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Abstract

COVID-19 is one of the high-level infections that have caused considerable damage to

the lives of millions of people worldwide. Many studies confirm that indoor environ-

ments are the hotspots for the transmission of COVID-19 infectious. Thus, improving

indoor air quality in enclosed areas is an efficient and fundamental approach to ease

or dilute the concentration of viral aerosols. Heating, ventilation, and air condition-

ing (HVAC) systems have an integral role in increasing or reducing the infection risk.

For example, one of the best ways to control and decrease the infection risk is high

ventilation; On the other hand, high ventilation will increase energy consumption

and cost. This thesis proposes an intelligent controller of HVAC systems to assess

the tradeoff between energy consumption and indoor infection risk. To achieve this

goal, a model predictive controller (MPC) is designed for a university building to

control HVAC systems to minimize COVID-19 virus transmission and reduce build-

ing energy consumption. MPC uses dynamic models to predict the system’s future

output while tuning to system constraints. First, a set of dynamic models according

to physics-based models, including conduction, convection, radiation heat transfer,

and conservation of mass, is created to utilize the MPC controller. Then, the devel-

oped models were experimentally validated by conducting experiments in the ETLC

building at the University of Alberta. One building classroom was equipped with

nine sensors measuring indoor and outdoor environmental parameters such as tem-

perature, relative humidity, CO2, and airflow rate. The validation results showed that

the model could predict room temperature and CO2 concentration by 0.8%, and 2.4%

average errors, respectively. After validation, the MPC controller was implemented
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on the dynamic models to calculate the optimal airflow and supply air temperature

at each moment. The results will show that the MPC controller can mitigate the in-

fection risk of the COVID-19 virus while reducing daily energy consumption by about

54.8% compared to the baseline controller implemented in the current building. The

results of testing designed controllers on the ETLC classroom show the potential sav-

ing energy for the ETLC classroom by comparing the new control results with those

from the building measurements.
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Chapter 1

Introduction

1.1 Motivation

Healthy indoor air quality (IAQ) is always critically important, especially when hu-

mans struggle with airborne diseases like In
uenza (H1N1), Severe Acute Respiratory

Syndrome (SARS), Middle East Respiratory Syndrome (MERS), and now SARS-

CoV-2 (COVID-19), which have caused considerable damage to the lives of millions

of people in the world [1]. For example, by the 29th of September 2022, there were

613,942,561 con�rmed cases of COVID-19, including 6,520,263 deaths, reported by

the World Health Organization (WHO) 1. According to the studies [2{4], microorgan-

isms can become airborne when droplets are generated during coughing, breathing,

talking, sneezing, singing, and so on, which can become infectious aerosols. These in-

fectious aerosols can infect many hosts in indoor environments, as people spend nearly

90 percent of their time inside (in homes, schools, o�ces, shops, etc.) [4, 6, 7]. Some

initial steps such as wearing masks, washing and sanitizing hands, being quarantined,

and keeping social distance can help to reduce the infection risk of contact transmis-

sions [6]; However, improving indoor air quality in enclosed areas is an e�cient and

fundamental approach to ease or dilute the concentration of viral aerosols.

1https://www.who.int/
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Figure 1.1: Medical workers in protective suits attend to novel coronavirus (Covid-19)
patients at the intensive care unit (ICU) of a designated hospital in Wuhan, Hubei
province, epidemics February 6, 2020. [5]

1.2 History of Airborne Diseases

The spread of infectious diseases has always happened throughout human history [8],

which has caused epidemics and pandemics with widespread illnesses and deaths. The

disease spread and rates can clarify the type of disease. For example, an epidemic

describes an infection spread in a speci�c geographical area [9]; however, a pandemic

de�nes an illness that spreads exponentially in di�erent countries [10], like \Black

Death," \Smallpox," etc. For instance, the In
uenza pandemic, known as the mis-

nomer Spanish 
u, was an exceptionally deadly global pandemic in 1918; it killed at

least 50 million people worldwide. Or the Black Death pandemic is recorded as the

most fatal pandemic in human history, which had a horrible e�ect on people's lives

more than any war or other known pandemics; it caused the death of 75{200 million

people in Eurasia and North Africa, and Europe between 1346 and 1353 [8]. And

2



(a)

(b)

Figure 1.2: (a) The rate of con�rmed COVID-19 cases and the deaths in the world
between January 2020 and September 2022 [5] (b) Total con�rmed cases and deaths
of COVID-19 until 29 September 2022
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recently, the world (Figure 1.1) has been struggling with the spread of COVID-19,

which has killed at least six million people worldwide. Figure 1.2(a) shows the num-

ber of con�rmed cases and deaths from January 2020 to September 2022. The fatality

ratio, which is the number of deaths divided by the number of con�rmed cases, can

be calculated by the information on the Bar graph in Figure 1.2(b); For that time,

the mortality ratio was 1.02%.

Knowing this background of infectious diseases that continuously happen in human

life, it is time to focus on intelligent strategies to combat infectious diseases worldwide

to support a healthier future.

1.3 HVAC Systems Role in Removing Airborne
Infectious

The transmission of SARS-CoV-2 can mainly spread via several di�erent routes like

direct contact, droplets, and aerosols [11{13]. Figure 1.3 illustrates the di�erent ways

of transmission of SARS-CoV-2. The exhaled droplets of ine�ectual people may fall

and contaminate the surface, which could be ine�ective for a few hours to a few days

[14]. Many strategies can help to reduce the exposure of susceptible people to those

particles; For example, frequent hand washing and sanitizing, wearing masks, and

keeping a social distance [15]. However, airborne transmission, created by the tiniest

droplets of COVID-19, smaller than 5� m, known as aerosol particles that can spread

long distances and mix with the surrounding air, is one of the leading spread routes

of infectious disease.

Heating, ventilation, and air conditioning (HVAC) systems can enormously reduce

the infection risk, as these systems prepare comfortable zones by controlling the rel-

ative humidity, temperature, and air
ow and removing pollutants from the indoor

and outdoor air of buildings; i.e., HVAC systems have a dual role in maintaining

thermal comfort and acceptable indoor air quality. So, improving and controlling the

design and operation parameters of HVAC systems like using high-e�ciency �lters

4



Figure 1.3: Di�erent ways of the transmission of SARS-CoV-2. (Reproduced from
[16])

or ultraviolet irradiation (UV) lights, advanced air distribution, personal ventilation,

controlling ventilation rate (dilution), relative humidity, temperature, and air distri-

bution (directional air
ow) can be some of the best steps to reduce and deactivate

the aerosol particles in indoor environments.

Many articles have investigated the role of HVAC parameters in reducing airborne

diseases; Some of these are summarized in Figure 1.4. For example, Beggset et al.

[17] utilized the Gammaitoni-Nucci equation, the risk estimation model, to predict the

probability of susceptible people being infected in an enclosed area. They studied the

5



e�ect of the ventilation rate on the number of new infections. The American Society

of Heating, Refrigerating and Air-Conditioning (ASHRAE) [18] o�ered that using a

large amount of fresh air supply in ventilation systems can reduce the risk of aerosol

transmission. Some articles [19, 20] reviewed the role of high-e�ciency particulate

air (HEPA) �ltration in removing or deactivating infectious particles, as the HEPA

�lters can remove 99.97% of particles up to 0.3µm [21]. Several studies [22{24] have

shown that using UV lights in HVAC systems can reduce the airborne infection risk

in indoor environments. Satheesan et al. [25] studied the e�ect of ventilation rate

and air
ow patterns on the distribution of particles. Buonanno et al. [26] estimated

the quanta emission rate of COVID viruses and then explored the role of ventilation

Figure 1.4: Summarized some articles related role of HVAC parameters in reducing
airborne infections

6



in decreasing the risk of infection in indoor environments.

The authors [27, 28] estimated the relationship between relative humidity and the

concentration of viral aerosols in enclosed areas. Steven et al. [29] used a simple

multi-zone ventilation model to demonstrate the e�ect of the ventilation system on

the transmission of airborne infection. Jialei Shen et al. [30] developed multi-scale

IAQ control strategies, including outdoor air, high-e�ciency �lters, personal venti-

lation, advanced air distribution methods, and face masks to mitigate the infection

risk in di�erent enclosed spaces. Moreover, the air
ow patterns determine airborne

contaminants' 
ow path; i.e., the air
ow patterns carry aerosols in buildings. Loca-

tion, number, and type of air supplier and exhaust di�users play an integral role in

decreasing the infection risk in indoor environments. There are many studies and

experiments in this �eld; Qian et al. [31, 32] compared three common ventilation

systems: Downward, displacement, and mixing, shown in Figure 1.5. They investi-

gated three locations for the exhaust to notice which one of them performs better

Figure 1.5: Ventilation systems: (a) Downward ventilation; (b) displacement ventila-
tion; (c) mixing ventilation.

to decrease the risk of infection. Figure 1.6 shows the distribution of the exhaled

particles of a patient in an enclosed area with a downward supply and three di�erent

exhaust designs. As seen, the ceiling-level exhausts removed the �ne particles (10� m)

more e�ciently than those with only 
oor-level exhausts or exhausts at both levels.

Zhu et al. [33] used a CFD method to investigate the infection risk of airborne dis-
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Figure 1.6: (a) Both-levels exhaust; source patient bed 6, facing upward. (b) Floor-
level exhaust; source patient bed 6, facing upward. (c) Ceiling-level exhaust; source
patient bed 6, facing upward. (Reproduced from [32])
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eases through actual coughing and breathing of occupants in an indoor environment.

Although most articles studied the role of di�erent parameters of HVAC systems

in decreasing airborne diseases, very few reports have considered lowering the infec-

tions while also reducing energy consumption. In the next section, we will discuss

the articles that focus on decreasing the energy consumption of HVAC systems and

improving IAQ.

1.4 Control of HVAC Systems

Since HVAC systems consume about 40% of buildings' energy [34, 35], designing in-

telligent control systems to operate the HVAC system more e�ciently is one of the

best approaches to reducing the energy consumption of buildings. As mentioned be-

fore, ventilation is critical in lowering airborne diseases in indoor environments. Still,

increasing ventilation to minimize the infection transmission probability causes higher

energy consumption and costs, so a suitable controller of HVAC systems should be

able to provide an acceptable IAQ and thermal comfort and decrease energy con-

sumption. Di�erent control approaches have been used in buildings to control HVAC

systems, like two-position on and o�, proportional-integral control (PI), proportional-

integral-derivative control (PID), model predictive control (MPC), etc. [36{38].

Compared with other controllers, the MPC controller can reduce energy consump-

tion and maintain proper IAQ [38, 39]. By making intelligent decisions, the MPC

controller can predict states with reasonable accuracy by using the dynamic models

of buildings while being tuned to system constraints. The dynamic models of build-

ing and HVAC systems are usually nonlinear. However, in most articles, nonlinear

dynamic models were simpli�ed to linear ones to use MPC controllers; also, some

papers have solved the nonlinear models using special software like Energy Plus. An-

other way is using nonlinear model predictive controllers (NMPC), which have more

accuracy, to solve these types of nonlinear models directly.

As mentioned before, many studies support the role of HVAC systems in reducing

9



Figure 1.7: Classi�cation of the control methods in HVAC systems
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airborne infectious; however, only a few have investigated the control of HVAC sys-

tems to diminish energy consumption with the risk of infection. For instance, Wang et

al. [40] used an intelligent ventilation control according to occupant densities. They

studied a new detection algorithm to recognize the distance of occupancies to decrease

the infection risk of COVID-19. On the other hand, many articles have studied the

role of controllers in preparing the proper IAQ and thermal comfort with minimizing

energy consumption.

Walker et al. [41] compared the performance of two methods of MPC, centralized

and distributed methods, for indoor temperature control and IAQ control with natu-

ral ventilation. Maasoumy et al. [42] presented an MPC approach for managing the

HVAC system of a university campus building to reduce energy consumption. The

model focuses on controlling the mass 
ow rate of the air in the HVAC system. Vasak

et al. [43] presented an MPC algorithm for controlling the HVAC system of a residen-

tial household by using a resistor-capacitor (RC) thermal model. Pippia et al. [44]

proposed that combining a stochastic scenario-based MPC (SBMPC) controller with

a nonlinear Modelica model can provide more accurate results for buildings heating

systems than the linear models. Ganesh et al. [45] used model predictive control to

calculate the optimal ventilation rate to decrease indoor pollutant concentrations like

formaldehyde (HCHO), ozone, and particulate matter (PM) while minimizing total

energy consumption. Hou et al. [46] proposed the nonlinear model predictive control

to decrease the heating costs of university building heating systems with satisfying

indoor temperatures.

Skrjanc et al. [47] designed an internal model controller (IMC) with an internal

loop to control the CO2 level in an indoor environment. Cho et al. [48] developed an

integrated model based on an arti�cial neural network to predict the indoor concen-

trations of CO2, PM10, and PM2:5. They showed that the model has high accuracy

in predicting these values.

Khalid et al. [49] used a fuzzy logic controller for an HVAC system to reduce
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energy consumption, cost, and peak-to-average ratio (PAR). Figure 1.7 summarizes

these HVAC control studies and the types of controllers used.

Regarding the comprehensive literature review, no particular research directly im-

plements NMPC on HVAC systems to minimize the infection risk of COVID-19 or

other airborne diseases while reducing the energy consumption of HVAC systems.

The main new contributions of this thesis are to:

ˆ Explore the utilization of NMPC for the dynamic models

ˆ Design a nonlinear model predictive control (NMPC) to control HVAC systems

to prepare thermal comfort zone while reducing energy consumption

ˆ Design a nonlinear model predictive control (NMPC) based on the set of dy-

namic models of a building to minimize the infection risk of airborne diseases

and reduce energy consumption used by a complicated HVAC system, including

a large air handling unit and VAV boxes

ˆ Compare the results of the intelligent controller with the existing controller in

the building and quantize the potential for energy consumption

This thesis hopes to pave the way for using this intelligent controller for HVAC

systems in order to reduce infection risk and energy consumption.

1.5 Aim and Scope

Investigating the e�ect of intelligent controllers in reducing the infection risk of air-

borne diseases and HVAC energy consumption is the primary goal of this thesis.

First, one of the lecture classrooms at the University of Alberta will be equipped

with nine sensors, measuring indoor and outdoor environmental parameters such as

temperature, relative humidity, CO2, and air
ow rate. Then mathematical models

are built to determine the concentrations of deadly airborne droplets, temperature,
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and concentration of carbon dioxide. After formulating the dynamic models, a non-

linear model predictive control (NMPC) will be designed by Simulink/ MATLAB to

calculate the optimal air
ow and supply air temperature at each moment.

The main goal is to maintain the concentrations of deadly airborne droplets under

or as neighboring to the preferred reference (the value of engagements in which the

infection risk is minimum) as possible in the building and provide a comfort zone while

minimizing the energy consumption of the HVAC system. In addition, the results will

be compared with the existing control in the building and quantize the potential for

energy saving and cost saving. So, at the end of the thesis, it will be apparent that

equipping indoor environments with intelligent controllers can be one of the essential

steps to decreasing the number of infected people and energy consumption.

1.6 Thesis Outline

The thesis is organized into �ve chapters, as shown in Figure 1.8. The ETLC building

and its HVAC system are introduced in the second chapter. The building's test setup

and instruments are explained in this chapter. The third chapter describes how to

formulate mathematical models for the lecture room, including the concentration

of emitted aerosols, thermal models, and the concentration of CO2; This chapter

presents a resistor-capacitor (RC) model of heat transfer in buildings and extends it

to the classroom to create thermal models. Indoor air quality models predict the air

contaminants' dispersion within the building environment. The IAQ models can be

obtained by applying the principle of conservation of mass. Chapter four explains

more about the MPC controller and its components. The NMPC controllers are

designed based on the identi�ed dynamic models presented in Chapter 3. The results

of the NMPC with the existing building controller are also compared in this chapter.

The results show the HVAC system performs better in preparing the proper indoor

air quality and saving energy. The last chapter concludes the thesis and summarizes

the �ndings of this 2-year study.
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Chapter 2

Experimental Setup and
Instrumentation

2.1 Introduction

HVAC systems provide and replace the air in building zones to prepare thermal

comfort and acceptable indoor air quality in buildings. This chapter �rst introduces

the studied building, then describes the building's HVAC systems, test setup, and

equipment installed for data collection.

2.2 ETLC Building

In this thesis, some tests will be done in a selected lecture classroom of the engineering

teaching and learning complex (ETLC building) constructed in 2001. The ETLC

building (as seen in Figure 2.1) is located on the western edge of the University of

Alberta, Edmonton, Canada. This six-story building is mainly used for education,

o�ces, and laboratories [50]; The building is surrounded on three sides by di�erent

facilities, including the Electrical and Computer Engineering (ECE) building.

Regarding the HVAC systems of the building, there is a central mechanical ven-

tilation system that provides demanded heating and cooling air for the ETLC and

ECE buildings. First, the central HVAC system and its components will be brie
y

introduced, then the test process and instruments used will be explained.
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Figure 2.1: The ETLC building block

2.3 Introduction of the HVAC System

The components of the central mechanical ventilation system used for the ETLC

and ECE buildings include a large air handler or air handling unit (AHU), a steam-

water/glycol heating system for preheating air up to 13 - 14‰, a water-cooled chiller

system.

Figure 2.2 presents the schematic of this AHU. An AHU is the heart of central air

conditioning, which mixes outside air with returned air from the building in a mixing

box; then, by using di�erent types of air �lters, removes dust, mold, bacteria, and

other harmful particles from the mixed air; in the next step, it regulates the suitable

temperature and relative humidity by a heating coil, a cooling coil, and a humidi�er,

and �nally supplies comfortable and clean air into rooms through ducts. The studied

AHU comprises several components, including a mixing box, pleated �lters (primary

�lters), a water heating coil, a water cooling coil, a humidi�er, supply and return
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Figure 2.2: The schematic of the AHU

fans, and access doors for each section. In 2017, two supply fans of the AHU (200

hp) were replaced by a fanwall system consisting of sixty 7.5 hp fans; Using a fanwall

provides low-cost maintenance and service. It also gives more ability and reliability

to the AHU to provide air
ow. For example, losing one large fan that provided half

the demanded air
ow could cause signi�cant building interruptions, while each fan

in the fanwall system only provides a small portion of the demanded air
ow. As

mentioned, the AHU provides ventilation air for the two buildings (ETLC and ECE);

each building is divided into two zones (ECE1, ECE2, ETLC1, ETLC2). Figure

2.3 depicts AHU's location in the mechanical room of the ETLC building and the

components of the AHU.

At the AHU, a portion of the return air is exhausted to the environment through

the exhaust damper, and the rest is recirculated and mixed with the outdoor air. The

mixed air 
ows through a �lter, heating, and cooling coil sequence and is discharged

into zones by the fanwall. The value of outside air
ow can be adjusted by changing
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