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Ovaj rad se fokusira na strategije upravljanja ventilacije u Amfiteatru A na Masinskom fakultetu
Univerziteta u Beogradu u Srbiji, sa posebnim naglaskom na requlaciju u zavisnosti od prisustva
studenata. S obzirom na veliki kapacitet amfiteatra, koji moZe da primi do 500 osoba, i promenljive
obrasce koris¢enja, izbor efikasnog sistema ventilacije od kljucnog je znacaja za odrZzavanje optimalnog
kvaliteta unutrasnjeg vazduha uz minimalnu potrosnju energije. U radu se uporedivala primena sistema
sa konstantnim protokom vazduha (CAV) i sistema sa promenljivim protokom vazduha (VAV), pri cemu
je ventilacija upravljana srednjom unutrasnjom temperaturom vazduha i posebno koncentracijom CO,.
Razlicita scenaria zauzetosti simulirani su pomocu softvera IDA ICE kako bi se procenilo kako svaka
strategija utiCe na kvalitet unutrasnjeg vazduha u razlicitim uslovima. Rezultati simulacija su pokazali
znacajne razlike u karakteristikama sistema CAV i VAV. Sistem VAV, narocito kada je kontrolisan
temperaturom, omogucio je precizno prilagodavanje ventilacije na osnovu trenutne upotrebe, Cime je
smanjena potrosnja energije tokom perioda sa manjom zauzetoscu. Nasuprot tome, sistem CAV, koji
odrZava konstantan protok vazduha, pokazao je vecu potroSnju energije zbog nemogucnosti dinamickog
prilagodavanja promenama nivoa zauzetosti. Ovaj rad pruZa uvide u prednosti ventilacije sa upravlajnjem
na osnovu zauzetosti u velikim prostorima.
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This work focuses on the ventilation control strategies employed in Amphitheater A at the Faculty of
Mechanical Engineering, University of Belgrade, Serbia with a particular emphasis on occupancy-

based control. Given the amphitheater’s high occupancy capacity of up to 500 people and variable usage
patterns, designing an efficient ventilation system is essential for maintaining optimal indoor air quality
and minimizing energy use. The study explored the implementation of Constant Air Volume (CAV) and
Variable Air Volume (VAV) systems, with ventilation controlled by mean indoor air temperature and

CO, concentration. Various occupancy scenarios were simulated using the IDA ICE software to assess
how each control strategy maintains indoor air quality under different conditions. The simulation

results revealed significant differences in the performance of the CAV and VAV system. The VAV system,
particularly when controlled by temperature allowed for precise adjustments of ventilation rates based
on real-time usage, reducing energy use during periods of lower occupancy. In contrast, the CAV system,
while maintaining constant airflow, showed higher energy use, due to its inability to adjust dynamically
to change in occupancy levels. Overall, this paper provides valuable insights into the benefits of demand-
controlled ventilation based on occupancy in large spaces.

1. Introduction

en the amphitheater’s large capacity and varying occupan-
cy rates, maintaining optimal indoor air quality and thermal

This paper aimed to provide a comprehensive analysis for
ventilation control strategies and their impact on indoor air
quality and thermal comfort in Amphitheater A at the Facul-
ty of Mechanical Engineering, University of Belgrade.

The simulations were conducted by using IDA ICE 5.0, a soft-
ware developed by EQUA, which offers advanced capabilities
for evaluating the energy performance of buildings [1]. Giv-
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comfort presents a significant challenge, especially during
periods of high usage.

The study focused on the implementation of Constant Air
Volume (CAV) and Variable Air Volume (VAV) systems [2],
which are commonly used in large public spaces to manage
ventilation. Both systems were tested under different con-
trol strategies, specifically based on CO, levels and mean air
temperature. The CO, level and the mean air temperature
measured in the exhaust duct were used as a signal for these
control strategies and they played a critical role in ensuring
that air quality and overall comfort of occupants remained
within acceptable limits while minimizing energy use.
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Figure 1. The 3D model and CAD drawing of an object

Integrated Dynamic Analysis of Indoor Climate and Ener-
gy (IDA ICE) is a program for simulating the indoor climate
of individual zones within a building, as well as energy use
for the entire building. IDA Indoor Climate and Energy is an
extension of the general IDA Simulation Environment. This
means that the advanced user can simulate any system with
the aid of the general functionality in the IDA environment.

Through a series of detailed simulations, the study evaluat-
ed the indoor air quality and the overall energy performance
of the ventilation systems in Amphitheater A. Various occu-
pancy scenarios were considered to mimic the real-life usage
patterns of the amphitheater, ranging from partial to full
capacity. The results of the study provide valuable insights
into how these systems can be optimized to balance ener-
gy efficiency with occupant comfort, offering practical rec-
ommendations for improving ventilation strategies in similar
large-scale spaces.

2. Methodology

The methodology involved building a detailed model in the
simulation software, followed by running simulations to
identify which ventilation strategy provided the best results
in terms of energy efficiency and thermal comfort for the
occupants. In all strategies, the regulation of the indoor air
temperature was achieved by the cold supply airflow.

2.1. Simulation model

Information about the Amphitheater A were collected to
provide resource for the simulation by using the IDA ICE
software. The amphitheater was modeled based on pre-
cise geometric details and it was designed as a single ther-
mal zone. Internal structures adjacent to the neighboring
rooms and external walls exposed to the environment were
assigned distinct heat transfer coefficients. Some areas of
the zone envelope are shown in white, representing internal
structures, while the darker shades indicate external walls
and the rooftop.

The building geometry of the amphitheater as shown in
Figure 1 was modeled. The dimensions of the amphitheat-
er were extracted from a vector file, which provided pre-
cise geometric data. This file contained detailed information
about the layout and structural elements of the space, en-
abling accurate modeling. These extracted dimensions offer
a comprehensive understanding of the amphitheater, en-
suring that the simulation faithfully represents the physical
characteristics of Amphitheater A. This accuracy allows for
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more reliable assessments of ventilation strategies and their
impact on indoor air quality and energy performance. The
placement of ventilation air valves, as shown in Figure 1, was
not specified in the software due to the irrelevance of their
exact position, as they are automatically added.

To simulate the building construction, the heat transfer
properties, U-values, were defined for different surfaces.
For instance, for external walls a U-value of 1.45 W/(m2K)
was set, for internal walls and doors 1.3 W/(m2K) was set,
and the for the single-pane glazing windows a U-value of
5.8 W/(m?K) was set. Although thermal bridges are acknowl-
edged, they were considered insignificant for the heat load
calculations and are disregarded in the model. The ther-
mal load was calibrated with the previous design calculation
shown in Table 1. These calculations were essential for de-
termining the heat gains and losses within the amphitheater
but are outside the scope of this study, which focuses specif-
ically on the ventilation control strategies and their impact
on indoor air quality and energy efficiency. The total heat
load, the sum of all previously calculated loads, are present-
ed in Table 1 [3].

To simulate an air handling unit (AHU) the following in-
formation were used. The AHU consists of a heat recovery
wheel, a mixing box, a heating coil, a cooling coil, and sup-
ply and exhaust fans. This configuration allows a 5 K temper-
ature rise in the cooling coil where the variable water flow
enabled the air to reach the setpoint of 16 °C. Considering
a 1 K temperature rise in the ducts, representing losses, the
supply air temperature is at 17 °C. The mixing box main-
tains a constant fresh air-to-supply air ratio of approximate-
ly 80%, and its effects on energy use will not be addressed
in this paper. The rotary heat exchanger operates at an effi-
ciency of 0.85.

2.2. Setpoint collection

Another important aspect of the control algorithm for the
model is the collection of setpoint for the ventilation and
the limits for the control signals. The temperature con-
trol system for the HVAC system operates with specific set-
points: the heating controller has a minimum setpoint of
20 °C, while the cooling controller has a maximum setpoint
of 26 °C. Those temperatures refer to the value of the mean
air temperature, which will be the parameter regulated dur-
ing the simulations.

The mechanical supply and return airflows are both regu-
lated used only for the VAV system, with the minimum rec-



Table 1. Total heat load calculation

QWalls [W] QTransmission, windows [W] QSolar radiation, windows [W]

Time [h] | Qoccupancy W] | Quignes [W]
8 35000 352.224 4784
9 35000 2054.64 4784
10 35000 2142.96 4784
" 35000 2201.4 4784
12 35000 2260.104 4784
13 35000 2318.808 4784
14 35000 2377512 4784
15 35000 2406.864 4784
16 35000 2465.568 4784
17 35000 2494.92 4784
18 35000 2524.272 4784
19 35000 2553.624 4784

o O O O O O O o o o o o

3534 218 2480 46368.224
3361 799 2107 48105.64
3384 1343 1809 48462.696
3578 1743 1925 49231.4

3936 2142 2347 50469.104
4389 2396 2807 51694.808
4987 2505 3153 52806.512
5659 2542 3307 53698.864
6414 2505 3194 54362.568
7108 2324 2889 54599.92
7709 1997 2355 54369.272
8176 1525 1783 53821.624

ommended airflow set to 3 L/(sm2?) and the
maximum set to 8 L/(sm2). For VAV ventilation,
the minimum airflow volume should be at least
30% of the maximum airflow to ensure that
conditioned air effectively reaches the occu-
pants. If the airflow is too slow, it could result
in dead zones where fresh air does not circu-
late properly. The upper airflow limit is set to
match the supply airflow used in the CAV ven-
tilation system.

For CO, control, the VAV system maintains
minimum airflow when the CO, level is be-
low 400 ppm and maximum airflow when it is
above 1100 ppm, with the range between these
levels allowing for adjustments based on the
CO, concentration. These settings ensure the
system operates efficiently while maintaining
comfortable indoor air quality.

2.3. Scenarios

Occupancy changes are the most unpredicta-
ble parameter that must be observed and moni-
tored to ensure that air temperature, indoor air
quality, and overall occupant comfort are main-
tained. Different scenarios were selected to re-
flect real-life situations that may occur.

The reference scenario represents the valida-
tion of the model. The CAV system is designed
for the maximum occupancy of 500 people, for
the setpoint of 26 °C. According to the Table 1
the highest heat load is at 17h. The airflow is
calculated using the equation:

V=Oma 54600 g0
C,pAt 1010-1.2-9

(1

This airflow rate also serves as the upper lim-
it for the VAV systems. Maximum occupancy is
present in the zone from 08:00 to 19:00 on a
warm summer day (June 28™ was selected as a

Figure 2. The occupancy schedule. (a) the lecture scenario, (b) the exam scenario

representative day, as it exhibits similar temperature varia- starting on the hour from 08:00 to 19:00, with 15-minute

tions to the summer project day).

The reference scenario is unlikely to happen, but the fol-

breaks before each class and a longer break from 12:45 to
14:00. The schedule shown on the Figure 2(a) has smoothing

lowing two scenarios represent real-life situations that will applied, so it doesn’t have emphasized peaks that would oc-
occur. The first scenario models a typical day of lectures, cur because of the frequent breaks.
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hour prior to the start of the occupan-
cy schedule. This early activation helps
precondition the space but also contrib-
utes to temporary deviations from the
setpoint temperature, especially during
the initial phase before occupants enter
the zone. The constant rise in temper-
ature is caused by the increase in out-
door temperature throughout the day.
This is because the CAV system main-
tains a constant airflow, preventing it
from adjusting the cooling rate as need-
ed to compensate for the rising external
heat. As a result, the system is unable to
adequately control the temperature in
the zone beyond that point.

3.1. Lectures — scenario

The scenario for the all-day lectures is
simulated. Figure 5 clearly illustrates

Figure 3. Energy balance of the model; validation

The second scenario simulates students taking an exam. The
occupancy trend is shown in Figure 2(b). Naturally, not all
300 students present at the start of the exam will stay for
the entire duration; after 2 hours and 30 minutes about 50%
remain, and the rest gradually leave in the following one and
a half hours.

3. Results and discussion

The energy balance results for the reference scenario using
the CAV model are presented in Figure 3. A constant ventila-
tion flow of 5 m3/s (18000 m3/h or 8 L/(sm?)) was set for the
625 m? floor area and the total volume of the zone around
4500 m>. The energy balance of the zone shows that the heat
load around 17:00 is approximately 58.2 kW, while the cal-
culated value is 54.6 kW (see Table 1.), resulting in a 6% er-
ror. Therefore, the model and the results were accepted for
the further analyses.

Based on the desired temperature of 26 °C, the mean air
temperature remains close to this target but does not
achieve a perfect match throughout the simulation, seen on
Figures 4(a) and 4(b). Slight fluctuations can be observed.
A notable dip, or negative peak, in the return air temper-
ature occurs when the ventilation system is activated one

significant differences among the three
cases. The CAV system delivers excessive
airflow to the zone, resulting in an air

temperature around 23°C. The PMV value diagram, Figure
5(b), indicates that, while people in the room generally feel
comfortable, some may feel slightly cooler, which is unwant-
ed, especially in the summer months. In contrast, then VAV
system with temperature control effectively pre-cools the air
and maintains it at a constant setpoint value. While the VAV
system with CO, control performs better than the CAV, yet
worse than previos VAV system, it in terms of managing air
quality, it does not consistently achieve the desired temper-
ature setpoint. Instead, it supplies air in accordance with the
CO, levels. Figure 5(c) clearly shows the power needed to get
this temperature to change.

3.2. Exam - scenario

In this scenario, the case of shorter-lasting and variable oc-
cupancy, similar to the previous one, the air temperature,
Figure 6(a), for both VAV systems hovers around the set-
point value of 26 °C. The CO, generated by the occupants,
along with the heat load they produce, has a comparable im-
pact on the airflow supplied to the zone, which explains why
both systems effectively maintain the temperature close to
the desired level. The key difference lies in how each sys-
tem achieves this: the VAV system with CO, control indi-
rectly regulates the temperature by adjusting airflow based

Figure 4. Air temperatures for the reference model. (a) all relevant air temperature, (b) mean air temperature for all systems
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Figure 5. Diagrams for the lecture scenario. (a) mean air temperature for all systems, (b) PMV value, (c) cooling power

on CO, levels which occupants produce, while the VAV sys-
tem with temperature control directly manages the temper-
ature to keep it stable.

3.3. Energy usage

Figure 7 shows different energy use for different scenari-
os and control strategies. For the reference scenario, a low
energy saving can be noticed, but for the other two differ-
ence is obvious.

For the Lecture section, the cooling coil uses about 80%
more energy for CAV system in comparison to VAV CO, and

8% percents more for the VAV Temp. Even the 8% difference
can make a lot of savings, let alone 80% difference. The en-
ergy recovery is higher for the CAV because the temperature
difference between inlet and outlet air is higher so more en-
ergy is recovered, but fans operate at higher speed, hence
using more energy. The fans in CAV uses two times more en-
ergy than both VAV systems, 62 W to 31.3 W, respectively.

The Exam section provides information that describes the
difference in energy usage for these three systems. Com-
paring to VAV CO, model, 50% more energy is used for the
cooling coil. The VAV Temp system used similar amount of

Figure 6. Diagrams for the exam scenario. (a) mean air temperatures for all systems, (b) PMV value, (c) cooling power, (d) supply aifrlow
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Figure 7. The energy use for all scenarios and all systems

energy to the other VAV system. The fans are working with
25 W and for both VAV systems around 15 W, that makes
63% more energy for the CAV system. The cold recovery is
also greater for the CAV system due to the temperature dif-
ference of the air streams going in and out of the heat re-
covery section.

4. Conclusion

This study aimed to demonstrate the benefits of VAV venti-
lation in large spaces like amphitheaters, where maintaining
good indoor air quality enhances students’ attention during
lectures or exams, while minimizing costs and environmen-
tal impact. The reference scenario showed no major differ-
ences in energy use across systems, indicating comparable
performance under predictable conditions. Although un-
likely in real life, this validated the model's reliability and
showed that CAV systems could work effectively when prop-
erly sized for specific scenarios. In the first scenario, where
lectures spanned the day, the CAV system consumed exces-
sive energy due to being sized for the maximum occupan-
cy, despite only partial use. VAV systems performed better,
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with the temperature-controlled VAV offering superior com-
fort, though at slightly higher energy costs than CO,-con-
trolled VAV. In the exam scenario, VAV systems proved vital
for balancing energy efficiency with occupant comfort and
air quality. Their similar outcomes stemmed from shared
mechanisms, but a VAV system managing both temperature
and CO, would have been ideal for addressing non-CO, heat
loads, ensuring optimal conditions.
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