor air quality for a conventional lecture theatre
A. Constant occupancy
This part of the simulation was used to assess the steady state CO2 levels in a lecture theatre, which
has the same size and number of seats as Mayfield theatre but using a constant volume ventilation
system. A number of fresh airflow rates were used to evaluate their effects to the steady state CO2
levels.
Steady state CO2 concentration of room with full occupancy (106 students)
- at different fresh air supply flow rates per occupant
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Figure 12: Steady state CO2 concentration at different fresh air supply rate
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The simulation results for fresh air supply flow rates between 2 l/s per person to 20 l/s per person are
shown in Figure 12. It shows that a fresh airflow rate of 12 l/s/p is required to achieve a design IAQ
level of 800 ppm CO2. If this design flow rate is maintained, the CO2 levels when the room is partially
occupied will be reduced as shown in Figure 13. The lower levels of CO2 indicated savings could be
made by reducing the supply air flow volume.
CO2 levels - constant fresh air flow rate (12 l/s/p),
different % occupancy
900
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0
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Figure 13: CO2 concentration with reduced occupancy
B. Variable occupancy
To investigate a more realistic scenior, an assumed variable occupancy pattern as shown in Figure 14
was used to study the CO2 levels in the room.
Occupancy
120

Number of people

100
80
60
40
20
0
0

5000

10000
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35000

Time (s)

Figure 14: Assumed variable occupancy pattern
The simulation result of CO2 levels with variable occupancy pattern is shown in Figure 15. A close
cluster of CO2 levels appear at high fresh flow rates (14 l/s/p – 20 l/s/p) but a wider variation of CO2
levels when the fresh air flow rates are low. It is interesting to find that a supply of fresh air as low as
4 l/s/p can achieve a mean value of CO2 concentration approximately 1000 ppm with the peak value
below 1500 ppm (Teachernet 2005).
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CO2 levels with variable occupancy
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Figure 15: CO2 concentration with variable occupancy
3.6.2.

Indoor air quality for the Mayfield lecture theatre

The simulation model for the Mayfield lecture theatre represents a demand controlled air-conditioning
system as described in the previous sections. Simulation of a constant 100% occupancy indicated
the system maintained at the set value of 800 ppm with a supply of 1.245 m3/s of fresh air supply,
which is consistent with the results found in the previous simulation in section 3.6.1. The graph in
Figure 16 shows the CO2 level in the lecture theatre controlled at 800 ppm. The corresponding flow
rates from the fan is shown in Figure 17.
With CO2 control (Set point 800 ppm)
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Figure 16: CO2 concentration with demand control
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Figure 17: Fan supply air volume flow rates – system with demand control

3.7.

Results and discussion

The simulation tool developed for this case study is an effective means for predicting the CO2 levels of
a room of any size and occupancy. It allows not only the prediction of CO2 levels in steady or
dynamic states but also the inclusion of parameters such as the external CO2 level, fan and control
characteristics of the system. The tool enables the study of dynamic performance that is otherwise
very difficult, if not impossible, by conventional calculations.
The simulation results show that the use of CO2 level to control fresh airflow rates can maintain the
design air quality and reduce the unnecessary excess supply of fresh air. A total flow of 21077 m3
over nine hours is needed to supply to the lecture theatre with CO2 control whereas 41213 m3, nearly
twice the amount with CO2 control, is used in the constant flow system for the assumed occupancy.
The results also indicated the room volume plays a significant part as a buffer to the rates of increase
or decrease of CO2 levels. Such effect may be adapted in large spaces to establish a more energy
effective ventilation strategy. The use of the simulation to study of different control strategy also
allows optimisation of system components and its operation.

4. Spatial distribution of indoor air quality – CFD analysis
The indoor air quality in a room not only depends on the quantity of fresh air supplied, but more
importantly, the manner in which air is distributed to the breathing zone. With the advances in
computation fluid dynamic, it is possible to use computer software to construct models of the
ventilation method and study the air distribution at the design stage. Such a tool provides design
information necessary for the better understanding of the performance of air distribution such that
optimisation and improvement of the design can be made.

4.1.

Computational fluid dynamic (CFD) software – FLOVENT

The CFD software used in this case study is called Flovent, which can perform computational fluid (air)
dynamic analysis for the built environment either outdoor or indoor. The software provides graphic
and numeric outputs including:
• air movement, temperature distribution, pressure, velocity;
• Thermal comfort – comfort temperature, PMV, PPD;
• Indoor air quality – air diffusion performance index, ventilation effectiveness, contaminant
dispersion and contaminant removal.
Other facilities include model optimisation of cost and energy, scenario studies, and establish
relationships between variables.
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Flovent has a visualisation window, which permits 3-D viewing of the CFD models and simulation
results. This includes dynamic viewing of airflow as particles, arrows, or streamlines. The simulation
results can be displayed as movies for dramatic viewing. The software comes with many assemblies
that can be used directly in the model e.g. fans, square diffusers, swirl diffusers, and heat exchanges.
It also includes in built facility to calculate IAQ measurement parameters such as PMV (Predicted
Mean Vote), PPD (Predicted Percentage Dissatisfied), ADPI (Draft Temperature and Air Diffusion
Performance Index), comfort, and draught temperature. In addition, the software can deal with
multiple concentrations of different species e.g. chemical contamination. Modelling airflow with this
software is relatively user friendly as it uses “point-and- click” commands, which are easy to operate
and to remember.

4.2.

Simulation model

A CFD model of Mayfield lecture theatre was constructed from dimensional data obtained from a
measured survey of the actual lecture theatre. The data include the dimensions and positioning of the
air-conditioning grilles and the position of the furnishings in the room. Two corresponding CFD
models were constructed to investigate the likely airflow pattern produced by the installed low level
supply system, and to investigate the distribution of the metabolic carbon dioxide produced by the
occupants.
The supply air grilles are positioned in the vertical step of the seating levels. The extract grilles are at
the front of the room in the ceiling. The very back of the room does not have any supply air grilles.
The ventilation rate of the lecture theatre was six air changes per hour verified by a smoke test.

4.3.

Results and discussion

The ventilation airflow pattern is observed via the CFD simulation results. CFD visual output shows
the airflow from the supply grille moving out and upwards to the front of the lecture theatre. This
pattern of airflow is ensuring that the occupants of the room are being supplied with “fresh” air which
moves away from them entraining bioeffluents towards the high level extract grilles. The lack of
supply air grilles at the back of the room produces a dead zone where the air movement is not as
dynamic. This region has the highest values for the local mean age of air as air spends longer time in
this region. In addition, the levels of CO2 are higher than the rest of the occupied region. The
following figures are some of the outputs from the Flovent CFD simulation showing the concentration
levels, air speed and local mean age of air in the z plane (vertical plan).

Figure 18: CO2 concentration along the plane Z = 6.5m (rendered)
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Figure 19: Air flow pattern from supply grille

Figure 20: Local mean age of air
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Figure 21: Air speed

5. Monitoring of indoor air quality
After some preliminary tests and a pilot messurement, the indoor environmental quality of the
Mayfield lecture theatre was monitored for a full working day. The results of the measurements
provided the in-situ performance data and revealed the current regime of the system control and
operation.

5.1.

Monitoring equipment

The follow equipments are used to monitor the indoor environment of the lecture theatre.
Equipment

Monitoring parameter

Vivo™ Trigas monitoring unit

CO2, relative humidity

Vivo™ Thermal comfort measurement
Handheld anemometer and thermometer
Raytech™ thermal imaging camera

Operative temperature, air movement, relative humidity
Air movement, temperature
Surface temperature

Details of these equipment are available from the Centre for the Sustainability of the Built
Environment.

5.2.

Positioning of sampling units

The sensors were placed in the middle section of the theatre on a vertical plane 6.5m from the east
wall. The thermal comfort units were placed on the third row bench at the middle seat position. The
Trigas unit was placed directly underneath the thermal comfort unit as shown in Figure 22.
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Trigas unit

1.15m

1.8m

Thermal comfort units

Lectern

Figure 22: View of monitoring plane

Figure 23: Monitoring point 1 next to the lecturn
Sampling tubes were securely run from the thermal comfort unit to the following locations:
•

Channel 1 was positioned at the front of the lecture theatre on the vertical surface of the
lectern as seen in Figure 23.

•

Channel 2 was positioned vertically at the same level as the thermal comfort units.

•

Channel 3 was placed vertically against the supply grille under the thermal comfort unit
position as seen in Figure 24.

Figure 24: Supply grille with sampling tube
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Figure 25 illustrates the sampling locations with reference to the seating arrangement of the room, in
plan and side views respectively. The sampling started at 08:30 hrs and finished at 14:00 hr. During
this time, there were two lectures. The first was from 09:00 to 11:00 and the second was from 12:00
to 13:30 hr. Lecture number one had twenty-one occupants including the lecturer who stood behind
the lectern. The second lecture had thirty-three occupants including the lecturer who stood in front of

2.28m

the lectern adjacent to gas monitoring point 1.

Monitor point 1.
1.33m

lecturn
6.5m

2.35m

bench 1

bench 2

1.12m

Room dims:
7.95 x 13.85x3.6

Monitor point 3.

W
N

Monitor point 2.

bench 4

S
E

thermal
units

comfort

bench 5

Figure 25: Plan of monitoring positions

5.3.

Occupancy profile of the monitoring period

The monitoring period can be categorised into three segments. The first lecture started at 09:00 to
11:00 hr. The lecture theatre emptied five minutes later and remained empty until 11:50, when the
second set of students began to enter the theatre. At approximately 12 noon the thermal comfort
measuring unit was moved in the same plane but to the 2nd row bench; in order to investigate any
spatial variation in the temperature profile. This lecture finished at 13:25 and the room was vacated.
The physical occupancy patterns for both lectures are illustrated in Figure 26 and Figure 27
respectively.
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Desks

Steps

Figure 26: First lecture occupancy plan

Figure 27: Second lecture occupancy plan

5.4.

Results and discussion

The carbon dioxide concentration and thermal comfort results for the entire monitoring period are
shown in the following graphs.
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Figure 28: Carbon dioxide concentrations for three monitoring sites

Figure 29: Relative humidity and operative temperature
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Figure 30: Air Temperature

Figure 31: PMV and PPD
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Figure 32 CO2 concentrations at supply, extract and inside the room
The results show that the drop of the carbon dioxide level is mainly due to the occupancy pattern, not
by the adjusted flow rates by the variable speed fan. As both the supply and extract fans are set to
run at on/off and high/low flow rates, they will need to be modified in order to take the full advantage
of the demand control. The CO2 set point for the lecture theatre is 900 ppm, but data recorded by the
BMS showed that CO2 concentration inside the extract duct during the monitoring periods were below
600 ppm. This indicated the air quality is far exceeded the design criteria on the expense of excess
fresh air supply.

The distribution of CO2 concentrations is uneven within the room. The lecture theatre was not full for
both lectures: lecture one with 20% occupancy and lecture two 31% occupancy. The measured CO2
peak for lecture 1 is 671 ppm and for the second lecture is 784 ppm. In theory lecture one has a
steady state concentration of 525 ppm and lecture two a concentration of 605 ppm. The greatest
predicted CO2 levels are at the back of the room and at regions above head height. The measured
data cannot reflect the variation in the CO2 levels throughout the occupied zone due to the logistics of
requiring many sampling devices. This is where the simulation can be useful in identifying dead
zones, positioning of supply grilles etc.

Consideration can be made on system design or room

operation to ensure fresh air supply is targeted to a smaller group within certain locations of the room.

www.durabuild.org

Page 24 of 27

Centre for Sustainability of the Built Environment
6. Conclusion
Healthy indoor environment is a key criterion for the design and operation of sustainable buildings.
The demand-controlled air-conditioning system described in this case study is capable to maintain
good air quality in large rooms - where the occupancy patterns can fluctuate significantly – without
excessive use of treated fresh air.

The air quality as experience by the occupants depends on air distribution as well as the amount of
fresh air supplied. This case study has introduced two design tools to evaluate the quantity of fresh
air supply and the quality of the air supply method. The first tool developed from a generic software
called Stella, which enables the performance simulation of ventilation systems. It allows optimisation
and scenario studies of alternative fresh air supply and control strategies. The second tool, called
Flovent, performs detailed analysis of air distribution within the room.

Both of these tools can

evaluate steady and dynamic analyses that are representative of the room, the occupancy and the
operation of the air-conditioning system. The results from the Stella simulation demonstrated the
buffer effect of room volume as well as the potential saving of fresh air supply under partial load
conditions. The Flovent revealed the ‘dead spots’ of the ventilation system currently installed in the
Mayfield theatre.

The monitoring results indicated that the CO2 concentration is much lower than the set point of 900
ppm during partial loads conditions as the system was set to run on a two-speed setting. In order to
take the full benefit of the demand control, it will be necessary to modify the fan control such that the
fresh air supply is continuously adjusted in response to the CO2 level in the room. The current case
study gives a ‘snap shot’ of the part-load performance of the system, longer term study is necessary
to reveal its full performance especially after the control system is modified.
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7. Appendix
7.1.

Appendix A – Details of Stella simulation model

Figure 33: P + I control of CO2

Figure 34: Exploded view of CO2 simulation in Stella
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