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Abstract 

The investigation models the energy savings which can be made if the ventilation rates supplied 
to an auditorium located in a U.K. urban envirorunent are controlled in response to C02 

concentration. Ventilation profiles based on C02 concentration levels, generated from a step
by-step integration pre-processor, are supplied to a dynamic thermal simulation computer 
program which models a space with fluctuating occupancy levels. The simulations suggest that 
heating energy savings of as much as o0% may be achieved where auditoria currently using 
100% fresh air ventilation systems are retrofitted to incorporate C02 controlled ventilation. 

Introduction 

It is generally accepted that considerable 
energy savings can be made if the ventilation 
supplied to buildings is no more than is nec
essary to maintain a healthy environment for 
the occupants [ l ] . It is also recognized that 
in mechanically ventilated buildings, the design 
ventilation rates are normally based on a max
imum occupancy condition and that, for much 
of the time, occupation levels may be well 
below this value. In addition, the air supply 
by infiltration may, under certain conditions, 
satisfy the occupation requirements. 

Several methods of relating the ventilation 
rate to the occupation level have been proposed 
and are currently being used in certain build
ings, which in effect attempt to adjust the 
ventilation rate in direct proportion to the 
number of people [ 2]. The ventilation rate per 
person is normally selected by the designer in 
accordance with recommended practice [ 3] and 
the control system would seek to maintain this 
quantity irrespective of variations in the oc
cupancy level. One method on which variable 
fresh air control is based is to use the carbon 
dioxide emitted by the occupants as a measure 
of occupation level. Various theoretical papers 
have been published on this control method 
[ 4} with, in some cases, reports of field trials 
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[5-7], though not, to the authors' knowledge, 
in the U.K. 

In the U.K., two buildings, a Bingo Hall and 
a Cinema operated by Top Rank, have had 
their heating and ventilating systems modified 
to incorporate C02 controlled ventilation. 
These buildings have both been monitored by 
others (The ECO Partnership) under an Energy 
Technology Support Unit (ETSU) contract [ 8] 
to determine their energy savings. The report 
on the monitoring of one of these buildings, 
the Bingo Hall, has been made available to 
the authors and information from this report 
has been used to provide input data for an 
energy prediction model to assess the possible 
theoretical energy savings [9]. Since the mon
itoring was not carried out by the authors and 
was directed primarily towards measuring en
ergy use, the information available was limited. 
Some assumptions, therefore, had to be made 
where some data required for modelling pur
poses were not specifically available. 

The building context 

Located in Hounslow, London, the Bingo 
Hall [10), chosen to provide input data for 
this study, is typical of 1930s cinema archi
tecture, comprising a large central auditorium 
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Fig. 1. Diagrammatic layout of hall accommodation. The 
main auditorium simulated has ancilliary accommodation 
on three sides. 

nsmg through surrounding ancillary accom
modation. Figure 1 shows the general arrange
ment of the hall for modelling purposes. 

The auditorium is linked at a short edge to 
a deep, lobbied foyer which allows circulation 
to accommodation such as toilets, offices, 
stores and projection facilities, some of which 
are on an upper floor. The hall has further 
accommodation at two other edges, leaving 
one large wall and three surface patches on 
the short walls exposed to external influences. 
Other significant spaces are the open stage 
area, an adjacent refreshment area, and the 
pitched roof void which is asbestos sheeted 
externally. It is a framed structure clad mainly 
in solid three-leaf-thick brickwork. 

The original heating and ventilating arrange
ments consisted of a radiator system designed 
to compensate for fabric losses and a low 
velocity 100% fresh air ventilation system com
prising filters , centrifugal inlet fan and heater 
battery, and a separate centrifugal exhaust fan. 

Originally the radiators were uncontrolled and 
the heater battery was controlled via a sensor 
in the exhaust duct. 

The system was modified by the introduction 
of four sets of opposed blade dampers, a main 
and subsidiary set in the supply ducting and 
a similar arrangement in the exhaust (Fig. 2). 
Control of the main supply and exhaust dam
pers was by means of a C02 sensor /controller 
which enabled them to be modulated to any 
position between closed and fully open to 
attempt to satisfy the C02 concentration set 
point selected on the controller. Sensing of 
C02 concentration was carried out in the ex
haust duct, using a Horiba indoor C02 monitor 
model APBA 200 E. The subsidiary dampers 
in the supply and exhaust were controlled so 
as to open fully and remain open as soon as 
the fans were switched on, in order to provide 
a minimum amount of fresh air for ventilation 
and heat distribution purposes. Modulation of 
fresh air could thus be achieved between the 
minimum, with the two subsidiary dampers 
open, and the maximum, with all dampers open. 
At night with the fans off, all dampers were 
shut to reduce convective airflow through the 
system. The temperature control system was 
able to override the C02 control should free 
cooling be required in the sununer. 

The C02 controller was set at approximately 
1000 ppm which would correspond to ap
proximately 28 m 3 /h per person. This figure 
was stated in the report of the field trials as 
being current practice for places of entertain
ment and corresponds to the current CIBSE 
Guide figure of 8 litres/second per person. The 
maximum fresh air flow rate was reported as 
being measured at 5.02 m3 /s, which would 
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Fig. 2. Schematic of field study ventilation and heating system. 
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satisfy approximately 650 people, and the min" 
imum 3. 77 m3 /s. 

Modifications to the temperature control sys
tem included the fitting of thermostatic radiator 
valves and an arrangement to increase the set 
point of the fresh air supply should the au
ditorium temperature fall. Typically the con
troller was set to provide air at 22 °C when 
the auditorium temperature was 20 °C and 42 
°C should the auditorium temperature fall to 
1 7 °C. The treatment of this arrangement is 
discussed later in the Section 'Simulation pack
age'. 

The basis of the ECD tests was to measure 
energy consumption over a 26-week period 
from mid-November to the end of May. During 
this period, the building was operated for al
ternate weeks with and without C02 controlled 
ventilation. Energy consumptions for the whole 
building were obtained from the main gas meter 
readings whilst the heater battery output was 
determined using a heat meter. No measure
ment was made of the radiator energy use. 
Internal temperatures were recorded at two 
representative positions in the auditorium and 
weather data in the form of daily maximum 
and minimum air temperatures were obtained 
from the London Weather Centre, the latter 
being used to calculate degree-days to base 
15.5 °C. Presumably it was not considered 
necessary to obtain wind speed or solar ra
diation measurements as these would have had 
little effect on this virtually windowless build
ing. 

Maximum and minimum airflows were mea
sured during site visits and the occupancy 
levels obtained from ticket office records. Spot 
measurements of the C02 concentration and 
occupancy level were used to make an estimate 
of the total fresh airflow. The measured fan 
flow was then subtracted from this figure to 
provide an estimate of the infiltration rate. 

The field-trial energy savings were calculated 
by obtaining the linear correlation (least 
squares method) between weekly gas use and 
degree-days with and without the variable ven
tilation system and using the correlations to 
extrapolate the measurements to cover a full 
year of fuel use in both modes. The difference 
in energy consumption between the two modes 
gives the savings due to the variable ventilation 
system. 

The calculations were carried out using 
degree-days to base 15.5 °C to obtain the energy 
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savings and on this basis the saving was re
ported as being l 7%. 

Simulations 

The ECD Partnership carried out the field 
tests with one major objective in mind, to 
assess energy savings for a particular building 
and system over a particular operation regime. 
Computer simulations, however, allow a num
ber of repeatable scenarios to be investigated 
over a range of conditions. In order to achieve 
credible results, it is necessary to supply input 
data which in itself has the benefit of being -1 
derived from a real situation. i 

As well as the constructional information, 
some of the operational data from the field 
trials were used as guidelines for simulations 
of the main auditorium. These were measured 
maximum and minimum mechanical airflows, 
infiltration rates, internal temperature condi
tions, session starts and finishes, and deduced 
average fan on-time. Values used were as fol
lows: 
maximum airflow 5.02 m3/s 
minimum airflow 3. 77 m3/s 
infiltration rate 0.4 ach 
mean internal temperature 19.3 °C 
session start (1) 14:00 (2) 18:00 (doors open 
at 12:00 and 17:00) 
sessions finish (1) 16:30 (2) 22:00 
mean fan operation period 8.5 hours 
Additional information required, such as in
cidental gains due to lighting and equipment, 
was not available from the field trials and was 
calculated on the basis of standard practice 
for the simulations [ 11 ). The occupants' gains 
allowed for were 95 and 45 watts, sensible 
and latent, per person, together with radiant
to-convective split factors of 0.2 to 0.8. The 
occupancy gains were profiled to the appro
priate weekday, Saturday, and Sunday levels. 

Lighting for this type of building which com
bines overall and local lighting together with 
stage lighting effects was assessed at 23 watts/ 
m2 of occupied floor area, with a radiant/ 
convective split of 0.5 /0.5. The latter pro
portion was also allowed for in the equipment 
loading for refreshments and the bingo console. 
The incoming ventilation fan consumption at 
3 kW was accounted for with a 0.1/0.9 split 
of radiant to convective gains. 

J 
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Fig. 3. Occupancy profile for a typical Sunday. The building 
is occupied for periods longer than the two sessions. The 
Table shows daily occupations for each session averaged 
over the heating season. 

Although most of the input data for the 
simulations was available from the field trials, 
the occupation figures were only on a weekly 
basis whereas the simulation required typical 
daily occupation profiles, taking into account 
the fact that there were two bingo sessions 
per day. The information provided, however, 
enabled the average total weekly admission 
over the test period to be obtained. In addition 
to this, the owneis Top Rank supplied a break
down of admissions for an average week in 
the heating season and information regarding 
the rate of filling and emptying of the hall for 
each Bingo session. This data, together with 
the measured average weekly admissions, was 
used to construct profiles for typical Saturdays, 
Sundays and weekdays for the measurement 
period. Figure 3 illustrates the complete profile 
for a typical Sunday shown in relation to the 
system operation, and Bingo session periods. 

Although the air component of the energy 
r supplied to the hall was measured, it was not 

possible to separate out the total energy to 
the hall since the heat to the radiators was 
unlmown. 

Pre-simulation 

The field trials and assumptions provided 
the data on which to base the simulations but 
it was necessary to carry out some pre
simulation work to determine the relationship 
between C02 concentration, mechanical ven
tilation rate, and the occupation pattern. 

The rate of change of C02 concentration is 
given by [12]: 

oC, G·N(t) + R(t) ·(C -C) 
ot v v 0 r 

where G is the C02 output per person, V is 
the volume of the space, C, and C0 the re
spective inside and outside C02 concentrations, 
N the number of people, and R the ventilation 
rate in m3/s. The values of G and C0 were 
taken as constant, being 4.7x10- 6 m3/s [13] 
(280 cm3/min [14]) and 3.1 x10- 4 m3/s, re
spectively. The generally accepted figure for 
outside air C02 concentration is 3 x 1 O - 4 

m3 /s [ 13] but will vary slightly depending upon 
local conditions. Measurements at urban lo
cations in Newcastle upon Tyne gave an average 
figure of 3.1x10- 4 m3/s and, in the absence 
of Hounslow data, this has been taken as being 
representative of the site. The volume of the 
space was estimated from the drawings of the 
building as 11 150 m3

• 

By using step-by-step integration in con
junction with the occupancy and system op
eration profiles, values of C02 concentration 
were determined over the occupation periods. 
Since at any time during the integration either 
the ventilation <Yr the C02 concentration was 
lmown, it was possible to determine C, and R 
to build up profiles of ventilation rate and C02 

concentration. Should the computed C02 con
centration tend to exceed the control limit, set 
as 1000 ppm, then the ventilation rate was 
increased accordingly to maintain this value. 

Simulation package 

Simulations using the Environmental Sys
tems Performance package (ESP) [ 15) were 
carried out using data available from the field 
tests together with the synthesized ventilation 
profiles. ESP is a transient energy simulation 
system which models the energy flows within 
combined building and plant systems using an 
implicit finite difference technique [ 16]. 

The main simulation engine uses files of data 
comprising the geometry, construction, op
eration, zonal configuration, and systems con
trol information. Having established the 
geometry and construction data for all the 
zones and their surfaces, the CYperations file 
sets up the ventilation rates and casual gains 
patterns for weekdays, Saturdays, and Sundays 
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Fig. 4. Typical form of ESP graphical output. The graph illustrates internal and external temperatures, ventilation 
energy loss using variable ventilation from 0 to maximum air change rates, and energy inputs from plant, occupants 
and equipment. (Some annotation has been added.) ( , 

for each zone. The system con.figuration file 
contains site details, the building's participating 
zones, the construction data, any plant com
ponents used, and finally how the building 
zones and plant interlock. 

The system configuration file together with 
the system control file which specifies plant 
on/off times, loadings, sensor and actuator 
locations, set points and any daily or weekday I 
weekend patterns, allows the user to simulate 
a large range of conditions with simple file 
editing prior to any simulation during which 
the appropriate files are picked up. The user 
defines which control file is to be used, the 
simulation time-step, the calendar simulation 
period, and the output detail required. The 
output detail may range from temperature pro
files only, or energy inputs and outputs, to 
sets of intra-constructional temperatures plot
ted through any multi-layered construction. The 
output file may then be interrogated in a variety 
of ways to produce tabulations, or plots which 
can be overlaid to the user's requirements. 
Other selectable options enable statistical anal
yses to be carried out on specified data sets. 
Figure 4 shows the format of a typical output 
sheet, with some additional annotation. 

The ESP package caters for the user-gen
erated input of simulation time-step values of 
solar radiation, airflows, casual gains, shading/ 
insolation, blind/shutter controls, surface view 
factors, and ·other aspects of simulation which 

may go beyond the default routines. In the 
case of this study, the control of C02 levels 
through modulation of ventilation rates was 
modelled through the use of an airflow file 
containing the air change rate information for 
each simulation time-step. 

In the simulations carried out, the simulation 
time-steps were eight per hour and a complete 
heating season from November to April was 
simulated. The built-in weather-train of ESP 
[17}, based upon Kew was used (being geo
graphically very close to the site in Hounslow) 
and was a good match in terms of degree
days. The output option chosen included in
formation about internal temperature profiles, 
energy inputs and outputs, which included a 
breakdown of building/plant gains and losses. 

While the whole building's thermo-physical 
properties were derived from the drawings, the 
main assembly hall volume was investigated 
in detail. The average temperatures of the hall's 
adjacent zones, including the roof space, were 
arrived at from simulations undertaken prior 
to the main study. 

The main simulations assume 'perfect' con
trol, that is, the heating had immediate response 
and there was no deviation from the set point. 
Without C02 control, the interaction of the 
heating and ventilating system set points, sen
sors and controls could be modelled by ESP. 
However, C02 control required the airflows to 
be determined at each 7.5 min time-step, and 
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Fig. 5. Comparison of C02 levels due to ventilation control 
strategies for a typical Saturday. A C02 controlled strategy 
aims to maintain a concentration of approximately l 000 
ppm. The effect of different schemes of ventilation mod
ulation are clearly shown together with the pattern given 
by the filling and emptying of the building. 

thus they could not be varied dynamically to 
achieve temperature set points. The choice of 
simulation period - the heating season -
allowed the heater battery and radiator systems 
to be seen as a single system instantaneously 
responding to the energy demands of the hall. 
This gives 'perfect' control at the set points 
without needing ventilation over and above 
that already prescribed. To model the complete 
interaction necessary over longer simulation 

r periods would require the C02 algorithms to 
i be built into the program's source code. In
tegration of new code in the package was 
considered to be inadvisable whilst ESP was 
undergoing revisions and validation. 

Three simulation scenarios were adopted as 
follows: 

• Scenario 1. The ventilation rate was main
tained at its maximum level to simulate the 
original Bingo Hall condition with no C02 

control. 
• Scenario 2. In this scenario the ventilation 

rate was modulated between its minimum and 
maximum values under the action of C02 con
trol to provide a check with the field trials. 

• Scenario 3. The fully controlled condition 
when the ventilation was modulated from zero 
to maximum in order to maintain the C02 

concentration at a selected value (l 000 ppm). 
This last scenario simulated the best con

dition achievable with no minimum ventilation 
rate constraint; that is, the ventilation rate 
would always be appropriate to the number 
of people. It would apply in the case of a hall 
having its own heating and ventilation system 
with full modulation on fresh air and recir
culation. 

Figure 5 illustrates the computed ventilation 
rates and associated C02 concentrations re
spectively for each control strategy for a typical 
Saturday. 

Results 

Pre-simuwtion 
The occupancy profiles previously con

structed were used in the pre-simulation work 
to compute the ventilation rate and C02 con
centration profiles for each control scenario. 

From Figure 5 it can be seen that in the 
original control configuration, scenario 1, the 
fixed ventilation rate of 1.6 ach resulted in 
C02 concentrations during occupation which 
never exceeded about 820 ppm. / 

It was reported that during the field trials 
the ventilation with the C02 /tontrol system 
installed rarely exceeded the minimum value 
presumably because the occupation density 
was never very high. The scenario 2 pre-sim
ulation results confirmed this observation in 
that the minimum ventilation rate was always 
sufficient to ensure that the C02 concentration 
never exceeded the control se~ing of 1000 
ppm with the occupation pattern used. This 
result implied that the building physical and 
operational data used and the approach to the 
pre-simulation stage could be treated with a 
reasonable amount of confidence. 

The results from scenario 3, with the ven
tilation rate allowed to modulate smoothly be
tween zero and the maximum clearly show 
that the C02 concentration setting of 1000 
ppm can be maintained with ventilation rates 
always below the minimum figure used in the 
field trials. The similarity of the ventilation 
profile to the occupancy profile shows how a 
perfect control system would respond to oc
cupation levels. 
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Fig. 6. Weekly average internal temperatures in the Auditorium for two ventilation control strategies. The finely controlled 
strategy (scenario 3) results in a higher internal temperature, due to the synchronization of the ventilation with the 
occupants ingress and egress. 

Energy 
The pre-simulation results were then used 

in ESP to predict the energy savings due to 
controlling the ventilation rate at each simu
lation time-step. 

The simulated mean weekly 24-h internal 
temperatures are shown in Fig. 6 with the 
outside air temperatures for comparison. Sce
nario 2 results are omitted for clarity but lie 
between scenarios 1 and 3. Although the in
ternal temperature was 'set' during the oc
cupation period, the 24-h temperatures reflect 
the variation in outside temperature due to the 
influence of the nighttime conditions with the 
heating system off. Scenario 3 results in a 
slightly higher mean temperature than scenario 
1 since when the heating turns off at the end 
of the occupation period the ventilation con
tinues to modulate during the audience's grad
ual egress, and is therefore less than in scenario 
1 when the maximum ventilation rate applies 
until all the people have left the building. The 
effect of this is that scenario 3 produces a 
lower rate of cooling and a correspondingly 
higher mean 24-h temperature. 

The heating requirement for each week is 
shown in Fig. 7 for each scenario, while in 
Fig. 8 the weekly energy is shown as a function 
of mean weekly temperature difference between 
inside and outside. The regression equations 
for the lines in Fig. 8 are presented in Table 
1. The cumulative energy losses broken down 

into ventilation and fabric components for each 
scenario are shown in Fig. 9 which illustrates 
that the fabric losses are similar for each 
scenario with virtually all the variation being 
due to the ventilation. 

Over the 25-week simulation period, the 
mean inside-to-outside temperature difference 
was 13. 7 K for scenario 1 and 14.l K for 
scenario 3. Substituting the figures in the 
regression gives mean weekly heating energy 
requirements of 6297 kWh and 3023 kWh for 
scenarios 1 and 3 showing a computed saving 
of 52%. A more accurate assessment can be 
made by totalling the individual weekly energy 
requirements over the 25-week period which 
gives 157 510 kWh and 73 547 kWh for scen
arios l) and 3 respectively, a saving of 53.3%. 

The- estimated savings given above are based 
on simulation results which do not take into 
account the variations in system performance 
or building operation which may be expected 
to occur in a real situation and from that point 
of view may be considered to be optimistic. 

The estimation of savings due to the intro
duction of energy conservation measures is, 
for convenience, commonly based on degree
day information rather than temperature dif
ferences as used here. Regression equations 
relating weekly energy requirements using stan
dard degree-days (15.5 °C base) are presented 
in Table 2 for each scenario. For a mean weekly 
figure of 71. 7 degree-days over the 25-week 
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TABLE 1. The regression equations corresponding to Fig. 

'a 
i 

Scenario Equation Correlation 
coefficient 

1 E 1 - 711.74 ·.AT-3432.5 0.9804 
2 E 2 -576. 74 · .AT-3266.6 0.9797 
3 E 3 -426.43 · .AT-3002.4 0.9801 

simulation period, mean weekly energy re
quirements of 6301 kWh and 2942 kWh are 
obtained for scenarios 1 and 3, respectively, 
giving an energy saving of 53.3%, i.e., the 
same as on a temperature difference basis. 
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Fig. 9. Weekly energy loss - both ventilation and fabric 
- as a function of temperature difference between inside 
and outside. The fabric losses are almost identical for 
all scenarios. Modulations in ventilation and the operation 
schedule account for virtually all variations in energy 
loss. 

Using the same mean weekly number of 
degree-days reported by ECD over their field 
trial period, an energy saving of 57.1% is 
obtained. On the same basis scenario_ 2 gives 
a saving of 26.4%, which is comparable with 
the savings reported from the field trials of 
1 7. 7% when one talces into account the various 
difficulties associated with the practical col
lection of data. 

The savings achieved stem partly from the 
fact that when ventilation is required its rate 
is considerably reduced and partly because the 
period for which ventilation is needed is much 
shorter. In the case of scenario 3 the ventilation 
ON time was approximately 3.5 hours per day 
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Fig. 10. Energy use for a sample week with a range of occupation levels. As the number of people increases, the 
ventilation losses in scenario 1 are offset by metabolic gains while ventilation losses in scenario 3 have to increase. 
The graph shows that the system could not cope with more than 720 people if 1000 ppm C02 concentration is an 
acceptable indicator of air quality. 

TABLE 2. Regression equations relating weekly energy 
requirements using standard degree-days 

Scenario 

1 
2 
3 

Equation 

E 1 -86.343·DD+108.6 
E 2 - 72.259 · DD-355.59 
E 3 - 48.057 · DD-504.379 

Correlation 
coefficient 

0.985 
0.986 
0.988 

less than the averaged 8.5 hours for scenario 
1. This is shown in Fig. 5. 

In order to investigate the sensitivity of 
energy use to the number of people, a ftuther 
set of simulations was carried out for a sample 
week with a range of mean occupation levels. 
The results of these simulations are shown in 
Fig. 10. Scenario 1 shows a reduction in energy 
use as the number of people is increased due 
to the constant ventilation loss being offset by 
increasing metabolic gains. Scenario 3, how
ever, shows the opposite effect with energy 
use initially at a low value and increasing with 
the number of people since the increasing 
ventilation loss more than offsets the increasing 
metabolic gains. The final turn-down is due to 
the maximum ventilation rate being reached, 
although, if there were no limit on ventilation 
the original trend would continue. 

Although one might expect the curves for 
scenarios 1 and 3 to merge when the common 
maximwn ventilation rate is reached, a dif-

ference exists due to the different ventilation 
rates during the ingress and egress of the 
audience, and the inter-sessional periods. This 
effect would tend to decrease as the number 
of people is increased even more, i.e., beyond 
900, until at very high occupancies the curves 
would become coincidental although environ
mental conditions would become untenable. If 
1000 ppm C02 concentration is taken to be 
an acceptable indicator of air quality then Fig. 
10 shows that the system modelled could not 
cope with more than about 720 people. 

Conclusions 
\ 
A\simulation has been carried out using data 

derived from a live project which shows that 
energy savings using C02 concentration-based 
ventilation control may be considerable, up to 
53% of the energy consumption of the original 
100% fresh air system. A simulation using the 
same ventilation restrictions as were applied 
to the field trial gave an energy saving of 26.4% 
as compared with that measured of 1 7. 7%. If 
the same ratio of saving (0.67) is applied to 
the simulated figure of 53.3% achieved under 
fully modulated ventilation conditions then the 
savings in practice would be expected to be 
about 36%. 

The simulation resulted in a ventilation on
time of approximately 5 h compared with the 

\ 
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average 8.5 h for the unmodified system. It 
can be inferred from this that savings of the 
order of 41 % may be attributed to the reduced 
fan running time regardless of any reduction 
in ventilation rate when the fans are on. In 
addition there would also be a small saving 
in fan energy and maintenance costs. 

Although the study has only considered one 
heated-only building type, additional savings 
would be achieved, though to a lesser extent, 
in air-conditioned buildings during the cooling 
season. In order to carry out simulations for 
this latter condition, the C02 algorithm would 
have to be incorporated in the computing code 
to interact with the existing control routines. 

It is envisaged that further work will con
centrate on the relationships between occu
pancy patterns, ventilation strategies, and 
building volumes in order to provide guidance 
for designers wishing to consider this form of 
control. 

Nomenclature 

c, 

DD 
E1. .. a 
G 

N 
R 
t 
T 
v 

outside C02 concentration (m3 C02 / 

m3 air) 
inside C02 concentration (m3 C02 /m3 

air) 
degree-days 
energy requirement (kWh) 
C02 output per person (m3 C02/m3 

air) 
number of people 
ventilation rate (m3/s) 
time (s) 
temperature (°C) 
volume (m3

) 
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