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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, CO,, and airflow rate. The validation results showed that
the model could predict room temperature and CO, 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 Influenza (HIN1), 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 confirmed cases of COVID-19, including 6,520,263 deaths, reported by
the World Health Organization (WHO) *. 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, offices, 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 efficient and

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

thttps:/ /www.who.int/



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 specific geographical area [9]; however, a pandemic
defines an illness that spreads exponentially in different countries [10], like “Black
Death,” “Smallpox,” etc. For instance, the Influenza pandemic, known as the mis-
nomer Spanish flu, 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 effect 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
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Limited testing and challenges in the altribution of cause of death mean the confirmed case and death counts may
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Figure 1.2: (a) The rate of confirmed COVID-19 cases and the deaths in the world
between January 2020 and September 2022 [5] (b) Total confirmed cases and deaths
of COVID-19 until 29 September 2022



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 confirmed cases and deaths from January 2020 to September 2022. The fatality
ratio, which is the number of deaths divided by the number of confirmed 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 different routes like
direct contact, droplets, and aerosols [11-13]. Figure 1.3 illustrates the different ways
of transmission of SARS-CoV-2. The exhaled droplets of ineffectual people may fall
and contaminate the surface, which could be ineffective 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 5um, 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 airflow 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-efficiency filters
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Figure 1.3: Different 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 airflow) 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



effect of the ventilation rate on the number of new infections. The American Society
of Heating, Refrigerating and Air-Conditioning (ASHRAE) [18] offered 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-efficiency particulate
air (HEPA) filtration in removing or deactivating infectious particles, as the HEPA
filters can remove 99.97% of particles up to 0.3 pm [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 effect of ventilation rate
and airflow 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

Ventilation Rate

[17] [18] [25] [26] [29]

I [30] P
" Filtration Method ______________ Airflow Pattern '
[19] [20] [21] [30] [301 [31] [32] [33]
Ultraviolet Germicidal . Relevant Studies . Relative Humidit
Irradiation(UVGL) Between HVAC y
Parameters and [27] [28]

[22] [23] [24]

Airborne Diseases

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



(a)

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 effect 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-efficiency filters, personal venti-
lation, advanced air distribution methods, and face masks to mitigate the infection
risk in different enclosed spaces. Moreover, the airflow patterns determine airborne
contaminants’ flow path; i.e., the airflow patterns carry aerosols in buildings. Loca-
tion, number, and type of air supplier and exhaust diffusers play an integral role in
decreasing the infection risk in indoor environments. There are many studies and
experiments in this field; 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

(b) _ (©

L
]
IR j \_

SN
[\

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 different
exhaust designs. As seen, the ceiling-level exhausts removed the fine particles (10 pm)
more efficiently than those with only floor-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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eases through actual coughing and breathing of occupants in an indoor environment.
Although most articles studied the role of different 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 [AQ.

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 efficiently 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. Different control approaches have been used in buildings to control HVAC
systems, like two-position on and off, 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 TAQ [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 simplified 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



HVAC Control
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Studies

Reduction

Cost Reduction

Model Predictive Control [41] [45]

IMC Controller [47]

Neural Network Control [48]

Occupant-density-detection [40]

Fuzzy Logic Controllers [49]

Occupant-density-detection Method
[40]

Model Predictive Control
[42] [43] [45]

SBMPC Controller [44]

Nonlinear Model Predictive Control
[46]

Fuzzy Logic Controllers [49]

Figure 1.7: Classification 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 TAQ 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 flow 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 CO4 level in an indoor environment. Cho et al. [48] developed an
integrated model based on an artificial neural network to predict the indoor concen-
trations of COg, PMjg, and PMs 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:
e Explore the utilization of NMPC for the dynamic models

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

to prepare thermal comfort zone while reducing energy consumption

e 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

e 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 effect 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, COs, and airflow 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 airflow 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 five 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 CO,; 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 TAQ 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 identified 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 findings 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 first 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,
offices, and laboratories [50]; The building is surrounded on three sides by different
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 briefly

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 °C, 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 different types of air filters, 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 humidifier,
and finally supplies comfortable and clean air into rooms through ducts. The studied
AHU comprises several components, including a mixing box, pleated filters (primary

filters), a water heating coil, a water cooling coil, a humidifier, 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 airflow. For example, losing one large fan that provided half
the demanded airflow could cause significant building interruptions, while each fan
in the fanwall system only provides a small portion of the demanded airflow. As
mentioned, the AHU provides ventilation air for the two buildings (ETLC and ECE);
each building is divided into two zones (ECE1l, 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 flows through a filter, heating, and cooling coil sequence and is discharged

into zones by the fanwall. The value of outside airflow can be adjusted by changing
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the position of the outdoor air damper. Since the temperature of mixing air (before
the preheating coil) should be around 10 °C, the outdoor temperature specifies the

percentage of outdoor air used in the mixing box; for example, during cold weather,

the percentage of outdoor air is lower than that in warm weather. The usual work

Section

() (d)

Figure 2.3: (a) HVAC Room (b) Air Handling Unit (¢) Fanwall System (d) Filter
Section

hours of the mechanical system were set from 6:00 AM to 11:00 PM on weekdays and
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from 6:00 AM to 6:00 PM on weekends [50]. However, during these two years (i.e.,
2020-2022), because of COVID-19, the system has been working 24/7, which means

more energy has been used.

2.3.1 Variable Air Volume (VAV)

A constant air volume (CAV) and variable air volume (VAV) are different types of air
distribution in HVAC systems. CAV systems carry a constant volume of supplied air
at a variable temperature, while VAV systems deliver air with a variable temperature
and airflow rate from an air handling unit (AHU). Because VAV systems can meet
varying heating and cooling needs of different building zones, these systems are more
prevalent in many buildings [51].

AHU and VAV boxes are the main components of the HVAC system to produce
and distribute the supply air into buildings. All classes of the ETLC building are
equipped with VAV boxes. The comfortable and refreshing air transferred by the
fanwall goes through VAV boxes before entering the building classes. Dampers and
reheating coils of the VAV boxes can control the air volume flow rate and temperature.
The air volume that flows through the VAV boxes relates to the damper’s position
inside the VAV. The hot water of the VAV reheating coils is provided by central
boilers, responsible for preparing all demanded hot water of the university. Figure
2.4 illustrates a VAV system in the ETLC building. The VAV damper’s position and
the reheating coil’s valve are controlled by a thermostat installed in each class. For
example, the thermostat will send a signal to the VAV boxes to increase the room
temperature. By getting the signal, the valves of reheat coils will be opened to meet
the need of the class temperature. When the thermostat sends a signal to the VAV
box for cooling, the thermostat closes the reheat valves and then starts opening the
damper of the VAVs to supply more cool air.

The existing building controller controls the room’s temperature by getting feed-

back from the installed thermostat in classes. This controller tracks the given set
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Heating Coil

Figure 2.4: (a) A VAV box in the ETLC building, (b) Schematic of inside a single-
duct VAV system
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point, and it does not have any ability to improve energy consumption by predicting
the temperature trajectory. However, during the COVID-19 pandemic, the position
of VAV dampers has been constant to decrease the infection risk, and the classes’

temperature is controlled only by heating coil valves.

2.4 Specifications of the Lecture Classroom

The selected lecture classroom is on the ground floor on the north side of the ETLC

2

building. The class area is about 300 m“, and the maximum seating capacity is

120. The number of supply diffusers and return grills for this class is fifteen and

ETLC building guide schematic

Figure 2.5: The elect classroom located on the ground floor of the ETLC building

eight, respectively. Figure 2.5 shows a photo of the class and its location in the
ETLC building. The classroom is surrounded by two corridors, a neighbor lecture
classroom, and a thick concrete wall connected to the outdoor area. The class has
three entrances, but there is not any window. The sampling test was conducted

in March 2022 since lecture classrooms had regular in-person courses. The main
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components, the air handling unit and VAV boxes, which provide and distribute the
supply air in the building, are depicted in Figure 2.6 (a). Three VAV boxes provide
the demand-supply air to the classroom. The thermostat in the class controls all

three VAV boxes, as shown in Figure 2.6 (b).

2.4.1 Test Setup

During the test, nine temperature and humidity sensors were used to record and mea-
sure the indoor, and outdoor environmental parameters of the class and other zones
(the neighbor classroom, corridors, outdoor air, supplied air); two of them could also
measure the COy concentration. These sampling units included: three Omega wire-
less sensors OM-EL-WIFI-TH, four Elitech RC-4HC, one Airthings carbon dioxide
meter, and one DOEATOOW indoor CO, monitor. Table 2.1 demonstrates the spec-
ification of the testing instruments, all of which are calibrated by the manufacturer’s
equipment. In Appendix B, more detail has been prepared about the test instruments.

Temperatures, relative humidity, and carbon dioxide sensors constantly measured
in °C, RH %, and carbon dioxide levels in parts per million (ppm), respectively.

Figure 2.7 shows the class under the test. The schematic of the classroom with its

Figure 2.7: The classroom under the test
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neighbors is illustrated in Figure 2.8. During the tests, three wireless sensors were
put inside supply ducts to measure the air temperature from each VAV the location
of other temperature sensors can be seen in Figure 2.9. In addition, one COy sensor
was put in the class. All sensors were turned on at the beginning of the test, and
collected data for all courses. The number of occupants in the room was visually
counted and recorded every 5 minutes. The outdoor CO, concentration was assumed
to be a constant value of about 400 ppm [52]. The sampling collecting period of

temperature and relative humidity data was fixed at 60 seconds.

Table 2.1: Specification of the instruments used for data collection

Description Accuracy Range Resolution Device
Omega High
Accuracy Temperature
Wireless Xir:lizl;aﬁugeg range: —20 to | 0.3°C; 1%
Temperature °C: RH'y2.%' 60°C; 0 to 100% | RH
and Humidity ’ ' RH
Sensor
Elitech RC-
4HC Tem- Internal and
perature and | 3% RH; | external temper-
Humidity Temperature | ature measuring | Temperature
Data Log- | accuracy: ranges are: —22°F | 0.1°C; 0.1%
ger/Recorder | —30°C + | - 140 and —40°F | RH
USB 16000 | 60°C, 0.5°C -185°F 0 to 99%
Points Record RH
Capacity

o 5 ppm for
Airthings 0 — 9999 ppm; COw: Tem-
Wave Plus Operating  Tem- 2
Indoor  Air | 40 ppm perature 4°C- peratul‘"e
Quality Mon- 40°C; 0-85% R | Fesclution
itor 0 — 9999 ppm 0.2°C; 0.2%

RH
Continued on next page
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Table 2.1 — continued from previous page

Device Accuracy Range Resolution Picture
DOEATOOW
Indoor CO2
Monitor, Car-
bon Dioxide 0—9999 ppm; Op- | 1 ppm Tem-
Detector, 40ppm + | erating Tempera- | perature
Air  Quality | Display2% ture 1°C — 85°C ; | Resolution:
Monitor, 1 —100% RH 0.1°C
Temperature
and Relative
Humidity
Emvironment Maximum Air . .
Tempera- Velocity 16,000 Air Velocity
Fluke 922 | ture  Accu- ¢ 0 ’t Resolution
Airflow Meter | racy +/ — | 2O PEratiie | o no1 MPs, 1
Temperature
1% + 2°C, 29 _ 199°F fpm
+/—1%+4°F

Moreover, to measure the airflow velocity in each VAV box, the Fluck 922 airflow
meter was used; Fluck 922 is a powerful device with a pitot tube, providing differential
and static pressure to measure the air velocity and airflow. It has a large bright display
for close viewing in all environments.

To calculate airflow, first, the shape and size of the diffuser should be defined before
starting to work with the device. The air velocity was measured before and after each
in-person class. The tests were done in two parts; The first part started on March
14 and finished on March 20; the second part was done between March 30 and April
4. In the first part, the temperature of the classroom was set constant. However, in
the second part, the set point was continuously varied for each lecture. Moreover,
the lectures were divided into two groups; The first group was held on Mondays,
Wednesdays, and Fridays, and the number of courses on these days was five, and the
time of classes was from 9:00 AM to 1:50 PM; The number of lecture classes in the

second group was three, held on Tuesdays and Thursdays, and they began from 9:30
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Corridor 1 (T,)
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Indoor CO, Monitor Sensor
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’ Temperature and Humidity Sensor

Figure 2.8: Schematic of the classroom. Sensors are indicated by “S” in this figure.
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Figure 2.9: Location of the sensors in (a) Classroom (b) Corridor (c¢) Outside (d)
Supply diffusers
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AM to 1:50 PM. The number of students changed to 59 from 1 to 1 to 29 in two
different groups, respectively. The weekly occupant schedule is also shown in Figure
2.10.

Figures 2.11(a) and 2.12(a) depict the measured temperatures for the supply air
and the classroom; because three VAV boxes provide the demand-supply air to the
class, three sensors have been used to measure the supply air temperature of each
VAV box. Although the size of the VAV boxes is the same, the air volume that flows
through one of them was more than the others, which caused the temperature of
this VAV box to be different from the two other VAV boxes. Furthermore, when the
set point was diverse, the variation range of supply air temperature was more than

when the set point is constant. Figures 2.11(b) and 2.12(b) illustrate the measured

Weekly Occupants Schedule
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Figure 2.10: The weekly occupant schedule

temperature of the neighboring zones and the outside temperature; During the tests,

the temperature of the corridors was constant, while the temperature of the neighbor
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classroom fluctuated. All these neighbor zones are shown in Figure 2.8. As shown in
Figure 2.10, the number of students attending in the first group, including Monday,
Wednesday, and Friday, are more; the maximum number of occupants is 59 and 29

in the first and second groups, respectively.

2.5 Summary

In this chapter, the studied class and the HVAC systems of the ETLC building were
explained. Then, the process of the test was clarified. Finally, sample recorded data

were shown.
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Chapter 3

Mathematical Models

Defining appropriate mathematical models that predict the system’s behavior is the
first step of the controller design. This chapter will develop nonlinear mathematical
models for the indoor environmental quality (IEQ) parameters, including the thermal,
COg concentration, and infection risk models. All of them will be represented in the

continuous-time state-space form, i.e.:

dx .
T =X= f(x, u) (3.1)
y = h(x,u) (3.2)

where, x, u and y represent states, inputs, and outputs respectively.

3.1 Building Models

There are three fundamental modeling methods [53] to define the model of buildings:

e White-box model: This technique is based on conservation equations of
mass and energy. The White-box model is more accurate than the other models
as it needs more detailed information about the building parameters. On the
other hand, this model requires more time to compute, which is unsuitable for
a real-time control application. Some building energy simulation programs, like

TRANSYS and Energy Plus, provide white-box models for buildings [54].
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e Black-box model: This approach is simple and only uses measured input
and output data. This method’s demerit is that the building models’ predic-
tion accuracy depends on the data quality. This method is usually used for

estimating energy or projecting the load in buildings [54].

e Grey-box model: Grey-box model or hybrid model is a combination of two
previous methods. Still, the Grey-box model is more efficient and straight-
forward than the first model and more interpretable than the second approach.
An equivalent resistance-capacitance (RC) network is a known Grey-box model.

The thermal behavior of buildings can be identified by using RC networks [54].

In this thesis, the Grey-box method will be used to determine the thermal model, as
this method has been widely applied to solve control and optimization problems of

buildings [53].
3.1.1 Principles of Building Thermal Model

Heat transmission and heat storage capacity represent the fundamental thermal prop-
erties of building elements. These components include walls, ceilings, floors, and air
inside spaces that can store energy; their mass and specific heat capacity can describe
their energy storage capacity. As well as energy storage, heat can be transmitted
in different ways through building elements. Regarding the equivalent resistance-
capacitance (RC) model, resistors depict heat transfer capability, while capacitors
describe the heat storage capability of the building elements. The following sections

will explain thermal resistors and capacitors.

e Heat Transmission: Heat transfer will happen when there is a temperature
difference between two objects, which appears in the direction of decreasing
temperature, i.e., from a hot object to a cold object. Heat transfer is a form of

energy transfer and can occur by conduction, convection, and radiation [55].
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1. Conduction: Conduction heat transfer occurs when there is a tempera-
ture gradient in a solid or stationary fluid medium, like transferring heat
through building walls from the warmer side to the cooler; The below-given

equation describes the conduction heat transfer.

dT

dT

Where, . is the temperature gradient (K/m), Q presents the heat trans-
X

fer rate (Watt), and « is the thermal conductivity (W/m.K), which depends

on the building material. A is the area of the considered material (m?).

2. Convection: Convection transfers heat from one place to another due to
fluid movements such as liquids and gases. Newton’s Law of cooling can

determine the convective heat transfer:
Q=hA(T, - Ty) (3.4)

In this equation, Q is the convective heat transfer (Watt), Ty and T are the
surface and fluid temperatures (K), and h is the convection heat-transfer
coefficient (—), which is a fluid property.
m?K
3. Radiation: Thermal radiation refers to the energy emitted from a ma-
terial at a specific temperature. Radiation energy is transmitted by elec-

tromagnetic waves (photons); the Boltzmann law can describe the net

radiation from a hot object:

Q = ec AT? (3.5)

rad

where, € is the emissivity of the radiating surface, o is the Stefan-Boltzmann

constant o = 5.67e8

2 and T represents the absolute temperature in Kelvin
m

(K).

e Thermal Capacitance: In building design, thermal mass, Cyy, is the heat
storage capability of building components. For a body of the uniform compo-

sition, Cy, can be approximated by mc, where m is the mass of material and ¢
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presents the specific heat capacity. ¢ is the quantity of heat required per unit
mass to enhance the temperature by one-degree Celsius (Eq. (3.6)). A high
specific heat value indicates that a high amount of heat is needed to increase
the temperature of that substance. In contrast, a substance with a low specific

heat value means less energy is required to raise the temperature.
Q = mcAT (3.6)

3.1.2 Equivalent Thermal Resistances and Capacitance

e Thermal Resistance: Like electrical resistance, which is related to electrical
conductivity, thermal resistance is associated with heat conductivity [55]. Elec-
trical resistance can be calculated by Ohm’s Law when the current and the ratio
of the voltage are known from electrical circuits; electrical resistance obtains the

following equation:

R=— (3.7)

Regarding the definition of electrical resistance, the thermal resistance for con-
duction in a surface wall can be determined by:

AT L

1:{con = =
d Q KA

(3.8)

where, L is the distance through the wall (m) and A is the area of the wall (m?).
The thermal resistance can also be associated with convection heat transfer at

a surface, so we will have:
Reoww = — = — (3.9)

For example, to calculate the thermal resistance for Figure 3.2, it will be the

sum of conduction and convection resistances.

1 L1
— (3.10)

R —
CTIA T RA A
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e Thermal Capacitance: As mentioned before, thermal capacitance is calcu-

lated by Ci, = mc, which can be rewritten:
m = pV = pLA (3.11)
Cin = pcLA (3.12)

V and p are the volume and density of the body, respectively. For instance, the
thermal capacity or thermal mass of the class is calculated by: C, = mc,, where m
is the mass of the air in the class and c, specific heat capacity of the air at constant

pressure. Or the thermal capacity of walls is defined by the following:

Cyw = My Cy (3.13)

My = Py Vyw (3.14)
where, V, and p,, are the volume and density of walls.

3.1.3 Representation of the Building Thermal Model

The Room temperature depends not only on the supply air temperature and supply air
volume flow rate but also on the temperatures of the neighboring classrooms, outside
air temperature, and the thermal properties of all walls and windows surrounding the
class. The heat transfer and heat storage equations reviewed in previous sections are
used to define these parameters; then, by applying the equivalent thermal resistance-
capacitance (RC) model, the room will be modeled as a two-mass system [56].

Ty, Ty — T,

ow b oAy Oven 315
oot ke%: ( Rij; )+ 1155 A, Qraas, (3.15)
raTI‘i T - Tl'i . .
G ot - Z ( : - ) + pamriCP(TSi - Tri) + Qine (3.16)
keN, 1,Ki

Where, T, is the temperature of class i, Ty, ; is the temperature of the wall between

class i and j, Ty; is the supply air temperature of the class i, m,; is the volume flow
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rate of the supply air, «;; is radiative of heat coefficient, Q.4 represents the total
radiation heat that reaches the wall, p, is the density of air, Ty are the neighboring
room temperatures, R;; is the total thermal resistance between the centerline of the
wall (i,j) , Nyij is the set of all of the neighboring nodes to node wij. Cf and Cf are
the heat storage capacity of class i and walls, respectively. N,. is the set of all of the
neighboring class nodes to class i. Figure 3.3 shows the classroom resistance model;
the building network has two types of nodes including walls, and rooms. There are
in total [ nodes, m of which represent rooms, and the rest of the nodes represent
walls. In the dynamic thermal model of the class, Cf, which has the lower thermal
capacitance, represents the fast-dynamic mass (e.g., supply air), and Ci, which has
the higher thermal capacitance, represents the slow dynamic mass (e.g., solid parts
including walls). Q,, is the internal heat generation in the room, like metabolic heat
gain from students’ bodies; which is calculated by 80.3n; where n is the number of
students and 80.3 W is the metabolic heat generation per occupant; for conditions
of clothing insulation of 1.0 clo, and metabolic activity at 1.2 met, at 22 °C, in

classrooms [57].

Here are the simplifying assumptions made in deriving the equations:

e Air in the class is thoroughly mixed and has one temperature and density across

its whole volume.
e As the class does not have any windows, the effect of solar radiation is negligible.
e Specific heat of air ¢, is a constant which equals to 1.007% at 300 K.
e All internal walls have the same properties (like x, L, and h).

3.1.4 State Space Thermal Model

The thermal model should be converted into state space equations for control pur-

poses; so the continuous-time model can be considered with the following state equa-
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Figure 3.2: Equivalent resistance capacitance model for the zone

tions:
d
d_f = f(x,u) (3.17)
y = Cx (3.18)

where, x = [Ty, Ty,,, .., Twys] ' is the state vector, u = [Ty, 1,]" is the control input
vector, y is the output vector, and d = [Ty, T3, ..., Ts,n]T represents the disturbance
vector and n is the number of students in the room. The thermal model into state-

space equations will be:

+—+ — 4+ — + X_ + pamrcp(Ts - Xl) + Qint) (319&)

X = o (55— — (5= + 5 )x2 + 5—) (3.19Db)



%= (ot — (o )X + = 3.19¢
’ C‘{V3(R31 (R13 R31) ’ R31) ( )
. 1 X1 1 1 T4

K= o (2 (e )k ot 3.19d
! ‘{V4(R14 (R14 R41) ! R41) ( )
) 1 x; 1 1 T

o= = (o (e )k =2 3.19¢
’ CYs(Rw (R15 R51) i Rm) ( )

where, ; and &; represent the temperature rates of the class and walls, respectively.
T; are the temperatures of the surrounding rooms. Rj; is the thermal resistance
between class i and other zones and can be calculated by the sum of the thermal
resistance for conduction for each side of the wall and the thermal resistance for
convection according to the internal or external side of the walls. So, it can be

written as:

1
Rij - Rconv + ERcond

Ry, = )
1 L
Rij,.. = + =

owt T h oAy 2rAy
The developed models have been used to simulate the behavior of these thermal
dynamics in the class; then, the simulation results will be compared with the measured
temperature of the class. The physical parameters are listed in Table 3.1. In order to
simulate the behavior of the class’s thermal dynamics, the zone’s volumetric airflow

rate (1) should be calculated.

3.1.5 Estimating the Volumetric of Airflow Rate in the Class

To calculate the total volumetric airflow in the class, the airflow for each VAV box
should be measured and then summed with each other. So, the airflow velocity in feet
per minute (fpm) is first measured and then multiplied by the cross-sectional duct

area in square feet.

F = VAy (3.21)
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Parameter Description Unit

Cp Specific heat capacity of air J/kg.K
Cw Specific heat capacity of wall material J/kg. K
Dair Density of air kg/m3
D Density of inside wall kg/m?
Po Density of outside wall kg/m?
K; Conductivity of inner three walls W/m.K
K, Conductivity of outside wall W/m.K
h; Convection coefficient for inner three walls W/m?K
h, Convection coefficient for outside wall W/m2K
Cyw Heat storage capacity of walls J/kg. K
C, Heat storage capacity of the room J/kg.K
Pa Density of air kg/m?
T Temperature of supply air K

T, Temperature of the room K
Tout Temperature of outside K

A; Area of wall i m?
Qint Internal heat generation in thermal zone W

Table 3.1: Physical parameters of the building thermal model equations
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V represents the air velocity in ducts (fpm), and A4 is the area of the supply diffusers
(ft?). As mentioned before, during the AHU operation in the building, the airflow
velocity is constant, which means the supply air flow rate is not changing. Regarding
equation 3.21, the total volumetric airflow rates in the class can be calculated by
measuring the air velocity in each diffuser and multiplying by the diffuser area; after
measuring, the value of total airflow was 4,400 cubic feet per minute (cfm). In the
next step, to ensure the airflow value is correctly calculated, this value will be used
in the CO, equation to estimate the value of CO, concentration in the class; then,

the results will be validated by the recorded data.

3.2 Indoor Air Quality Models

The HVAC systems should not only provide thermal comfort for buildings but also
decrease the concentration of the indoor air contaminant to the level defined by
the set standards like standards established by the American Society of Heating,
Refrigerating, air conditioning and Engineers (ASHRAE). Indoor air quality models
predict the air contaminants’ dispersion within the building environment. The models

can be obtained by applying the principle of conservation of mass:

dm

E == ri/1in - ri/1out (322)

k
where, 1 and m are the mass flow rate (—g) and mass (kg), respectively. The sub-
S

scripts in and out present the inlet and outlet of the room, respectively.

3.2.1 (COy; Concentration Model

By using the mass balance equation for CO, concentrations and assuming a well-
mixed single zone model, the equation will be: [58]:

V3992 _ g 00m — 10,000
dt (3.23)

where COy(mg/m?*) = 1.8 x COy(ppm)
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where, V, is the room volume (m?), COy;,, is the indoor CO; concentration (mg/m?),
COgqy represents the outdoor CO, concentration (mg/m?), 1, is the flow rate of
outdoor or replacement air (m?/hr or m*/3600s), E is the CO, emission rate of indoor
sources (mg/hr); generally, E is calculated by nG,,, where n is the number of people
in the room and G, is CO, generation rate per person (L/hr). The CO, generation

rate by person was considered about 0.47 L/min [58].
3.2.1.1 Validation of CO, Concentration Model:

To simulate CO5 concentration, Simulink/MATLAB was used. As shown in Figure

3.3, the simulation result is compared with the recorded data in the class. By com-

| |
m— Simulated == =Measured i i ~ _

I

I

I

| | | | |

9:00 9:50 AM 10:40 AM 11:30 AM 12:20 PM 1:10 PM 2:00 PM

Time

Figure 3.3: Simulated CO, concentration versus measured CO,y concentration of the
classroom (Mar 16, 2022).

paring the results, it can be seen the validation result showed that the model could

predict the CO5 concentration by 2.4% average error, offering a good match with the
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Parameter Definition Value/Unit

Cp Specific heat capacity of air 1007 J/kg.K
Pa Density of air 1.2 kg/m?3
Pi Density of Internal walls 450 kg/m3
Do Density of outside wall 2000 kg/m?
K; Conductivity of inner three walls 0.15 W/m.K
K, Conductivity of outside wall 0.7 W/m.K
h; Convection coefficient for inner three walls 5 W/m?2K
h, Convection coefficient for outside wall 20W/m? K
Cw Specific heat capacity of walls 800 J/kg.K

Table 3.2: Parameters for model validation

experimental data.
3.2.1.2 Thermal Model Validation:

As the volumetric airflow rate was correctly computed, in the next step, the simulated
temperature will be compared with the measured temperatures in the classroom. To
simulate the room temperature, the physical parameters defined in Table 3.2 have
been used in Eq. (3.19); the value of convection coefficients was used from [59], and
according to the wall’s properties, the conductivity constants and other parameters
were calculated. In this simulation, occupants, neighboring, and outside temperatures
are described as disturbances in the validation model. Figures 3.4 and 3.5 present
the model validations and the supply airflow rate and temperature of the supply air
in each test. It is observable that there are suitable matches between simulated and
measured temperatures for both groups of tests (constant and diverse set point); the
average error in both tests was about 0.84%. The changes in supply air temperature

and air volume flow rate also can be seen in sections (b) and (c) of these figures.
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Figure 3.4: (a) Simulated temperature versus measured temperature of the class with
the constant set point, (b) Supply air temperature (¢) Supply air volume flow rate
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People Outdoor Area Outdoor Default Values

Air Rate R, Air Rate R, Occupant Density

cfm/ L/s- #/1000 £t Air 0S
Occupancy Category person person efm/ft? | Lism? | or #/100 m? Class | (6.2.6.1.4)
Educational Facilities
Art classroom 10 5 0.18 0.9 20 2
Classrooms (ages 5 to 8) 10 5 0.12 0.6 25 1
Classrooms (age 9 plus) 10 5 0.12 0.6 35 1
Computer lab 10 5 0.12 0.6 25 1
Daycare sickroom 10 5 0.18 0.9 25 3
Daycare (through age 4) 10 5 0.18 0.9 25 2
Lecture classroom 7.5 3.8 0.06 03 65 1 v
Lecture hall (fixed seats) 7.5 38 0.06 03 150 1 v
Libraries 5 2.5 0.12 0.6 10
Media center 10 5 0.12 0.6 25 1
Multiuse assembly 7.5 3.8 0.06 03 100 1 v
Music/theater/dance 10 5 0.06 03 35 1
Science laboratories 10 5 0.18 0.9 25 2

Table 3.3: Minimum ventilation rates in breathing zone (ASHRAE standard 62.1-
2019)

3.2.1.3 Minimum Air Flow Rate for Ventilation ASHRAE Standard 62.1

According to the ASHRAE Standard 62.1-2019 (Ventilation for Acceptable Indoor
Air Quality), the minimum suggested outdoor airflow, Q,, in the breathing zone of

the occupiable space is calculated by:
Q. =Ry, x P, + Ry X A, (3.24)

R, = outdoor airflow rate required per person (cfm/person)
P, = zone population, the number of people in the ventilation zone during use
R.= outdoor airflow rate required per unit area (cfm/ft?)
A, = zone floor area, the net occupiable floor area of the ventilation zone, ft

The minimum ventilation rate for having acceptable levels of indoor air quality for
lecture classrooms (Table 3.3) is 7.5 cfm of fresh air per person (7.5 cfm/person) and
0.06 cfm of outdoor air per ft? (0.06 cfm/ft?).

The minimum airflow in an indoor environment requires meeting ranges of COs
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concentration, being specified as the following: 400 - 1000 ppm is good air quality,
1000 - 1200 ppm is acceptable to air quality, 1200-2000 is low air quality (ASHRAE
62.1-2019) [60].

3.2.2 Dynamic Model of Airborne COVID-19 Transmission
Risk
One of the well-known models for estimating the infection risk assessment in indoor
environments is the Wells-Riley, introduced about 50 years ago [61]. This model is
based on the “quantum of infection,” defined as the number of infectious airborne
particles required to cause infection in 63% of susceptible persons [62]. Regarding
the Wells-Riley equation, the probability of infection can be defined by the following
equation:
C

P=g=1-¢" (3.25)

where, P is the infection probability, C is the number of new infection cases, and S

is the number of susceptible. n is the number of quanta inhaled depending on the

time-average quanta concentration (C,y,, quri?ta), the volumetric breathing rate of an

occupant (Qp ,1‘—:) and the duration of the event (D, hr) [63]:
1 = CaygQuD (3.26)

where, volumetric breathing rates (Qp,) depend on the type of activities and ages; in
this study, it is considered about 0.3 m?®/hr [30]. Table 3.4 shows the relationship
between P and n. In order to calculate the average quanta concentration, first, a
mathematical model should be presented to estimate and predict the airborne dis-
ease transmission rate in the zone, which will also be used in the model predictive
controller. One of the assumptions of the Wells-Riley equation is that the air is well
mixed, causing a uniform concentration of particles inside the space. By considering

this assumption and regarding the conservation of mass equation, the infection risk
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model will be:

dC ER.I
o .2
v X (3.27)

where, C is the quanta concentration (quanta per m?), ER is the quanta emission rate
(quanta per hour), I is the number of infected people, A presents the ventilation rate
(per hour), which is calculated by dividing the air volume flow rate by the volume
of the room, V,, is the volume of the zone (m?®), and t is time (hour). The quanta
emission rate (ER) relies on factors like viral load, inhalation rate, and droplet volume
concentration, depending on the function of occupancies activities; it can vary over an
extensive range of 3-300 quanta/h [26]. In this thesis, by considering a light activity

like speaking, the quanta emission rate is considered equal to 58 quanta/hr [30].
3.2.2.1 Infection Probability and Received Dose

By assuming the Cy as an initial quanta concentration and solving the mass balance

equation, the concentration of the particles in time t will be evaluated by [26]:

ER.I
C(t) = Coexp (—At) + W(l —exp (—At)) (3.28)
and the average quanta concentration is determined as follows:
1 [P
Cave = —/ C(t)dt (3.29)
D Jo

Regarding the Wells-Riley equation (3.25), the infection probability is related to the
number of quanta inhaled by susceptible people. So, by decreasing the concentration
of quanta in an enclosed area, the infection risk will be reduced. In most studies, the
number of infected people is considered one, while in reality, the number of infected
people in the zone may be more than one person. To notice how many infected people
may be in indoors, the prevalence rate of the disease can be estimated by the following

equation [64]:

_ NneWDu (3 30)
“TPP(I_tf,) '
I=aN (3.31)
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where, Ny presents daily new COVID cases, fy, is the fraction of unreported COVID
cases, PP is the population, and D, is the length of time of being infectious to
COVID-19. For example, by considering the population of Edmonton about 1.519
million, the value of f,, is 75% [65], the length of time for the infectious period (D)
of 10 days [66], and the new cases of COVID-19 on March 2022 [31], the population
prevalence rate o was calculated about 0.97%. That « can be considered equal to one
percent of infected people for this month. It should be noted that the infected people
([eI]) may not always be the actual number like ol = 1.2; in order to consider more
indoor pollutants, the integer equal is always chosen to or more than this value [al].
However, there is uncertainty about the exact number of infected people in the class.
Calculating the o and I by this method can help to increase the model’s accuracy.

By considering all these parameters, the infection risk can be modeled.

Probability of being infected Number of quanta

63% 0.9943
50% 0.6931
30% 0.3567
10% 0.1054
2% 0.0101

Table 3.4: Relationship between the probability of being infected and the number of
quanta
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Chapter 4

HVAC Controller Design

4.1 HVAC Control Techniques

A number of control methods have been implemented in heating, ventilation, and air
conditioning (HVAC) systems [36, 67]. Some controllers like on/off and proportional
integral derivative (PID) are simple and are commonly used in many HVAC sys-
tems; However, these methods have limited ability to save energy. For example, PID
controllers set HVAC systems to operate at thermal design loads; while, actual ther-
mal loads are time-varying and depend on environmental factors like outside weather
conditions and the number of indoor occupants.

Due to the emphasis on saving energy during the past two decades and considering
that HVAC systems are significant sources of energy consumption in buildings, model
predictive control (MPC) methods have attracted a lot of attention as they can pro-
vide superior performance in saving energy [38]. The popularity of MPC controllers
in HVAC systems is because of their ability to incorporate system dynamics, utilize
knowledge to forecast demand and utilize weather forecasts, and take control actions
accordingly [38]. In contrast, PID controllers do not have these abilities. In addition,
MPC can handle constraints, disturbances, and time-varying system dynamics and
use cost functions for multiple goals like reducing energy consumption, reducing oper-
ational cost, etc. [38]. In this chapter, the MPC method and its components are first

briefly reviewed. Then, an MPC is designed and applied to the building dynamic
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models defined in Chapter 3; Next, the role of nonlinear model predictive control
(NMPC) in energy saving will be investigated; After that, NMPC for controlling TAQ
and energy saving will be studied. The results will be compared and discussed at the

end of the chapter.

Value
Future

Past A u*(t)
Optimized inputs u*(t+k)

.

Reference
trajectory

Measured

) Model-based predicted
trajectory

trajectory y(t+k)
Control horizon, N,

t t+1 t+2 t+N, t+N,
Prediction horizon, N,

Step

Figure 4.1: Concept of MPC

4.2 Model Predictive Controller

Model predictive control is a popular advanced control technique that was first used in
an industrial setting in 1976 and has significantly developed since then [68]. MPC can
be adopted in buildings to control systems like HVAC to reduce energy consumption.

Over a finite prediction horizon, MPC uses a dynamic system model to predict the
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system’s future output and determines the optimal manipulated variable (MV) to

minimize a cost function while considering the system’s disturbances and satisfying

constraints on output and inputs. At each step, the controller picks the first item

of the computed control variables; this process repeats until the whole-time frame of

the test is covered [69]. Figure 4.1 shows the concept of the MPC strategy.

4.2.1 Model Predictive Control Elements

MPC key elements include a prediction model to include system dynamics, con-

straints, a cost or objective function, a prediction horizon, and a control horizon.

All of them can affect the performance of MPC, so they are briefly explained in the

following. The structure of applying the MPC strategy is depicted in Figure 4.2. A

Past Inputs Ref.rence
and » Y\ Predicted Trajectory
Outputs Outputs +
»|  Model
\_ )
Future Inputs
4 N
. . Future
Optimizer Errors
\_ )
Cost Function
Constraints

Figure 4.2: Basic structure of MPC [70]

model predicts future plant outputs based on past and current values and the pro-
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posed optimal future control actions. These actions are calculated by the optimizer

taking into account the cost function and the constraints [71].

e A Prediction Model (Plant): Prediction or dynamic models of MPC, pre-
sented in continuous-time or discrete-time models, have an integral role in the
efficiency and accuracy of the resulting MPC. The MPC controller relies on
models, like building models, to predict the building states or energy models
to predict the energy consumption. The prediction model consists of two func-
tions: state functions and output functions; state functions indicate how the
plant states change over time, and output functions estimate plant outputs in
terms of state and input variables. Input variables can be defined as manipu-
lated variables or disturbances. The MPC can predict the system’s output by
estimating the disturbance models, including internal and external items like
weather conditions and occupants’ activities [38]. As alluded to in Chapter 3,
models can be categorized into three groups [54]:

1) White-box model
2) Physics-based models based on RC networks
3) Black-box model

The physics-based models are used for the NMPC design in this thesis.

e Cost Function: The essential step in designing an MPC controller is the
definition of a suitable cost function that will be either minimized or maximized.
The cost function formulation depends on the control objectives. According to
the controller’s purpose, there are different forms of cost function like terminal
control, minimum control effort, tracking trajectory, energy consumption, or a

combination of them [38].

e Constraints: One of the advantages of the MPC controller is its ability to
satisfy bounds on inputs, outputs, and systems states. Constraints can be

defined as rate or range limits, like upper and lower bounds of zone temperature
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or maximum and minimum limits of supply airflow rate [38].

e Prediction Horizon, Control Horizon, and Control Sampling Time:
The period that MPC predicts outputs of a system is called the prediction
horizon, while the control horizon is the period for which the planned control
actions are calculated. The time step refers to a time that the control signal
will be without any change. The control horizon is often selected to be less than

the prediction horizon to minimize computation cost [38].

A general formula for MPC is as follows:

Np
I = ming g, [ Ly s)de (4.1)
0
x = f(x,u,d)
(4.2)
y = h(x,u,d)
st gi(x) >0 i1=1,2,..m
(4.3)
£(x) =0 i=12...n
xo = x(t) (4.4)

where, N, is the prediction horizon, J is the cost function, x represents the system
states, u includes the control actions, r is the references, s is the slack variables; f
and h represents the state function and the output function respectively, d presents
the disturbances, fj(x) and gi(x) are constraints and xq is the system initial condi-
tion. Constraints can take the form of equality or inequality functions that must be

satisfied.

4.3 Application of MPC to a Real classroom

Figure 4.3 shows the application of the MPC on the selected building in this thesis.
The controller variables are recognized as manipulated variables (MV) in the MPC
controller. In implementing the MPC controller on thermal models, only one of the

inputs, mass flow rate or supply air temperatures, is usually defined as a controllable
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Figure 4.3: Application of MPC to a real classroom

variable [72]. To provide better controllability, in this thesis, both mass flow rate
and temperature of supply air are defined as controller variables in the plant models
introduced in Chapter 3, including Eqgs (3.19), (3.23), and (3.27). Thus, the dynam-
ics models will turn to nonlinear models, meaning the solution of the models will be
more complicated than the linear ones. By regulating these two MVs, the system’s
outputs can be controlled. In the next step, the constraints of the systems should be
defined. The constraints of the inputs and outputs can take the form of inequality
or equality functions. The class temperature’s lower and upper bounds, the class’s
minimum airflow rate, and healthy ranges of COy concentration are defined by the
ASHRAE Standard 62.1. Time-varying lower and upper bounds are considered for
the class temperature, which defines the comfort zone between 20 °C and 22 °C during
occupancy times and between 18 °C and 24 °C during non-occupancy times. Based

on the ASHRAE requirements for air change per hour (ACH) of the class, there has
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to be a minimum non-zero airflow during occupied/ unoccupied hours for ventilation
purposes, as explained in Chapter 3. The healthy ranges of CO5 concentration are
specified as 400-1000 ppm [60]. The target for the low infection risk is assumed under
one percent. In this thesis, the controller is a nonlinear MPC (NMPC), because the
designed MPC considers the nonlinear building models. Simulink/Matlab is used to
simulate the results (see Appendix A for details). A nonlinear programming (NLP)
problem is solved by sequential quadratic programming (SQP). In the following sec-
tions, first, the NMPC controller is designed to minimize the energy consumption of
the classroom (Section 4.3.1); Next, an NMPC is designed to control HVAC systems
to minimize COVID-19 virus transmission and reduce building energy consumption
(Section 4.3.3). The cost functions and constraints will be separately defined in each

section.

4.3.1 Minimizing HVAC Energy Consumption

The energy consumption of the HVAC system includes energy consumption by the
fans and energy consumption by the air-conditioning systems, including the air han-
dling unit and VAV boxes. By using the affinity law, the power consumption of fans,
P¢, can be estimated by [40]:

P; = p? (4.5)

where, [ is the power coefficient of the fan and it is set to 0.8 based on the fan
specifications [40].

The power consumption of air-conditioning systems, which includes the heating
coil of the AHU (Figure 2.2) and the heating coil of VAV boxes (Figure 2.4), are

calculated by the following equations:

P, — Qanu n Qvav (4.6)
Ui 2

Qanu = M AT amy (4.7)

Quav = 11,6, ATyay (4.8)
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where, Py, is the total power consumption of the heating coils, 1; and 7, present the
efficiencies of the steam-water/glycol heating system and boilers, respectively, and
they have been assumed 0.85 based on typical data of similar boilers. m, is mass flow
rate, AT is the temperature difference through the heating coils; the specific heat of
air ¢, is assumed constant which is equal to 1.007 % at 300 K in this study. The
energy consumption by the pumps, which move hot fluid in the system, is assumed
negligible compared to the energy consumption by the heating coils and the fanwall.

The total HVAC energy consumption, including the energy consumption by the

fanwall and the heating coils, during the 24 hours can be calculated by:

I, = / Py Pyt (4.9)

Here, the total energy consumption is defined as the cost function to be minimized by
the NMPC controller. According to Eq. (4.9), power consumption will be decreased
by decreasing the mass flow rate, m,, and supply air temperature, Ts. Mathematically,

the predictive controller solves at each time step the following problem:

J = min,I, (4.10a)

Subject to U < Uy < T (4.10Db)
0u < Wypger1jp — Wppe < OU (4.10c)

T — e < Toquge < Tt+k|t + €kt (4.10d)

€irxlty Eerkjt = 0 (4.10e)

where, barbelowe i and €; are the lower and upper slack variables for outputs,
u and U are the lower and upper constraints on the inputs (i.e., manipulated vari-
ables) du and du are constraints on the rate of inputs, i.e.; lower and upper bounds
for inputs increment. For example, the class temperature’s lower and upper bounds
and the class’s minimum airflow rate are defined by the ASHRAE Standard 62.1-

Section 6.2.6.1. Time-varying lower and upper bounds are considered for the class
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temperature, which defines the comfort zone between 20 °C and 22 °C during occu-
pancy times and between 18 °C and 24 °C during non-occupancy times. Based on
the ASHRAE requirements for air change per hour (ACH) of the class, there has to
be a minimum non-zero airflow during occupied/ unoccupied hours for ventilation
purposes, as explained in Chapter 3, and = 4400 cfm is the higher limit on the air
volumetric flow rate.

In this section, the daily energy consumption of the HVAC system will be mini-
mized while the room temperature stays in its desired range. The classroom prediction

model is:

X9 X3 X4 X5 . :
+ ot o+ o+ o Pt Cyp(Ts — x1) + Q) (411
Ris | Ru | Ry Ry PO ) Q) (4110)

%o = %(1% - (Ri21 + Riu)x2 + l;f—;) (4.11b)
X3 = C%%(g—; - (Ri13 + R%l)xs + ;—;) (4.11c)
%4 = Cim(g—; - (RLM + R%I)X‘* + ;—i) (4.11d)
%5 = %5(1;(—115 - (Ri15 + R%l)x;) + ;—551) (4.11¢)

The dynamic model has five states (x;) and seven inputs including two manipulated
variables, MVs, included mass flow rate, m,, and supply air temperature, Ty, and
five system disturbances consisting of the neighboring temperatures (T, T3, T4), the
outside temperature, T, and the number of students which affect Qint in Eq. (4.11a),
explained on Section 3.1.3. In this section, the output will be the room temperature.
All parameters of the NMPC controller are set up based on the dynamics of the
controlled system. For example, the sample time should be large enough for imple-
menting and calculating the following control signal and small enough to control the
system stably; Since the buildings have slow dynamic systems, the sample time is

usually defined from 15 minutes to 180 minutes [54]. Generally, the control horizon is
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always smaller than the prediction horizon such that N. < N, and N, > 2 for building
[54]. For many practical applications, N, is roughly set to 20 % of N, [54]. In this
section, the sample time, Ts, is chosen as 30 minutes, and the prediction horizon,
Ny, is 48, which gives a prediction time of 1440 minutes or 24 hours, N,Ts, and the

control horizon, N, is 9.

4.3.2 Simulation Results

Figure 4.5 shows the simulated results of the classroom when the HVAC system was
controlled by the rule-based controller (RBC). The room temperature as an output
profile and supply air temperature as a control input can be seen in Figures 4.5(a) and
(b), respectively. The rule-based control is a conventional on-off HVAC controller.
When the room requires the heating load, the controller opens the valve of the heating
coil. In the next time step, the controller checks the room temperature again and
adjusts the valve position if the room temperature is within the comfort zone, or
keeps it open if the room air temperature is still outside the comfort zone.

In on-off control, the position of the valve can be either the min value or the max
value. RBC controllers use upper and lower set points to control room temperature.
The control logic of the rule-based controller can be seen in the flowchart in Figure
4.4. For this simulation, the supply air volume flow rate was considered constant, and
the supply air temperature only controlled the room temperature. The simulation
results of implementing the NMPC controller on the thermal model are shown in
Figure 4.6. The NMPC controller keeps the room temperature close to the lower
bounds limit to minimize energy consumption. Figure 4.6(a) shows the output of
the NMPC controller; as seen in this figure, the occupants’ heat generation can
affect the room temperature profile. The input controllers, including the supply air
temperature and volume flow rate, can be seen in Figures 4.6(b) and (c). Figure 4.6(d)
shows the number of students that is considered as one of the system disturbances.

Figure 4.7 depicts the power and energy consumption. The energy consumption of
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Figure 4.4: Control logic of a basic rule-based HVAC controller; mode 1 corresponds
to the initiation of a reheat cycle while mode 0 identifies the heating coil idle state
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Figure 4.5: Performance of the Rule-based controller (RBC) for the classroom: (a)
Room temperature, (b) Supply air temperature and supply air volume flow rate
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two controllers, NMPC and RBC, are compared in Table 4.1. The results showed

that the NMPC controller reduces the energy consumption of the classroom by 65

% compared to the rule-based controller. This leads to electricity cost savings of $

1,602 per month. In this thesis, the electricity price rate for the ETLC building was

considered $ 0.1/kWh based on the data of the operation facility at the University of

Alberta.
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Figure 4.7: The HVAC power and energy consumption for the simulation results in
Figure 4.6
Total Energy . . Monthly
Controller Consumption Daily Cost | Energy Saving Saving Cost
(KWh) (%) (%) ($)
RBC Controller 816.49 81.6 - -
NMPC Controller 282.48 28.2 65 $ 1,602

Table 4.1: Energy and cost savings of the NMPC compared to the RBC
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4.3.3 Control IAQ and Minimize Energy Consumption

Here, a new MPC is designed to control TAQ and minimize HVAC energy consump-
tion. To this end, the dynamic models, cost function, constraints, and other elements

of MPC need to be defined. The system dynamics are presented by:

X X X X . .
-+ =2 + =5 + =4 + = + pamrcp(TS - Xl) + Qint) (412&)

%o = CLYQ(S—; - (R%l + R%Q)XQ + ;—;) (4.12)
%y = Ci%(é—; - (Ri13 + R%l)x?, + g—;) (4.12¢)
%y = Ciﬁ(g—; - (Ri14 + R%H)X“ + g—z) (4.12d)
%5 = Ci%(g—; - (Ri15 + R%l)x;, + ;—551) (4.12)
% = Evin;l A% (4.12f)
%y = Vim(E + 10, COs0u — T,%7) (4.12g)

where, ER is the quanta emission rate (quanta per hour), I presents the number of
infected people, \ is the ventilation rate (per hour), V,, is the room volume (m?),
CO; is the indoor CO, concentration (mg/m?), COs,,, represents the outdoor CO,
concentration (mg/m?), E is the CO, emission rate of indoor sources, (mg/h); gen-
erally, E is calculated by nGp,, where n is the number of people in the room and G,
is CO4 generation rate per person (L/min). The dynamic model has seven states, x;,
and eight inputs including two manipulated variables, mass flow rate, 1m,, and sup-
ply air temperature, T, and six system disturbances consisting of the neighboring
temperatures (T9, T3, Ty), outside temperature, T, the number of students, and the
number of infected people, I. The outputs include the room temperature, x;, the

concentration of quanta, xg, and the concentration of CO,, x7. This section aims
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to use the NMPC controller to reduce the infection risk of COVID-19 aerosols and
provide thermal comfort while minimizing energy consumption; so the cost function

is defined by the following equation:

n, Np ny Np
J=min,() > wiuy(k +tk)* + ) > wyrer(k + tlk) — y(k + t)|k]?
j=1 t=0 j=1 t=1
Ny NP
+ 3wtk + tlk) —w(k+t — 1[K)]?) (4.13a)
j=1 t=0
Subject to Ty < Ty(pquge) < T, (4.13b)
Ty < My () < 1, (4.13c)
5Ts < Ts(t+k+1\t) - Ts(t-i-k\t) < 5Ts (4-13d)
5@,, S Ihr(t+k+1|t) - mr(tJrk\t) S 5r'nr (4.136)
Tiige — €k < Togupe < Tt+k|t + Epit (4.13f)
Cire < Cerge < Crpue (4.13g)
COz iy — ottt < CO20p1g0 < CO2¢11e + Eeque (4.13h)
€iqxlty €kt = 0 (4.13I)

where, n, and n, are the number of plant output and input variables, respectively;
y are outputs, u are inputs, y. is the desired value for outputs, €, and €
are the lower and upper slack variables for outputs, 7, and m, are the lower and
upper constraints on the volumetric airflow rate, T, and T, are the lower and upper
constraints on the supply air temperature, 612, om, and 0T, 0T, are limits on the rate
of change of the volume air flow rate and the supply air temperature, respectively. w;
is the tuning weights corresponding to inputs and outputs. These weights emphasize a
preference for the input and output variables over others. For example, in this thesis,
the high weight is defined for the second output, as reducing the quanta concentrations

has more priority than the other outputs.
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The following numerical values for parameters are used as the constraints; [T' T]
= [20 22]°C during occupied hours and [T T] = [18 24]°C is used during unoccupied
hours, [COy COs) = [400  800] ppm and [C' C] = [0 0.025] quanta per m®, [T, T
= [19 25]°C. Based on the ASHRAE requirements for air change per hour (ACH) of
the class, there has to be a minimum non-zero airflow during occupied/ unoccupied
hours for ventilation purposes, as explained in Chapter 3, and u= 4400 cfm is the
higher limit on the air volumetric flow rate. In this section, the concentration of the
indoor air contaminant will be calculated so the sample time, Ts, is chosen as 15
minutes; which is shorter than the previous section; the prediction horizon, N, is

96, which gives a prediction time of 1440 minutes or 24 hours, N,Ts, and the control

horizon, N, is chosen 19. The main priority is to enable the minimum infection risk.

4.3.4 Simulation Results

Here, the results for the system models, including the quanta concentration, room
temperature, COy concentration, and infection risk are explained. Figures 4.8 illus-
trate the output results over 24 hours. As it can be seen, the quanta concentrations,
subsequently, the infection risk is minimum, and the room temperature and COy
concentration meet the ASHRAE comfort and ventilation constraints, even at the
lower limit of their bounds. As observed from Figures 4.8(a), (b), and 4.9(b), (c),
the ventilation rate is increased immediately by increasing the number of students
to prevent the transmission of infection. The probability of infection in the class-
room always stays under one percent. Subplot (d) of Figure 4.9 illustrates the HVAC
system’s variation in power and energy consumption depending on the controller in-
puts during the day. By increasing the volumetric airflow, energy consumption has
increased.

To compare the results between the designed NMPC and the existing building
controller, Figure 4.10 is included which shows power and energy consumption by the

existing building controller. The comparison between the two controller methods is
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summarized in Table 4.2. The results show that the NMPC controller could reduce

the total energy consumption by 57% compared to the existing building controller

and keep the infection risk under one percent.

Total Energy Daily Cost Energy Saving Cost
Cloretsmaillar Consumption (%) Saving (%)
(kWh) (%)
Existing Building 1,030.3 103.0 - -
Controller
NMPC Controller 465.6 46.6 54.8 56.4

Table 4.2: Energy and cost savings of the NMPC compared to the existing building

controller

In order to provide a better comparison of saving energy and cost, the simula-

tion was also done for one week from March 14 to March 21, 2022 (during COVID

time). Figures 4.11, and 4.12 show the simulation results for outputs and manipu-

lated variables. As can be seen, the probability of infection stayed under 1%. Figures

4.12(d) and 4.13(c) show the weekly HVAC power and energy consumption results

for the NMPC and the existing building controllers, respectively. The results showed

that the NMPC controller could provide 61.97% savings for the classroom of build-

ing weekly energy consumption compared to the existing building controller. This

leads to savings of about $1,808.8 per month, which is summarized in Table 4.3. As

Total Weekly Weekly Weekly Monthly
Controller Energy Cost ($) Energy Saving | Saving Cost
Consumption (%) (%)
(kWh)
Existing Building 7,297 729.7 - -
Controller
NMPC Controller 2,775 277.5 61.97 1,808.8

Table 4.3: Weekly energy and cost savings of the NMPC compared to the existing

building controller
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Chapter 5

Conclusions and Future Works

5.1 Conclusions

This thesis investigated the importance of intelligent controllers’ critical role in de-
creasing the energy consumption of the HVAC system while reducing the infection risk
of airborne diseases. One of the University of Alberta classrooms was selected for the
experimental study. Then, nonlinear system models, including thermal and IAQ mod-
els, were developed to be embedded into the NMPC controller to predict the system’s
outputs by considering the measured disturbances like occupants and outside weather
conditions. The system models were defined according to the physics-based models,
like the RC network and conservation of mass. To enhance the accuracy of predicting
the newly infected people and the concentration of particle numbers in the zone, the
initial infection rate formula was used to estimate better the number of currently
infected people in the indoor environment. It was observable that there were suitable
matches between simulated and measured temperatures and CO, concentration. The
validation result showed that the model could predict the temperatures and CO5 con-
centration by 0.84% and 2.4% average error, respectively, offering a good match with
the experimental data. So, the parameters of dynamic models were defined correctly.
Then, the NMPC scheme was developed and implemented in MATLAB/Simulink
to predict the system’s future outputs and determine optimal manipulated variables

to minimize the cost function. The volumetric airflow rate and supply air temper-
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ature were defined as manipulated variables in the NMPC controller. Other inputs
like outside temperature, neighboring temperatures, the number of students, and the
number of infected occupants were defined as system disturbances. In the first step,
the NMPC controller was only used for the thermal model to minimize energy con-
sumption while the zone temperature was within the upper and lower limits. The
results were compared with the RBC controller, and it was shown the NMPC con-
troller could save energy by about 65%. Then, the NMPC controller was implemented
on the nonlinear models, including the infection risk and thermal models. The results
showed that the NMPC controller could remarkably mitigate the infection risk and
energy consumption while satisfying all the constraints and the cost function. By
comparing the results of energy consumption from two controllers, NMPC and exist-
ing building controllers, it was clear that the NMPC controller has an integral role
in saving energy and preparing better indoor air quality. i.e., the NMPC controller
could weekly save energy about 61.97% for the classroom of building and save cost

at least 1,808.8 $ per month!

5.2 Future Works

1. Improving the accuracy of the results and saving more energy by implementing
the NMPC controller on multi-zone areas of the ETLC building and using high-

accuracy COy concentration sensors in all the classrooms

2. Combination of CFD simulation and NMPC controller. Finding the best seat-
ing arrangement in one class by CFD simulation and developing an NMPC
controller to predict the thermal comfort level and indoor air quality, or simu-
lation of different locations of diffusers by CFD and different ventilation control

by NMPC besides considering the dynamic changes of the indoor environment

3. To get better results in mitigating the particle concentration of COVID-19 in

the ETLC building is better to evaluate the effect of some designing parameters
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of HVAC systems like UV lights, bipolar ionization, and HEPA filters beside the
operation parameters of HVAC like ventilation rate. Specifically, investigating
the role of the bi-polar ionization tube and the intelligent controller in reducing

the infection risk and saving energy.

. Even if the airborne disease is no longer a significant concern, it is essential
to use high-accuracy occupant sensors in all the classes to save energy while

preparing the acceptable TAQ.

. Integrating model predictive control with adaptive machine-learning for energy
saving and providing thermal comfort and healthy TAQ); i.e., using machine-
learning-based building dynamics models instead of physics models can decrease

the time processing and save more energy.
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Appendix A: Matlab/Simulink

A.1 Structure of the Plant model with the NMPC
block

Figure A.1 shows the structure of the Plant model and NMPC block on the Simulink
of Matlab. As seen in the Figure, the system dynamics are solved in the orange block
labeled “Plant” with the inputs of the manipulated variables, which are calculated
by the NMPC block (the green block). Table A.1 shows some parameters defined on
the Matlab/Simulink for the controller.

Table A.1: Parameter setting of the NMPC controllers

Parameter Symbol Value

Prediction Horizon N, 96
Control Horizon N, 19

Sampling Time Ty 15 minutes
Number of inputs Ny 7
Number of outputs Iy 3
Number of manipulated variables MV 2
Number of measurement disturbance MD 6
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Figure A.1: A detailed view of the Simulink and inside of the Plant
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Appendix B: HVAC Equipment
Specification

B.1 Test Tools Catalogue

B.1.1 OMEGA WiFi Wireless Temperature and Humidity
Data Loggers
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WiFi Wireless Temperature and Humidity Data Loggers

OM-EL-WIFI Series

TYEAR
WARRANTY C € m

N

OM-EL-WIFI-TH
wireless temperature/
humidity data logger.

OM-EL-WIFI-TC wireless thermocouple input
temperature data logger shown with 5SC Series
thermocouple and mounting bracket (included).

v Four High Accuracy (-PLUS) Models Available

v WiFi Capability and Integrated Display

v Wireless Connectivity to PC Via WiFi

v WiFi Connection Indicator

v~ Easy Set-Up Using Free PC Software Download
Available From OMEGA

v View and Analyze Multiple Data Loggers
Using the PC Application, Including Inmediate
Graphing of Historic Data (Included)

v+ 802.11b Compliant

v Large Memory-Stores All Data Even if WiFi is
Temporarily Disconnected

+ Rechargeable Internal Lithium Polymer
Battery (Included)

+* USB Port Used for Recharging

v Low Battery Indicator

v Configurable High and Low Alarms with Indicator

v Maximum and Minimum Readings

OM-EL-WIFI-TP
wireless temperature
data logger with
removable
thermistor b
probe (included).

OM-EL-WIFI-T
wireless temperature
data logger with internal
temperature sensor.

OM-EL-WIFI-DTC
dual channel wireless
thermocouple input temperature
data logger shown with 2 5SC
Series thermocouples and
mounting bracket (included).

All models shown
smaller than actual size.

Rear view of OM-EL-WIFI-DTP-PLUS
showing probe input and splitter/
adaptor (included).

OM-EL-WIFI-DTP-PLUS dual
channel wireless temperature
data logger with removable

thermistor probes (included).
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The OM-EL-WIFI-TH wireless temperature/humidity data
logger measures the temperature and humidity of the
environment in which it is situated via internal sensors.
The OM-EL-WIFI-TP (single channel) and
OM-EL-WIFI-DTP-PLUS (dual channel) wireless
temperature data loggers measure temperature via the
included removable thermistor temperature probes.
The OM-EL-WIFI-T wireless temperature data logger
measures temperature via an internal temperature
sensor. The OM-EL-WIFI-TC (single channel) and
OM-EL-WIFI-DTC (dual channel) wireless thermocouple
input temperature data loggers accept J, K, T or N
thermocouples. Data is transmitted wirelessly via

a WiFi network to a PC and viewed using a free
software package.

During configuration the data logger will search for an
existing wireless network while physically connected to
the PC. It can then be placed anywhere within range
of the network. If the data logger temporarily loses
connectivity with the network, it will log readings until it
is able to communicate again with the PC application
(max 60 days at 10 second sample interval for
OM-EL-WIFI-TH); (maximum 120 days at 10 second
sample interval for OM-EL-WIFI-TP, OM-EL-WIFI-T
and OM-EL-WIFI-TC); (max 30 days at 10 second
sample interval for OM-EL-WIFI-DTC and
OM-EL-WIFI-DTP-PLUS). The range of the data
logger can be increased by using WiFi extenders.

The probe on the OM-EL-WIFI-TP and
OM-EL-WIFI-DTP-PLUS can be used in a wide range
of temperature situations e.g. manufacturing processes,
cold storage and hot storage.

OM-EL-WIFI-TP,
detail of probe
installation/removal.

The OM-EL-WIFI Series are low powered battery
devices. When configured using typical sampling
periods (e.g. once every 5 minutes) the data logger
will operate for over one year. The battery can then be
recharged via a PC or USB 5V wall adaptor using the
USB lead provided.

The battery is safely charged when the unit is operating
between 0 to 40°C (32 to 104°F). It is protected against
charging outside this temperature range. Data logger
readings may be inaccurate during battery charging.

DA [LOEEERS

Windows® software used for data
logger set up, data transfer and display.
(Software available free at OMEGA)

With the OM-EL-WIFI Series the software installed on
the PC will allow set-up, data logging and data review.
Set-up features will include data logger name, °C/°F,
sample rate, and high/low alarms. Once configured,
historic data can be viewed via the graphing tool or
exported into Excel®. This software is available online
for free from OMEGA.

The OM-EL-WIFI-TP (single channel) and
OM-EL-WIFI-DTP-PLUS (dual channel) wireless
temperature data loggers are supplied with removable
thermistor temperature probes. The probe can be
attached to a wall or other flat surface using the
included mounting bracket (probe clips into the bracket).

Specifications

OM-EL-WIFI-TH

Temperature Measurement Range: -20 to 60°C (-4 to 140°F)

Temperature Resolution:

OM-EL-WIFI-TH: 0.5°C (1.0°F) display;

0.1°C (0.18°F) recorded
OM-EL-WIFI-TH-PLUS: 0.5°C (1.0°F) display;
0.01°C (0.01°F) recorded

Temperature Accuracy (Overall Error):
OM-EL-WIFI-TH:

5 to 60°C: +0.3°C (+0.5°F) typical

-20 to 60°C: +0.8°C (+1.4°F) maximum
OM-EL-WIFI-TH-PLUS

5 to 60°C: +0.2°C (+0.4°F) typical

-20 to 60°C: +0.8°C (+1.4°F) maximum

Humidity Measurement Range: 0 to 100% RH

Humidity Resolution:

OM-EL-WIFI-TH, OM-EL-WIFI-TH-PLUS: 1% RH
(display and recorded)

Humidity Accuracy (Overall Error@ 25°C)
OM-EL-WIFI-TH: +2.5% RH typical (20 to 80% RH);
+5.0% RH maximum (0 to 100% RH)
OM-EL-WIFI-TH-PLUS:
+2.5% RH typical (10 to 90% RH); +4.0% RH
maximum (0 to 100% RH)

Memory: 500,000 temperature and 500,000 humidity readings
OM-EL-WIFI-TP, OM-EL-WIFI-DTP-PLUS

Operating Temperature Range (Data Logger):

-20 to 60°C (-4 to 140°F)

Probe Temperature Measurement Range:
-40 to 125°C (-40 to 257°F)
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Temperature Resolution:

OM-EL-WIFI-TP: 0.1°C (0.1°F) display and recorded
OM-EL-WIFI-TP-PLUS, OM-EL-WIFI-DTP-PLUS:
0.01°C (0.01°F) display and recorded

Temperature Accuracy:

OM-EL-WIFI-TP: +0.6°C typical, +1.0°C maximum
OM-EL-WIFI-TP-PLUS: +0.1°C typical,

+0.3°C maximum

OM-EL-WIFI-DTP-PLUS: +0.2°C typical, +0.6°C maximum
Probe Clip Operating Temperature Range:

-40 to 100°C (-40 to 212°F)

Memory: 1,000,000 temperature readings
Temperature Probe (Thermistor):
OM-EL-WIFI-TP, OM-EL-WIFI-TP-PLUS,
OM-EL-WIFI-DTP-PLUS: High temperature flexible

cable with 304 SS end cap
Probe Dimensions:

OM-EL-WIFI-TP: Cable length, 50 cm (19.7"); end cap,
25 x 4.8 mm dia (1 x 0.188")

OM-EL-WIFI-TP-PLUS, OM-EL-WIFI-DTP-PLUS:
Cable length, 300 cm (118.1"); end cap, 75 x 4.95 mm

dia (2.95 x 0.19")
OM-EL-WIFI-T

Resolution (-99.9 to 999.9°C or °F):

0.1°C (0.1°F) display and recorded

Accuracy: +1.5°C (x2.7°F)

Thermocouple Connection: Female subminiature
connector

Memory: 1,000,000 temperature readings
Operating Temperature Range (Data Logger):
-20 to 60°C (-4 to 140°F)

GENERAL

Power: Rechargeable internal lithium polymer battery
(included)

Battery Life: 1 year typical (depends on transmission
interval)

USB Supply Voltage: 4.5 Vdc minimum, 5.5 Vdc
maximum

Logging Rate: 1 reading every 10 seconds to

1 every 12 hours

Software: Windows® XP/Vista/7/10 (32-bit or 64-bit),
download

Enclosure Rating: IP55

Weight: 43 g (1.5 02)

Dimensions (with Mounting Bracket Attached):
97.3Hx71.3W x26.36 mm D (3.8 x 2.8 x 1.04")

Temperature Measurement Range: -20 to 60°C (-4 to 140°F)

Temperature Resolution:

OM-EL-WIFI-T: 0.1°C (0.1°F) display and recorded
OM-EL-WIFI-T-PLUS: 0.01°C (0.01°F) display

and recorded
Temperature Accuracy:

OM-EL-WIFI-T (-10 and 50°C): +0.5°C typical
OM-EL-WIFI-T-PLUS (-10 and 60°C): +0.1°C typical
Memory: 1,000,000 temperature readings

OM-EL-WIFI-TC, OM-EL-WIFI-DTC
Temperature Measurement Range:
Type K: -200 to 1350°C (-328 to 2462°F)
Type J: -200 to 1190°C (-328 to 2174°F)
Type T: -200 to 390°C (-328 to 734°F)
Type N: -270 to 1300°C (-454 to 2372°F)

D)

Free Thermocouple Included!

OM-EL-WIFI-TC includes a free 1 m (40") Type K insulated beaded
wire thermocouple with subminiature connector and wire spool caddy.
OM-EL-WIFI-DTC includes two free thermocouples

(1 per channel). Order a Spare! Model No. SC-TT-K-30-36.

To Order

Model No. Description

OM-EL-WIFI-TH WiFi temperature and humidity data logger
OM-EL-WIFI-TH-PLUS High accuracy WiFi temperature and humidity data logger
OM-EL-WIFI-TP WiFi temperature data logger with removable thermistor probe

OM-EL-WIFI-TP-PLUS

High accuracy WiFi temperature data logger with removable thermistor probe

OM-EL-WIFI-DTP-PLUS

High accuracy dual channel WiFi temperature data logger with removable thermistor probes|

OM-EL-WIFI-T WiFi temperature data logger with internal temperature sensor
OM-EL-WIFI-T-PLUS High accuracy WiFi temperature data logger with internal temperature sensor
OM-EL-WIFI-TC WiFi thermocouple input temperature data logger

OM-EL-WIFI-DTC

WiFi dual channel thermocouple input temperature data logger

OM-EL-WIFI-ADAPTOR

USB power adaptor for recharging any OM-EL-WIFI Series data logger
(120 Vac input, 5 Vdc/1A output via standard size USB type A connector)

OM-EL-PROBE-EXT-CAB-1.5M

Thermistor probe extension cable, 1.5 m (5') for OM-EL-WIFI-TP and OM-EL-WIFI-TP-PLUS

OM-EL-PROBE-EXT-CAB-5M

Thermistor probe extension cable, 5 m (16.5') for OM-EL-WIFI-TP and OM-EL-WIFI-TP-PLUS|

OM-EL-PROBE-EXT-CAB-10M

Thermistor probe extension cable, 10 m (33') for OM-EL-WIFI-TP and OM-EL-WIFI-TP-PLUS

OM-EL-WIFI-ALERT

Audible and visual alarm for OM-EL-WIFI Series data loggers

OM-EL-WIFI-TC includes one type K beaded wire thermocouple. OM-EL-WIFI-DTC includes two type K beaded wire thermocouples.
Comes complete with wall mount bracket, lithium polymer battery, 0.6 m (2!) USB cable and quick start guide. Download free software available

online.
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B.1.2 Fluke 922 Airflow Meter/ Micro Manometer
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FLUKE.
Fluke 922

Airflow Meter/
Micromanometer

Today’s HVAC technicians
need a simple solution for
diagnosing ventilation issues.
The Fluke 922 makes airflow
measurements easy by combin-
ing pressure, air flow, and
velocity into a single, rugged
meter. Compatible with most
pitot tubes, the Fluke 922
allows technicians to conve-
niently enter their duct shape
and dimensions for maximum
measurement accuracy.

The Fluke 922 Airflow
Meter helps you:

* Monitor air pressure across
key HVAC components

¢ Ensure proper air flow
balance

¢ Promote good indoor air
quality

¢ Maintain a comfortable
environment

Use the Fluke 922 to:

Measure pressure drops
across filters and coils

Match ventilation to occupant
loads

Monitor indoor vs. outdoor
pressure relationships
and manage the building
envelope

Perform duct traversals for
accurate airflow readings
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Technical Data

Features:

Powerful meter provides
differential and static pres-
sure, air velocity and flow
readings

Rugged design built for field
use

Easy to use without sacrific-
ing performance

User-defined duct shape and
size for maximum airflow
accuracy

Convenient colored hoses
help you properly diagnose
pressure readings

Bright, backlit display

for clear viewing in all
environments

Min/Max/Average/Hold func-
tions for easy data analysis

¢ Auto power off saves
battery life




Fluke 922 Airflow Meter Specifications

Operating Specifications
Air Pressure + 4000 Pascals 1 Pascal + 1 9% + 1 Pascal
+ 16 in H,0 0.001 in H,0 + 1% +0.01 in H)0
+ 400 mm H,0 0.1 mm H,0 + 1% + 0.1 mm H,0
+ 40 mbar 0.01 mbar + 1 % + 0.01 mbar
+ 0.6 PSI 0.0001 PsI + 1% + 0.0001 PSI
Air Velocity 250 to 16,000 fpm 1 fpm + 2.5 % of reading at
1 to 80 m/s 0.001 m/s 2000 fpm (10.00 m/s)
Air Flow (Volume) 0 to 99,999 cfm 1 cfm Accuracy is a
0 to 99,999 m3/hr 1 m3/hr function of velocity
010 99,999 I/s 11s and duct size
Temperature 0°Cto 50 °C 0.1°C +1%+2°C
32 °Fto 122 °F 0.1 °F +1%+4°F
General Specifications

Operating Temperature

0°C to +50 °C (+32 °F to +122 °F)

Storage Temperature

-40 °C to +60 °C (-40 °F to +140 °F)

Operating Relative
Humidity

0 % to 90 %, non-condensing

IP Rating P40
Operating Altitude 2000 m
Storage Altitude 12000 m

EMI, RFI, EMC

Meets requirements for EN61326-1

Vibration

MIL-PREF-28800F, Class 3

Max Pressure
at Each Port

10 PSI

Data Storage

99 readings

Warranty

2 years

Power

Four AA batteries

Typical Battery Life

375 hours without backlight, 80 hours with backlight

e

PT12
Pitot Tube, 12 in

TPAK
ToolPak™
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Fluke 922 comes complete
with the following:

Fluke 922 Airflow Meter, Two
Rubber Hoses, Wrist Strap, Four
AA Batteries 1.5 V Alkaline, Users
Manual and Soft Carrying Case

Fluke 922/Kit comes complete
with the following:

Fluke 922 Airflow Meter, 12 in.
pitot tube, ToolPak™, Two Rubber
Hoses, Wrist Strap, Four AA Batter-
ies 1.5 V Alkaline, Users Manual
and Hard Carrying Case

Fluke-922 Airflow Meter

Fluke-922/Kit Airflow Meter with
12 in Pitot Tube

PT12 Pitot Tube, 12 in

Fluke. Keeping your world
up and running.®

Fluke Corporation
PO Box 9090, Everett, WA USA 98206

Fluke Europe B.V.
PO Box 1186, 5602 BD
Eindhoven, The Netherlands

For more information call:

In the U.S.A. (800) 443-5853 or

Fax (425) 446-5116

In Europe/M-East/Africa +31 (0) 40 2675 200 or
Fax +31 (0) 40 2675 222

In Canada (800)-36-FLUKE or

Fax (905) 890-6866

From other countries +1 (425) 446-5500 or

Fax +1 (425) 446-5116

Web access: http://www.fluke.com

©2006, 2007 Fluke Corporation. All rights reserved.
Specifications subject to change without notice.
Printed in U.S.A. 8/2007 2791462 D-EN-N Rev C



B.1.3 Elitech RC-4HC Temperature and Humidity Data Log-
gers
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The RC-4 series are multi-use data loggers with external temperature probe,
where RC-4 is a temperature logger, RC-4HC is a temperature and humidity logger.

They can be used to record temperature/humidity of foods, medicines and other
goods during storage, transportation and in each stage of the cold chain

including cooler bags, cooling cabinets, medicine cabinets, refrigerators,
laboratories, reefer containers and trucks.

®

(D LCD Screen (3) USB Port

(2) Button (@) External Temperature Probe

! LEN
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Model

RC-4 RC-4HC

Temperature
Measurement Range

-30°C~+60°C (-22°F~140°F)
-40°C~+85°C (-40°F~185°F)

Temperature +0.5°C/+0.9°F (-20°C~+40°C)
Accuracy +1°C/+1.8°F (others)
Humidity

Measurement Range

0~100%RH

Humidity Accuracy

+3%RH (25°C, 20~80%RH)
+5%RH (others)

Resolution

0.1°C/°F 0.1°C/°F; 0.1%RH

Memory

Maximum 16,000 points

Logging Interval

10 seconds to 24 hours

Data Interface

usB

Start Mode Press button; Use software
Stop Mode Press button; Auto stop; Use software
Software ElitechLog for macOS & Windows system

Report Format

PDF/EXCEL/TXT* by ElitechLog software

Power

CR2450 battery/USB

Shelf Life

2 years

Certification

EN12830, CE, RoHS

Dimensions 84 x44 x 20 mm
Weight 60g
*TXT for Windows ONLY
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1. Battery Activation

(1) Turn the battery cover counterclockwise to open it.

(2) Gently press the battery to hold it in position, then pull out the battery insulator
strip.

(3) Turn the battery cover clockwise and tighten it.

QO

2. Install Probe

By default, RC-4/4HC uses the internal sensor to
measure temperatures.

If you need to use the external temperature
probe, simply install it as shown below:

>

3. Install Software

Please download and install the free ElitechLog
software (mac0OS and Windows) from Elitech US:
www.elitechustore.com/pages/download

or Elitech UK: www.elitechonline.co.uk/software
or Elitech BR: www.elitechbrasil.com.br.

4. Configure Parameters

First, connect the data logger to your computer via USB cable, wait until the &

icon shows on the LCD; then configure via:

ElitechLog Software:

- If you do not need to change the default parameters (in Appendix); please click
Quick Reset under Summary menu to synchronize local time before usage;

- If you need to change the parameters, please click the Parameter menu, enter
your preferred values, and click the Save Parameter button to complete the
configuration.

Warning! For first time user or after battery replacement:
To avoid time or time zone errors, please make sure you click Quick Reset or Save
Parameter before usage to sync and configure your local time into the logger.

: |EN
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B.1.4 Airthings Wave Plus Indoor Air Quality Monitor with
Radon Detection
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Features and content

& g
\ o S Sy g
N ) I / :
N 1 B ‘
1. Power indicator
2 nghf[ nng Air Inlets
3. Motion sensor This is where air comes into your detector.
4. Airinlets
5. Battery compartments (observe polarity Audio Alarm
symbols) The device can give you audio alerts if your
6. One-time battery tab air quality levels are violating the
7. Individual serial number recommended amount. In case of audio
8. Mounting bracket alerts, simply wave in front of the device to
9. Screw snooze alerts.
10. 2 AA batteries, inserted
Wave Sensor
Power Indicator Simply wave in front of your detector to
Flashing dot every 20 seconds activate the light ring.
Green: battery level okay
Blue: App communication active Basics of the App
Red: Replace batteries Menu Choose Selected Sensor
Airthings device sensor graphs
Light Ring r—o=: 0
Visual indication of your air quality levels. D e
Selected
sensor
value
21:
Risk
\ Indicator Chose
time
\ ) interval
s paX
Green: Good
YeHOW: Fair Sensor Graph with  Selected  Average
Red: POOI’ values historical data point value

values of selection
*All sensor measurements are adjustable to your country'’s unit

(Go to airthings.com/thresholds for more information on your air system.

quality action levels)
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Easy to mount

Fix the mounting bracket to the ceiling or
wall. Make sure you use appropriate screws
for your wall type. The screws included are

intended for wood or drywall. Do not place it

close to vents or windows. Minimum 1 meter
/ 3 feet distance.

Thanks to the built-in magnet, simply snap
the unit onto the mounted bracket. Then
rotate it to the desired position.

Initial setup

You'll receive your first radon reading in
about an hour but we recommend leaving
your Wave Plus uninterrupted for at least 1
week for an accurate radon reading. Radon
levels fluctuate daily which is why continuous
monitoring is necessary. The TVOC and CO;
sensors require at least 1 week for the initial
internal calibration.

Daily use

Wave in front of your device to see a visual
indication of your overall Indoor Air Quality.

Make sure you always have
Bluetooth enabled on your
phone and the app running
in the background. Every
time you are in range of your
device, the latest data will be
synced automatically. You
will be notified if any actions
are needed through the app.
The Wave Plus will enter O
stand-alone mode if not |
connected to a phone the last 7 days. Next
time the Wave Plus is connected to a phone
again, it will go back to regular connected
mode.

(. \

€3 Bluetooth

The Wave Plus also includes Airthings
Smartlink which works with the Hub. Refer to
the Hub manual for the Smartlink info. The
Hub provides longer range as well as live
updates using the Airthings Smartlink.

99



Integrations

The Airthings Wave Plus shares data to your
mobile device as well as the Airthings
Dashboard—a free online platform that
provides quick access to view, customize and
analyze sensor data from multiple Airthings
devices. Go to airthings.com/dashboard for
more info.

Dashboard = ssnewse

Bedroom o Office a Office 70
0.1 36% 0.1 38+
72 69°
Office o @ wom v Home ! ¥ Sare g

PM 67

3vgm “
Spinning: Waiting for connection/stand-alone mode
Flashing: Pairing @
Waiting for first result

White

Good
Indoor Air quality is good @
Spinning: updating internal software
Warning
Air quality is approaching the Yellow

recommended limits

Danger
Above recommended level and action @
should be taken to lower your levels

The Airthings Wave Plus is integrated with
Amazon Alexa Google Assistant and IFTTT.
With Amazon Alexa and Google Asisstant,
use voice commands to control your device.
IFTTT integration allows users to create or
access useful recipes for their device to follow
and integrate with third-party products. Sign
up for our newsletter for the latest updates.

( ) amazon alexa

Works with

IFTTT

e° Works with the
Google Assistant

The light ring will spin blue when the device is waiting for first connection to the app
or when the device has not been connected to a phone in the last 7 days. . Knock
gently on the detector to restart pairing process or check status. If your detector has
already been paired, the blue light will flash twice.

No air quality assessment is available yet.
Indoor Air Quality is good and all sensor values are within recommended levels.

Indoor Air Quality levels are approaching the recommended level. Take simple steps
to bring more fresh air inside and continue monitoring.

One or more of the sensors are above the recommended level. Actions should
be taken to increase ventilation. Check your app or dashboard for details about
contaminant levels.

For details on sensor thresholds go to airthings.com/wave-plus
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Sensor icons

Indoor air contaminants vary depending on inhabitants and ventilation, as well as the contents
and use of the space. Continuous monitoring is essential to understand trends and optimize
ventilation to avoid negative effects on your overall health.

(4

O

o
—_
I

> o & [

Radon - Decrease exposure to this radioactive gas that accumulates in
buildings and homes. It is the number one cause of lung cancer among non-
smokers but can be managed with continuous monitoring.

Total Volatile Organic Compounds — TVOCs are vapors emitted from all sorts
of daily products including paints and furniture, wax and cosmetics, cleaning
and hobby products, cooking and human breath. At high concentrations they
can be harmful and cause negative side-effects from minor eye, nose and
throat irritations all the way to liver and kidney damage and even cancer,
depending on the level and length of exposure.

Carbon Dioxide - CO; is an invisible gas which rises to unhealthy levels
indoors. It can cause headaches, restlessness and drowsiness as well as affect
decision-making skills. High levels are directly correlated to low productivity,
absenteeism and infectious disease transmission.

Humidity - Too much or too little humidity can affect allergies and cold or flu
symptoms. When humidity levels are too high, mold and rot will occur. Low
humidity levels cause static electricity, dry skin and hair, and increased
susceptibility to colds and respiratory illness.

Temperature - Indoor temperatures can affect performance, mood and
comfort level. Individual sleep patterns are also affected by indoor air
temperature.

Pressure - Barometric pressure is the pressure given by the atmosphere at
any given point. Itis known as the “weight of the air” and changes
depending on your elevation, as well as weather patterns. It can cause
headaches.
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Troubleshooting

First and foremost, always make sure that you
have updated to the latest device software
e In the device settings menu, click update

device.

Not able to connect to my device
e Make sure you have the detector within

the range of 2-5 meters or 5-15 feet.
e Check if Bluetooth is turned on.
e Check if the power indicator is blinking.

Need to turn off the audio alert
e Inthe iOS app, go to device settings

menu and update radon alarm settings.
e Wave in front of the detector to snooze

for 1 month.

My app is not updated when running in
background mode
e Open your phone settings and verify that

the Airthings Wave app is running in the
background. You can usually find this in
the app manager section of your phone
settings.

¢ Make sure you are in Bluetooth range

periodically.

No response from light ring
e Check if the power indicator is blinking.
e If the power indicator is blinking red, or
not blinking at all, the battery level is low.
First, sync your data and then replace the
batteries. We recommend AA alkaline
(LRé).

If you need further assistance, read our
Frequently Asked Questions, or simply contact
support at support.airthings.com.

Technical specifications

Power supply: 2 AA 1.5V alkaline (LR6)
3.0V nominal (2x1.5V)
3.8V maximum, 1.8V
minimum (depleted batteries)
500mA max current draw
Dimensions: Diameter: 120 mm (4.72in)
Height: 36 mm (1.42in)

Weight: 219g including 2 batteries (7.7 oz)
Operational and storage environment:

Temperature: 4 °C (39 °F) to +40 °C (104 °F)
Relative humidity: < 85%

Settling time:
TVOC ~ 7 days
CO:z ~ 7 days
CO2 details:

NDIR Sensor (Non-Dispersive Infra-Red)
Measurement range 400-5000 ppm
Non-condensing 0 — 85%RH

Optimum Accuracy =30ppm +3% within 60 - 95°F
and 0 — 80%RH can be reached after multiple settling cycles
on locations with natural indoor CO2 fluctuations

Radon details:
Measurement range: 0 Bgq/m® to 20,000 Bg/m?
(0 pCi/L to 500 pCi/L)
Initial accuracy/precision for Radon at 200 Bg/m?
(5.4 pCi/L):
7 days ~10%
2 months ~ 5%

See more specs in our Wave Plus Product sheets.

Safety and maintenance

The Airthings Wave Plus is intended for indoor use only.
Avoid direct exposure to sunlight for long periods. Avoid
exposure to direct heat sources. For correct usage, make
sure the detector is operating in the specified temperature
range (see technical specifications).
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Appendix C: Thesis Files

C.1 Program and Data File Summary

The following files were used in this thesis.

C.1.1 Chapter 1

Table C.1: Chapter 1 Figure files

File name File Description

Our world in data.pdf Figure 1.1(a)

Confirmed cases of COVID-19.pdf Figure 1.1(b)
COVID-19.pdf Figure 1.2
Different ways of transmission of COVID-19.pdf Figure 1.3
HVAC parameters and airborne diseases.pdf Figure 1.4
Ventilation systems.pdf Figure 1.5
Distribution of airborne particles.pdf Figure 1.6
Control methods in HVAC systems.pdf Figure 1.7
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C.1.2 Chapter 2

Table C.2: Chapter 2 Figure files

File name

File Description

ETLC building.jpg
Schematic of the AHU.pdf
HVAC room.jpg
Air handling unit.jpg
Fanwall system.pdf
Filter section.jpg
VAV box.jpg
Schematic of VAV system.pdf
Guide schematic of the ETLC building.pdf
Air distribution system.pdf
Air supply layout.pdf
Classroom.jpg
Schematic of the classroom.pdf
Main classroom.jpg
Corridor.jpg
outside.jpg
Supply diffusers.jpg
Weekly occupants schedule.fig
Measured data groupl.fig
Neighboring zones groupl.fig
Measured data group2.fig
Neighboring zone group?2.fig

Figure 2.1
Figure 2.2
Figure 2.3(a)
Figure 2.3(b)
Figure 2.3(c)
Figure 2.3(d)
Figure 2.4(a)
Figure 2.4(Db)
Figure 2.5
Figure 2.6(a)
Figure 2.6(b)
Figure 2.7
Figure 2.8
Figure 2.9(a)
Figure 2.9(b)
Figure 2.9(c)
Figure 2.9(d)
Figure 2.10
Figure 2.11(a)
Figure 2.11(b)
Figure 2.12(a)
Figure 2.12(b)
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Table C.3: Chapter 2 Simulink model files

File name File Description
Weekly occupants schedule.slx Figure 2.10
Measured data and Neighboring zones group 1.slx Figure 2.11
Measured data and Neighboring zones group 2.slx Figure 2.12

Table C.4: Chapter 2 Measurement files

File name File Description

Measured data and Neighboring zones group 1.xls Figure 2.11
Measured data and Neighboring zones group 2.xls Figure 2.12
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C.1.3 Chapter 3

Table C.5: Chapter 3 Figure files

File name File Description
Wall.pdf Figure 3.1
RC model.pdf Figure 3.2
CO,.fig Figure 3.3
Validationl.fig Figure 3.4(a)

Supply air temp. and airflow rate.fig Figure 3.4(b)
Validation2.fig Figure 3.5

Table C.6: Chapter 3 Matlab script and Simulink model files

File name  File Description

COq.slx Figure 3.3
Validationl.slx Figure 3.4
Validation2.slx Figure 3.5

Table C.7: Chapter 3 Measurement file

File name File Description

CO,.xls Figure 3.3
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C.1.4 Chapter 4

Table C.8: Chapter 4 Figure files

File name File Description
MPC strategy.pdf Figure 4.1
MPC structure.pdf Figure 4.2
Application of MPC.pdf Figure 4.3
Control logic of a rule-based flowchart.fig Figure 4.4
Rule-based results.fig Figure 4.5
Temperature results.fig Figure 4.6
Temperature energy.fig Figure 4.7
NMPC Outputsl, Outputs2, Outputs3.fig Figure 4.8
MVs and MD, NMPC energy.fig Figure 4.9
Daily existing controller energy.fig Figure 4.10
Weekly Outputsl, Outputs2, Outputs3.fig Figure 4.11
Weekly MVs and MD, NMPC energy.fig Figure 4.12
Weekly existing controller energy.fig Figure 4.13

Table C.9: Chapter 4 Matlab script and Simulink model files

Folder name File Description

Rule-based Figure 4.5
NMPC for controlling the temperature

Daily NMPC results

Figures 4.6, and 4.7
Figures 4.8, and 4.9
Daily existing controller results Figure 4.10
Weekly NMPC results Figures 4.11, and 4.12

Weekly existing controller results Figure 4.13
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Table C.10: Chapter 4 Measurement files

Folder name File Description

Temperature for 16 March  Figures 4.8, and 4.9
Weekly Temperature Figures 4.11, and 4.12
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Appendix D: Experimental Data
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Items Time T-Supply H-Supply | T-Room | H-Room | T-Corridorl | H-Corridorl | T-Corridor2 | H-Corridor2 T- Second H-Second | T-Outside | H-Outside
©0) (Yorh) ©0) (Yorh) 0 (%rh) 0) (Yorh) Room (°C) Room (%rh) (0O (%rh)
1 14/03/2022 15:20:52 19.97 36.34 21.60 29.10 21.5 31.4 21.35 315 20.5 34.6 0.5 65.9
2 14/03/2022 15:21:52 19.47 37 21.50 29.20 21.5 313 21.35 314 20.5 347 0.2 65.3
3 14/03/2022 15:22:52 19.1 37.67 21.30 29.30 21.5 313 21.35 314 20.5 34.6 0.2 67.2
4 14/03/2022 15:23:52 18.9 38 21.20 29.40 21.5 313 21.35 314 20.5 34.6 03 67
5 14/03/2022 15:24:52 18.64 38.67 21.20 29.50 21.5 313 21.35 314 20.5 34.8 02 67.2
6 14/03/2022 15:25:52 18.44 39.34 21.30 29.60 21.5 313 21.35 314 20.5 34.8 0.4 67
7 14/03/2022 15:26:52 183 39.67 21.20 29.70 21.5 313 21.35 314 20.5 34.8 0.5 67.5
8 14/03/2022 15:27:52 18.17 39.67 21.20 29.80 21.5 313 21.35 314 20.5 348 0.7 67.3
9 14/03/2022 15:28:52 18 40 21.10 29.90 21.5 314 21.35 315 20.5 349 0.7 67.2
10 14/03/2022 15:29:52 17.9 40.34 21.20 29.90 21.5 313 21.35 314 20.5 349 0.8 67.1
11 14/03/2022 15:30:52 17.84 40.67 21.10 29.90 21.5 314 21.35 315 20.5 35 0.8 66.7
12 14/03/2022 15:31:52 17.7 40.67 21.20 30.00 21.5 314 21.35 315 20.5 349 1 66.2
13 14/03/2022 15:32:52 17.6 41 21.20 30.10 21.5 314 21.35 315 20.5 35 0.9 66.3
14 14/03/2022 15:33:52 17.54 41.34 21.10 30.10 21.5 315 21.35 31.6 20.5 35 1 64.5
15 14/03/2022 15 17.47 41.34 21.10 30.20 21.5 315 21.35 31.6 20.5 35 1.2 64.7
16 14/03/2022 15 17.4 41.67 21.00 3030 21.5 315 21.35 316 20.5 35 0.9 66.7
17 14/03/2022 15:36:52 17.37 42 21.00 3030 21.5 315 21.35 316 20.6 35.1 1 66.3
18 14/03/2022 15:37:52 17.3 42 2110 3030 21.5 315 21.35 316 20.5 35.1 1 66.6
19 14/03/2022 15:38:52 17.27 41.67 21.20 3030 21.5 31.6 21.35 317 20.5 35.1 1.2 65.2
20 14/03/2022 15:39:52 17.24 41.67 2110 30.40 21.5 31.6 21.35 317 20.5 352 13 65.7
21 14/03/2022 15:40:52 17.17 42 2110 30.40 21.5 31.6 21.35 317 20.6 35.1 1.5 66.4
22 14/03/2022 15:41:52 17.14 42.67 21.00 30.40 215 317 21.35 318 20.5 352 1.5 66
23 14/03/2022 15:42:52 17.1 42.34 21.20 30.50 215 31.6 21.35 317 20.6 352 1.5 64.5
24 14/03/2022 15:43:52 17.07 42.34 21.20 30.40 215 31.6 21.35 317 20.6 352 1.6 65.1
25 14/03/2022 15:44:52 17.1 42.34 21.20 30.50 215 31.6 21.35 31.7 20.5 352 1.6 64.9
26 14/03/2022 15:45:52 17.37 42.34 2110 30.60 215 31.6 21.35 31.7 20.5 352 1.7 64.3
27 14/03/2022 15:46:52 17.77 41.67 21.20 30.70 215 317 21.35 31.8 20.5 353 1.8 64.3
28 14/03/2022 15:47:52 18.24 40.34 21.40 30.70 214 31.6 21.25 31.7 20.5 353 1.7 63.8
29 14/03/2022 15:48:52 18.84 39.34 21.50 30.70 215 31.6 21.35 31.7 20.5 353 1.7 63.2
30 14/03/2022 15:49:52 19.5 37.67 21.50 30.70 215 317 21.35 31.8 20.5 353 1.9 63.6
31 14/03/2022 15:50:52 20 36.67 21.70 30.80 215 317 21.35 31.8 204 353 2 63.3
32 14/03/2022 15:51:52 20.44 36 21.70 30.70 215 31.8 21.35 31.9 20.4 353 2 64.4
33 14/03/2022 15:52:52 20.8 35.34 21.80 30.70 215 31.8 21.35 31.9 20.4 352 2.1 63.6
34 14/03/2022 15 21.14 35 21.80 30.70 215 31.8 21.35 31.9 20.4 352 2.1 63.5
35 14/03/2022 15 21.37 34.67 21.80 30.80 215 31.8 21.35 31.9 203 352 1.9 63.4
36 14/03/2022 15:55:52 21.4 34.67 21.70 30.70 215 31.8 21.35 31.9 203 352 1.9 63.4
37 14/03/2022 15:56:52 21.17 35 21.50 30.70 215 31.8 21.35 31.9 203 35.1 1.9 63.3
38 14/03/2022 15:57:52 20.87 35.34 21.50 30.80 214 319 21.25 32 20.2 352 2.1 63
39 14/03/2022 15:58:52 20.44 36 21.30 30.80 215 319 21.35 32 20.2 35.1 2.1 62.9
40 14/03/2022 15:59:52 20 37 21.30 30.90 214 319 21.25 32 20.2 35.1 2 62.6
41 14/03/2022 16:00:52 19.6 37.67 21.20 30.90 21.4 319 21.25 32 20.1 35.1 2 61.6
42 14/03/2022 16:01:52 19.24 38.67 21.20 31.00 21.4 319 21.25 32 20.1 35.1 2.1 61.8
43 14/03/2022 16:02:52 18.94 38.67 21.00 31.10 214 319 21.25 32 20.1 352 2.1 62.9
44 14/03/2022 16:03:52 18.87 38.67 2110 31.10 214 319 21.25 32 20.1 352 22 62.6
45 14/03/2022 16:04:52 18.94 39.34 21.20 31.10 214 319 21.25 32 20.1 35.1 22 62
46 14/03/2022 16:05:52 19.1 38.67 21.20 31.20 214 319 21.25 32 20.1 352 1.9 62.6
47 14/03/2022 16:06:52 19.4 38.34 21.30 31.20 214 319 21.25 32 20.1 352 1.9 63.3
48 14/03/2022 16:07:52 19.87 37.34 21.40 31.30 214 31.9 21.25 32 20.1 352 1.8 63.2
49 14/03/2022 16:08:52 20.34 36.67 21.50 31.30 213 32 21.15 32.1 20.1 352 1.9 63.3
50 14/03/2022 16:09:52 20.7 36 21.50 31.30 213 31.9 21.15 32 20.2 353 2 62.9
51 14/03/2022 16:10:52 21 35.34 21.50 31.30 213 31.9 21.15 32 20.1 353 2 63.4
52 14/03/2022 16:11:52 21.3 34.67 21.60 31.30 21.3 31.9 21.15 32 20.1 352 1.9 63.4
53 14/03/2022 16: 21.5 34.67 21.70 31.30 213 32 21.15 32.1 20.1 352 1.9 63.9
54 14/03/2022 16: 21.7 34 21.70 31.30 21.3 32 21.15 32.1 20.1 353 2 64.1
55 14/03/2022 16:14:52 21.84 34 21.70 31.40 213 32 21.15 32.1 20.1 353 22 63.8
56 14/03/2022 16:15:52 21.97 34 21.70 31.50 213 32 21.15 32.1 20.1 353 2 63.7
57 14/03/2022 16:16:52 22.07 34 21.70 31.40 213 32 21.15 32.1 20.2 353 2 63.4
58 14/03/2022 16:17:52 22.14 34 21.60 31.50 213 32 21.15 32.1 20.2 353 2 63.8
59 14/03/2022 16:18:52 22.14 34 21.50 31.50 213 32 21.15 32.1 20.1 353 1.9 63.9
60 14/03/2022 16:19:52 22 34 21.40 31.50 213 32.1 21.15 322 20.1 352 1.9 63.8
61 14/03/2022 16:20:52 21.74 3434 21.40 31.60 213 32.1 21.15 322 20.1 353 2.1 63.2
62 14/03/2022 16:21:52 21.44 34.67 21.30 31.60 213 322 21.15 323 20 353 2 63.7
63 14/03/2022 16:22:52 21.24 35 21.20 31.70 213 322 21.15 323 19.9 353 2 63.7
64 14/03/2022 16:23:52 21 35.34 21.20 31.70 213 322 21.15 323 19.9 353 2 63.3
65 14/03/2022 16:24:52 20.87 35.67 21.20 NC 213 321 21.15 322 19.9 353 1.9 63.4
66 14/03/2022 16:25:52 20.74 36 21.20 31.70 213 321 21.15 322 19.9 354 1.9 63.6
67 14/03/2022 16:26:52 20.6 36.34 21.10 31.70 213 322 21.15 323 20 354 1.9 62.8
68 14/03/2022 16:27:52 20.57 36.34 21.20 31.80 21.2 322 21.05 323 20 354 2 63.2
69 14/03/2022 16:28:52 20.57 36.34 21.30 31.80 21.2 322 21.05 323 20 353 2.1 63.4
70 14/03/2022 16:29:52 20.77 36.34 21.30 31.90 21.2 322 21.05 323 20 354 2.1 64.1
71 14/03/2022 16:30:52 21.07 35.67 21.30 32.00 21.2 323 21.05 324 19.9 354 2.1 64.3
72 14/03/2022 16:31:52 21.34 35.67 21.40 32.00 21.2 323 21.05 324 20 354 2.1 64.5
73 14/03/2022 16:32:52 21.57 35 21.50 32.00 21.2 323 21.05 324 20 354 2 64.9
74 14/03/2022 16:33:52 21.77 34.67 21.50 32.10 21.2 323 21.05 324 20.1 354 2 65
75 14/03/2022 16:34:52 21.97 34 21.50 32.10 21.2 323 21.05 324 20 355 2 64.9
76 14/03/2022 16:35:52 22.1 34 21.50 32.10 21.2 323 21.05 324 20 355 2 64.8
77 14/03/2022 16:36:52 22.24 34 21.60 32.20 21.2 323 21.05 324 20 354 2 64.7
78 14/03/2022 16:37:52 22.34 34 21.60 32.20 21.2 323 21.05 324 20.1 354 2 64.9
79 14/03/2022 16:38:52 22.4 34 21.60 32.10 21.2 323 21.05 324 20.1 354 21 64.7
80 14/03/2022 16:39:52 22.47 33.67 21.60 32.10 21.2 324 21.05 325 20.1 355 1.9 65
81 14/03/2022 16:40:52 22.57 33 21.60 32.20 21.2 325 21.05 32.6 20.1 355 2 65.1
82 14/03/2022 16:41:52 22.64 3334 21.60 32.20 21.2 325 21.05 32.6 20.1 355 2 64.7
83 14/03/2022 16:42:52 22.67 3334 21.60 32.10 21.2 324 21.05 325 20.1 355 21 63.5
84 14/03/2022 16:43:52 22.64 3334 21.50 32.20 21.2 325 21.05 32.6 20.1 355 21 63.5
85 14/03/2022 16:44:52 225 3334 21.50 32.20 21.2 325 21.05 32.6 20.1 355 21 63
86 14/03/2022 16:45:52 22.17 34 21.40 32.20 21.2 325 21.05 32.6 20.1 35.6 22 63.5
87 14/03/2022 16:46:52 21.9 3434 21.30 32.20 21.2 325 21.05 32.6 20.1 355 22 62.9
88 14/03/2022 16:47:52 21.67 35 21.20 3230 21.1 325 20.95 32.6 20.1 355 2 63.1
89 14/03/2022 16:48:52 21.47 35 21.20 3230 21.1 32.6 20.95 327 20.2 35.6 2 64.1
90 14/03/2022 16:49:52 21.27 3534 21.20 3230 21.1 32.6 20.95 327 20.1 354 21 64.5
91 14/03/2022 16:50:52 21.17 35.67 21.20 3230 21.1 32.6 20.95 327 20.1 355 21 64.1
92 14/03/2022 16:51:52 21.04 35.67 21.30 32.50 21.1 32.6 20.95 327 20.1 355 21 63.7
93 14/03/2022 16:52:52 21.17 35.67 21.30 3240 21.2 32.6 21.05 327 20.2 355 21 64.4
94 14/03/2022 16:53:52 21.44 35 21.40 32.50 212 32.6 21.05 327 20.2 35.6 22 64.4
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95 14/03/2022 16:54:52 21.74 35 21.40 32.50 21.2 326 21.05 327 20.1 35.6 22 65.1
96 14/03/2022 16:55:52 21.97 34 21.50 32.50 21.2 326 21.05 327 20.2 35.6 22 64.1
97 14/03/2022 16:56:52 22.14 34 21.50 32.50 21.1 326 20.95 327 20.1 35.6 2.1 64.9
98 14/03/2022 16:57:52 223 34 21.50 32.60 21.2 32.7 21.05 32.8 20.1 35.6 2 65.4
99 14/03/2022 16:58:52 22.44 34 21.50 32.50 21.1 32.7 20.95 32.8 20.1 35.6 1.9 65.5
100 14/03/2022 16:59:52 22.54 3334 21.60 32.50 21.1 32.7 20.95 32.8 20.1 35.6 1.8 65.9
101 14/03/2022 17:00:52 22.64 3334 21.60 32.60 21.1 32.7 20.95 32.8 20.2 35.6 1.7 66.3
102 14/03/2022 17:01:52 22.67 3334 21.60 32.50 21.2 32.8 21.05 329 203 357 1.7 66.5
103 14/03/2022 17:02:52 22.74 3334 21.60 32.50 21.1 32.8 20.95 329 203 35.6 1.8 66.8
104 14/03/2022 17:03:52 22.8 33 21.60 32.50 21.1 32.8 20.95 329 20.5 357 2 66.6
105 14/03/2022 17:04:52 22.8 3334 21.60 32.50 21.1 329 20.95 20.6 357 1.8 66.6
106 14/03/2022 17:05:52 22.84 33 21.60 32.60 21.1 329 20.95 20.7 357 1.8 65.2
107 14/03/2022 17:06:52 22.87 33 21.60 32.50 21.1 329 20.95 20.8 357 1.8 66.4
108 14/03/2022 17:07:52 22.87 33 21.50 32.50 21.1 329 20.95 21 357 1.8 67.1
109 14/03/2022 17:08:52 229 32,67 21.50 32.60 21.1 329 20.95 21 357 1.7 67.6
110 14/03/2022 17:09:52 229 32,67 21.50 32.60 21.1 329 20.95 21.2 357 1.7 68
111 14/03/2022 17:10:52 22.87 3334 21.50 32.60 21.1 32.8 20.95 21.3 35.6 1.8 67.9
112 14/03/2022 17:11:52 22.77 32,67 21.50 32.60 21.1 329 20.95 21.4 35.6 1.8 67.9
113 14/03/2022 17:12:52 22.54 3334 21.40 32.60 21.1 329 20.95 215 355 1.8 67.9
114 14/03/2022 17:13:52 22.24 34 21.30 32.60 21.1 329 20.95 215 355 1.8 67.7
115 14/03/2022 17 22 34 21.30 32.60 21.1 329 20.95 21.6 355 1.9 68.1
116 14/03/2022 17; 21.77 35 21.20 32.60 21.1 33 20.95 21.7 354 1.9 68.1
117 14/03/2022 17:16:52 21.57 35 21.30 32.70 21.1 329 20.95 21.8 354 1.9 67.8
118 14/03/2022 17:17:52 21.47 35 21.20 32.70 21.1 329 20.95 219 354 1.9 68.1
119 14/03/2022 17:18:52 21.37 35.67 21.30 32.70 21.1 33 20.95 22 353 2 68.2
120 14/03/2022 17:19:52 21.47 35.67 21.30 32.70 21.1 329 20.95 22 352 2 68.1
121 14/03/2022 17:20:52 21.64 35 21.40 32.80 211 33 20.95 22.1 352 2 67.6
122 14/03/2022 17:21:52 21.87 35 21.40 32.80 21.1 329 20.95 22.1 35.1 22 68.1
123 14/03/2022 17:22:52 22 34.67 21.40 32.70 21.1 33 20.95 22.1 35.1 2.1 68.1
124 14/03/2022 17:23:52 22.14 34 21.40 32.90 21.1 33 20.95 222 35.1 2 68.2
125 14/03/2022 17:24:52 22.27 34 21.40 32.80 21.1 33 20.95 222 35.1 2 68.2
126 14/03/2022 17:25:52 22.37 34 21.40 32.90 21.1 33 20.95 222 35 2.1 68
127 14/03/2022 17:26:52 22.44 33.34 21.50 32.90 21.1 33 20.95 222 35 22 67.6
128 14/03/2022 17:27:52 22.54 33.67 21.50 32.80 211 33.1 20.95 223 349 24 67.6
129 14/03/2022 17:28:52 22.54 33.34 21.50 32.90 211 33 20.95 224 348 24 67.6
130 14/03/2022 17:29:52 22.6 33.34 21.50 32.90 211 33 20.95 223 348 25 67.1
131 14/03/2022 17:30:52 22.64 33.34 21.50 32.80 211 33.1 20.95 223 348 24 68
132 14/03/2022 17:31:52 22.7 33.34 21.50 32.80 211 33.1 20.95 223 348 23 68.1
133 14/03/2022 17:32:52 22.77 33.34 21.50 32.80 211 33 20.95 222 34.8 24 68.1
134 14/03/2022 17; 22.77 33 21.50 32.80 21.1 33.1 20.95 222 348 24 68.3
135 14/03/2022 17; 22.8 32.67 21.50 32.80 21.1 33 20.95 222 348 23 68.6
136 14/03/2022 17:35:52 22.8 3234 21.50 32.80 21.1 33 20.95 222 348 23 68.5
137 14/03/2022 17:36:52 22.84 3234 21.50 32.70 21.1 33 20.95 222 349 24 68.6
138 14/03/2022 17:37:52 22.87 3234 21.50 32.70 21.1 33 20.95 222 348 24 68.8
139 14/03/2022 17:38:52 22.87 32.34 21.50 32.70 211 33 20.95 222 34.7 23 68.8
140 14/03/2022 17:39:52 22.87 3234 21.50 32.60 211 33 20.95 222 34.7 23 69
141 14/03/2022 17:40:52 22.87 3234 21.50 32.60 211 33 20.95 222 34.7 24 69
142 14/03/2022 17:41:52 22.84 32.34 21.50 32.50 21.1 33 20.95 222 34.7 24 68.9
143 14/03/2022 17:42:52 22.84 3234 21.40 32.50 21.1 33 20.95 223 34.7 23 69.1
144 14/03/2022 17:43:52 22.8 3234 21.40 32.50 21 329 20.85 223 34.6 23 69.1
145 14/03/2022 17:44:52 22.74 3234 21.40 3240 21.1 33 20.95 223 34.6 24 69.3
146 14/03/2022 17:45:52 22.64 32.34 21.40 32.50 21 329 20.85 223 34.6 24 69.3
147 14/03/2022 17:46:52 22.57 3234 21.40 3240 21.1 329 20.95 223 345 25 69.4
148 14/03/2022 17:47:52 225 3234 21.40 3240 21.1 329 20.95 223 345 2.6 68.8
149 14/03/2022 17:48:52 22.44 3234 21.30 3240 21 329 20.85 223 345 2.7 69.2
150 14/03/2022 17:49:52 224 33.34 21.30 3230 21 329 20.85 223 344 2.7 69.5
151 14/03/2022 17:50:52 22.34 33 21.30 3240 21.1 32.8 20.95 223 344 2.7 68.5
152 14/03/2022 17:51:52 22.34 33 21.30 3230 21 329 20.85 224 344 2.8 68.8
153 14/03/2022 17:52:52 22.34 33 21.30 3240 21.1 329 20.95 224 343 2.7 69.5
154 14/03/2022 17:53:52 22.34 33.34 21.30 3240 21.1 329 20.95 224 342 2.6 68.8
155 14/03/2022 17:54:52 22.34 33 21.30 3240 21.1 329 20.95 224 342 2.7 68.5
156 14/03/2022 17:55:52 22.4 33 21.30 3240 21.1 329 20.95 224 342 2.6 68.7
157 14/03/2022 17:56:52 2247 33.34 21.30 3240 21.1 329 20.95 224 342 2.6 69.2
158 14/03/2022 17:57:52 22.54 3234 21.30 3240 21.1 329 20.95 224 342 2.8 70.4
159 14/03/2022 17:58:52 22.57 3234 21.30 3240 21.1 328 20.95 225 34.1 2.8 69.9
160 14/03/2022 17:59:52 22.6 3234 21.30 3240 21 32.8 20.85 22.5 34.1 2.8 69.7
161 14/03/2022 18:00:52 22.64 3234 21.30 3240 21 329 20.85 225 34.1 2.7 68.6
162 14/03/2022 18:01:52 22.67 3234 21.30 3240 21.1 328 20.95 22.5 34.1 2.7 70.2
163 14/03/2022 18:02:52 227 3234 21.30 3240 21.1 328 20.95 22.5 34 2.8 70.6
164 14/03/2022 18:03:52 227 3234 21.30 3240 21.1 329 20.95 225 34 2.8 70.7
165 14/03/2022 18:04:52 227 3234 21.30 32.30 21.1 328 20.95 225 34 2.8 70.7
166 14/03/2022 18:05:52 227 3234 21.30 32.30 21.1 328 20.95 226 34 2.8 70.6
167 14/03/2022 18:06:52 22.74 3234 21.40 32.40 21.1 328 20.95 22,6 34 2.8 70.6
168 14/03/2022 18:07:52 22.74 3234 21.40 32.40 21.1 328 20.95 226 34 2.8 70.5
169 14/03/2022 18:08:52 22.74 32 21.40 21 328 20.85 22.6 34 2.8 70.4
170 14/03/2022 18:09:52 22.74 3234 21.40 21 328 20.85 22.6 34 2.8 70.6
171 14/03/2022 18:10:52 22.74 3234 21.40 21 327 20.85 22.6 339 2.8 70.5
172 14/03/2022 18:11:52 22.74 3234 21.50 21 328 20.85 22.6 339 29 70.5
173 14/03/2022 18:12:52 22.74 32.34 21.50 21 328 20.85 227 338 3 70
174 14/03/2022 18:13:52 227 32.34 21.50 21 328 20.85 227 338 29 70.1
175 14/03/2022 18:14:52 22.74 3234 21.50 21.1 32.8 20.95 22.7 33.8 29 70.8
176 14/03/2022 18:15:52 22.7 3234 21.50 21.1 32.7 20.95 22.7 337 2.8 71.2
177 14/03/2022 18:16:52 22.7 3234 21.50 21.1 32.8 20.95 22.7 337 2.8 713
178 14/03/2022 18:17:52 22.7 32,67 21.50 21 32.8 20.85 22.7 337 29 71.4
179 14/03/2022 18:18:52 22.7 3234 21.50 21 32.8 20.85 22.7 337 29 71.1
180 14/03/2022 18:19:52 22.7 3234 21.50 21 32.8 20.85 22.8 337 3 71.1
181 14/03/2022 18:20:52 22.64 3234 21.50 21 32.7 20.85 22.8 337 3 71.1
182 14/03/2022 18:21:52 22.64 3234 21.50 21 32.7 20.85 22.8 33.6 3 71
183 14/03/2022 18:22:52 22.64 3234 21.50 21 32.7 20.85 22.8 33.6 31 71.1
184 14/03/2022 18:23:52 22.6 32,67 21.50 21 32.7 20.85 22.8 337 31 71.1
185 14/03/2022 18:24:52 22.57 3234 21.50 21 32.7 20.85 22.8 33.6 31 70.9
186 14/03/2022 18:25:52 22.54 3234 21.50 21 32.7 20.85 22.8 335 3 70.9
187 14/03/2022 18:26:52 22.54 32,67 21.40 21 32.7 20.85 22.8 335 3 70.8
188 14/03/2022 18:27:52 22.47 32,67 21.40 21 32.7 20.85 22.8 335 3.1 70.6
189 14/03/2022 18:28:52 22.47 32.67 21.40 21 32.7 20.85 22.8 335 3 70.5
190 14/03/2022 18:29:52 22.47 32,67 21.30 21 32.7 20.85 229 335 3 703
191 14/03/2022 18:30:52 22.47 32,67 21.30 21 327 20.85 229 334 3.1 70.6
192 14/03/2022 18:31:52 22.47 32,67 21.30 21 327 20.85 229 333 3.1 70.7
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193 14/03/2022 18:32:52 2247 32.67 21.30 3230 21 327 20.85 328 23.1 333 3.1 69.9
194 14/03/2022 18:33:52 2247 32.67 21.30 3230 21 327 20.85 328 233 333 3.1 69.7
195 14/03/2022 18:34:52 2247 32.67 21.30 3230 21 328 20.85 329 233 332 3 69.4
196 14/03/2022 18:35:52 22.47 32.67 21.30 32.30 21 32.8 20.85 329 233 33.1 3.1 69.4
197 14/03/2022 18:36:52 22.4 3234 21.30 3230 21 32.8 20.85 329 233 33 31 71
198 14/03/2022 18:37:52 22.4 32.67 21.30 3230 21 32.8 20.85 329 233 33 32 71.2
199 14/03/2022 18:38:52 22.4 3234 21.30 3230 21 32.7 20.85 32.8 233 329 32 70.8
200 14/03/2022 18:39:52 22.44 3234 21.30 3230 21 32.7 20.85 32.8 233 32.8 32 703
201 14/03/2022 18:40:52 22.44 3234 21.20 32.20 21 32.8 20.85 329 233 32.8 32 69.8
202 14/03/2022 18:41:52 22.47 3234 21.30 3230 21 32.7 20.85 32.8 233 32.8 31 69.6
203 14/03/2022 18:42:52 225 3234 21.30 3230 21 32.7 20.85 32.8 233 32.8 31 69.7
204 14/03/2022 18:43:52 225 32,67 21.30 3230 21 32.8 20.85 329 233 327 2.7 69.5
205 14/03/2022 18:44:52 225 3234 21.20 32.20 21 32.7 20.85 32.8 233 32.8 2.6 69.1
206 14/03/2022 18:45:52 225 32,67 21.20 3230 21 32.7 20.85 32.8 233 32.8 2.6 69
207 14/03/2022 18:46:52 225 32,67 21.30 3240 21 32.7 20.85 32.8 233 327 2.7 69.4
208 14/03/2022 18:47:52 225 3234 21.20 3230 21 32.8 20.85 329 233 327 2.7 69.3
209 14/03/2022 18:48:52 225 3234 21.20 3230 21 32.8 20.85 329 233 32.6 2.6 69.4
210 14/03/2022 18:49:52 225 3234 21.30 3230 21 32.8 20.85 329 233 32.6 24 69.7
211 14/03/2022 18:50:52 225 32,67 21.30 3230 21 32.8 20.85 329 233 32.6 24 69.2
212 14/03/2022 18:51:52 225 3234 21.30 3230 21 32.7 20.85 32.8 232 325 25 69.8
213 14/03/2022 18: 225 3234 21.30 3230 21 32.8 20.85 329 232 32.6 2.8 70.6
214 14/03/2022 18: 225 3234 21.30 3240 21 32.8 20.85 329 23.1 32.6 29 703
215 14/03/2022 18:54:52 225 3234 21.30 3230 209 32.8 20.75 329 23.1 32.6 2.7 70.3
216 14/03/2022 18:55:52 225 32,67 21.30 3230 21 32.8 20.85 329 23.1 32.6 23 70.1
217 14/03/2022 18:56:52 225 32,67 21.30 3230 21 329 20.85 33 23.1 327 22 70
218 14/03/2022 18:57:52 225 3234 21.40 3230 21 32.8 20.85 329 23.1 327 23 70.1
219 14/03/2022 18:58:52 22.54 32.34 21.40 3230 21 329 20.85 33 23.1 326 1.8 70.2
220 14/03/2022 18:59:52 22.54 32.34 21.40 3230 21 32.8 20.85 329 23.1 32.6 2.1 71
221 14/03/2022 19:00:52 22.54 32.34 21.40 3230 21 32.8 20.85 329 23 32.6 2.1 70.9
222 14/03/2022 19:01:52 22.54 32.34 21.40 32.20 21 32.8 20.85 329 23.1 32.6 1.8 70.9
223 14/03/2022 19:02:52 22.54 3234 21.40 3230 21 32.8 20.85 329 232 324 2 71
224 14/03/2022 19:03:52 22.57 3234 21.40 3230 21 32.8 20.85 329 234 325 2.1 72.7
225 14/03/2022 19:04:52 22.57 3234 21.40 32.20 21 329 20.85 33 235 323 1.6 70.9
226 14/03/2022 19:05:52 22.57 3234 21.40 32.20 21 32.8 20.85 329 235 323 1.6 70.7
227 14/03/2022 19:06:52 22.57 3234 21.50 32.20 211 32.8 20.95 329 235 323 1.6 72.1
228 14/03/2022 19:07:52 22.57 32.34 21.50 32.20 211 32.8 20.95 329 235 32.1 1.8 70.7
229 14/03/2022 19:08:52 22.57 31.67 21.50 32.20 211 32.8 20.95 329 234 32.1 2 72.9
230 14/03/2022 19:09:52 22.57 32.34 21.50 3220 211 32.8 20.95 329 234 32.1 1.9 71.3
231 14/03/2022 19:10:52 22.57 32.34 21.50 3220 211 329 20.95 234 321 2 732
232 14/03/2022 19; 22.6 3234 21.50 32.20 21.1 32.8 20.95 234 321 2.1 72
233 14/03/2022 19; 22.6 3234 21.50 32.20 21.1 32.8 20.95 234 32.1 23 71.9
234 14/03/2022 19:13:52 22.6 3234 21.50 32.20 21.1 32.8 20.95 234 32 23 70.8
235 14/03/2022 19:14:52 22.6 3234 21.50 32.20 21.1 32.8 20.95 233 32 23 71.3
236 14/03/2022 19:15:52 22.6 3234 21.50 32.20 21.1 32.8 20.95 234 32 22 71.8
237 14/03/2022 19:16:52 22.6 3234 21.50 32.20 211 32.8 20.95 234 32 24 72.4
238 14/03/2022 19:17:52 22.6 3234 21.50 32.20 211 32.8 20.95 234 32 25 72.9
239 14/03/2022 19:18:52 22.64 3234 21.50 32.20 211 32.8 20.95 233 31.9 23 73
240 14/03/2022 19:19:52 22.64 32.67 21.40 3230 21.1 32.8 20.95 233 32 22 71.7
241 14/03/2022 19:20:52 22.67 32.67 21.40 3230 21.1 329 20.95 233 32 22 71.7
242 14/03/2022 19:21:52 22.67 32.67 21.40 3230 21.1 329 20.95 233 31.9 25 722
243 14/03/2022 19:22:52 22.64 32.67 21.40 3230 21.1 329 20.95 233 32 2.6 71.9
244 14/03/2022 19:23:52 22.64 32.67 21.40 3230 21.1 329 20.95 233 32 25 71.9
245 14/03/2022 19:24:52 22.64 33.34 21.40 3240 21.1 329 20.95 233 32 24 71.7
246 14/03/2022 19:25:52 22.64 33 21.40 3240 21.1 329 20.95 233 31.9 23 71.7
247 14/03/2022 19:26:52 22.64 33.34 21.40 3240 21.1 33 20.95 233 32 23 70.9
248 14/03/2022 19:27:52 22.57 33.34 21.30 3240 21.1 329 20.95 233 32 24 71.2
249 14/03/2022 19:28:52 22.57 33 21.30 3240 21.1 329 20.95 233 31.9 24 71.7
250 14/03/2022 19:29:52 22.57 32.67 21.30 32.50 21.1 33 20.95 233 31.9 23 72.5
251 14/03/2022 19:30:52 22.57 33.34 21.30 32.50 21.1 33 20.95 232 32 23 72.6
252 14/03/2022 19:31:52 22.57 33.34 21.20 32.50 21.1 33 20.95 232 31.9 23 72
253 14/03/2022 19:32:52 2257 33.34 21.30 32.60 21.1 33 20.95 232 31.9 2.4 72
254 14/03/2022 19:33:52 22.54 32.67 21.20 32.60 21.1 33 20.95 23.1 319 2.4 72.6
255 14/03/2022 19:34:52 22.64 33.34 21.30 32.60 21.1 33 20.95 23.1 319 23 71.5
256 14/03/2022 19:35:52 22.6 33.34 21.20 32.60 21.1 33 20.95 23 32 22 71.8
257 14/03/2022 19:36:52 22.64 33 21.20 32.60 21 33 20.85 23 32 22 725
258 14/03/2022 19:37:52 22.67 32.67 21.20 32.70 21 33 20.85 23 32 22 71.7
259 14/03/2022 19:38:52 22.67 32.67 21.20 32.70 21 331 20.85 23 32 23 71.4
260 14/03/2022 19:39:52 22.67 32.67 21.20 32.70 21 331 20.85 23 319 23 722
261 14/03/2022 19:40:52 227 32.67 21.20 32.80 21 331 20.85 23 32 2.4 727
262 14/03/2022 19:41:52 227 32.67 21.20 32.70 21 33 20.85 23 32 2.6 73.1
263 14/03/2022 19:42:52 227 32.67 21.20 32.80 21 33 20.85 23 32 2.6 735
264 14/03/2022 19:43:52 227 32.67 21.30 32.80 21 33 20.85 229 32 2.5 725
265 14/03/2022 19:44:52 227 32.67 21.30 32.80 21 33 20.85 229 32 2.6 71.8
266 14/03/2022 19:45:52 227 32.67 21.30 32.80 21 33 20.85 229 32 2.6 73
267 14/03/2022 19:46:52 227 3234 21.40 32.80 21 331 20.85 229 32 2.5 71
268 14/03/2022 19:47:52 227 32.67 21.40 32.80 20.9 33.1 20.75 229 32 2.5 71.5
269 14/03/2022 19:48:52 22.74 32.67 21.40 32.80 21 331 20.85 229 32 2.5 72.3
270 14/03/2022 19:49:52 22.77 32.67 21.40 32.80 21 33 20.85 229 32 2.4 70.9
271 14/03/2022 19:50:52 22.74 32.67 21.50 32.80 21 33 20.85 229 32 2.4 73.1
272 14/03/2022 19:51:52 22.74 32.67 21.50 32.70 21 33 20.85 229 32 2.3 722
273 14/03/2022 19:52:52 22.74 32,67 21.50 32.80 21 33.1 20.85 229 32 22 71.6
274 14/03/2022 19:53:52 22.74 32,67 21.50 32.70 209 33 20.75 229 32 21 71.8
275 14/03/2022 19:54:52 22.74 32,67 21.50 32.70 21 33 20.85 229 32 21 71.8
276 14/03/2022 19:55:52 22.74 32,67 21.50 32.70 21 33 20.85 229 32 21 72.9
277 14/03/2022 19:56:52 22.7 32 21.50 32.60 21 33.1 20.85 229 319 21 73
278 14/03/2022 19:57:52 22.7 32,67 21.50 32.60 21 33 20.85 229 319 2 72.7
279 14/03/2022 19:58:52 22.7 32 21.50 32.60 21 33 20.85 229 319 2 73
280 14/03/2022 19:59:52 22.67 32 21.50 32.50 21 33 20.85 229 319 1.9 71.9
281 14/03/2022 20:00:52 22.67 3234 21.50 32.60 21 33 20.85 229 319 1.9 72.2
282 14/03/2022 20:01:52 22.67 3234 21.50 32.50 209 33 20.75 229 319 2 71.9
283 14/03/2022 20:02:52 22.64 3234 21.50 32.60 20.9 33 20.75 229 319 1.9 713
284 14/03/2022 20:03:52 22.64 32 21.40 32.60 209 33 20.75 229 31.8 1.9 713
285 14/03/2022 20:04:52 22.6 32 21.40 32.50 209 329 20.75 229 31.8 1.9 72
286 14/03/2022 20:05:52 22.6 3234 21.40 32.50 209 329 20.75 229 31.8 1.9 71.6
287 14/03/2022 20:06:52 22.6 31.67 21.30 32.50 209 329 20.75 229 31.8 1.9 71.3
288 14/03/2022 20:07:52 22.57 32 21.30 3240 209 329 20.75 229 31.8 1.8 71.2
289 14/03/2022 20:08:52 22.54 3234 21.30 3240 209 329 20.75 229 31.8 1.9 71.8
290 14/03/2022 20:09:52 225 3234 21.30 3240 209 329 20.75 229 31.8 1.9 72
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291 14/03/2022 20:10:52 225 31.67 21.20 32.40 20.9 328 20.75 329 229 318 1.8 71.5
292 14/03/2022 20:11:52 2247 32 21.20 32.40 20.9 328 20.75 329 229 317 1.9 71
293 14/03/2022 20:12:52 22.44 3234 21.20 32.30 20.9 32.8 20.75 329 229 317 1.9 71.9
294 14/03/2022 20:13:52 22.44 3234 21.20 32.40 20.9 328 20.75 329 229 317 1.9 72.4
295 14/03/2022 20:14:52 22.44 3234 21.20 3240 20.9 32.8 20.75 329 229 317 1.9 723
296 14/03/2022 20:15:52 22.44 32,67 21.10 3230 209 32.8 20.75 329 229 317 1.9 72.7
297 14/03/2022 20:16:52 22.44 32,67 21.10 3240 209 32.7 20.75 32.8 229 317 1.9 71.4
298 14/03/2022 20:17:52 22.47 32,67 21.10 3240 209 32.8 20.75 329 229 317 2 72.5
299 14/03/2022 20:18:52 22.44 32,67 21.20 3240 21 32.7 20.85 32.8 229 31.6 21 72.5
300 14/03/2022 20:19:52 22.44 32.67 21.20 32.50 20.9 32.8 20.75 329 229 31.6 2 71.7
301 14/03/2022 20:20:52 22.47 32,67 21.20 32.50 20.9 32.8 20.75 329 229 317 21 73.1
302 14/03/2022 20:21:52 22.47 32,67 21.30 32.50 20.9 32.8 20.75 329 229 317 21 72.5
303 14/03/2022 20:22:52 22.47 32,67 21.30 32.60 209 32.8 20.75 329 229 317 21 723
304 14/03/2022 20:23:52 22.47 32,67 21.30 32.60 209 32.8 20.75 329 229 317 2 72.1
305 14/03/2022 20:24:52 22.47 32,67 21.30 32.50 20.9 32.8 20.75 329 229 317 2 71.8
306 14/03/2022 20:25:52 225 32,67 21.40 32.60 20.9 32.8 20.75 329 229 317 2 72.2
307 14/03/2022 20:26:52 225 32,67 21.40 32.60 209 32.8 20.75 329 229 317 21 733
308 14/03/2022 20:27:52 225 32,67 21.40 32.70 209 32.8 20.75 329 229 317 2 72.1
309 14/03/2022 20:28:52 225 32,67 21.40 32.70 209 32.8 20.75 329 229 317 22 73.4
310 14/03/2022 20:29:52 22.54 32,67 21.40 32.70 209 329 20.75 33 229 317 22 73.6
311 14/03/2022 20: 22.54 32,67 21.40 32.70 209 32.8 20.75 329 229 317 22 72.6
312 14/03/2022 20: 22.54 32,67 21.40 32.80 209 32.8 20.75 329 229 317 22 733
313 14/03/2022 20:32:52 22.54 32.67 21.40 32.80 209 329 20.75 33 229 317 22 73.6
314 14/03/2022 20:33:52 22.57 32,67 21.50 32.80 20.9 329 20.75 33 229 317 22 733
315 14/03/2022 20:34:52 22.6 32,67 21.50 32.80 20.9 33 20.75 331 229 317 22 73.5
316 14/03/2022 20:35:52 22.6 32,67 21.50 32.80 20.9 33 20.75 229 317 22 72.7
317 14/03/2022 20:36:52 22.6 32.67 21.50 32.80 209 33 20.75 229 317 2.1 72.4
318 14/03/2022 20:37:52 22.6 32.67 21.50 32.80 20.9 33 20.75 229 31.7 2.1 72.2
319 14/03/2022 20:38:52 22.6 32.67 21.50 32.80 20.9 329 20.75 229 31.7 2.1 72.1
320 14/03/2022 20:39:52 22.64 32.67 21.50 32.80 20.9 33 20.75 229 31.7 1.4 73.8
321 14/03/2022 20:40:52 22.64 32.67 21.50 32.90 20.9 33 20.75 229 31.7 1.2 733
322 14/03/2022 20:41:52 22.64 32.67 21.50 32.80 20.9 33 20.75 229 31.8 0.9 72.5
323 14/03/2022 20:42:52 22.64 32.67 21.50 32.80 20.9 33 20.75 229 31.7 0.9 723
324 14/03/2022 20:43:52 22.64 32.67 21.50 32.80 209 33 20.75 229 318 0.9 722
325 14/03/2022 20:44:52 22.64 32.67 21.50 32.80 209 33.1 20.75 229 31.8 1 72
326 14/03/2022 20:45:52 22.64 32.67 21.50 32.80 209 33 20.75 229 31.7 0.9 73.8
327 14/03/2022 20:46:52 22.64 32.67 21.50 32.80 209 33 20.75 229 31.7 0.9 74.5
328 14/03/2022 20:47:52 22.64 32.67 21.40 32.80 209 33.1 20.75 229 31.7 0.8 73.6
329 14/03/2022 20:48:52 22.64 32.67 21.40 32.80 209 33.1 20.75 229 31.7 0.6 73.1
330 14/03/2022 20; 22.64 32.67 21.40 32.80 20.9 33.1 20.75 229 31.7 0.9 74.4
331 14/03/2022 20; 22.64 32.67 21.40 32.80 20.9 33.1 20.75 229 31.7 1.7 75.3
332 14/03/2022 20:51:52 22.64 32.67 21.40 32.80 20.9 33.1 20.75 229 31.8 2 75.8
333 14/03/2022 20:52:52 22.64 32.67 21.40 32.80 20.9 33.1 20.75 229 31.7 19 75.4
334 14/03/2022 20:53:52 22.64 32.67 21.30 32.90 20.9 33.1 20.75 229 31.7 1.8 75
335 14/03/2022 20:54:52 22.64 33 21.30 32.80 20.9 33.1 20.75 229 31.8 19 74.6
336 14/03/2022 20:55:52 22.64 32.67 21.30 32.90 20.9 332 20.75 229 31.8 1.9 74.8
337 14/03/2022 20:56:52 22.67 32.67 21.30 32.90 20.9 332 20.75 229 31.8 1.9 74.7
338 14/03/2022 20:57:52 22.67 33 21.20 32.90 20.9 332 20.75 229 31.8 1.9 74.8
339 14/03/2022 20:58:52 22.67 33 21.30 32.90 20.9 332 20.75 229 31.8 2 74.7
340 14/03/2022 20:59:52 22.67 32.67 21.20 33.00 20.9 332 20.75 229 31.7 2 74.6
341 14/03/2022 21:00:52 22.67 32.67 21.30 33.00 20.9 33.1 20.75 229 31.8 2.1 74.4
342 14/03/2022 21:01:52 22.7 33 21.20 33.00 20.9 332 20.75 229 31.8 2.1 74.3
343 14/03/2022 21:02:52 22.7 32.67 21.20 33.00 20.9 332 20.75 229 31.8 2.1 74.4
344 14/03/2022 21:03:52 22.77 32.67 21.30 33.10 20.9 333 20.75 229 31.8 2.1 74.3
345 14/03/2022 21:04:52 22.77 32.67 21.30 33.00 20.9 332 20.75 229 31.8 22 74.3
346 14/03/2022 21:05:52 22.77 32.67 21.20 33.00 20.9 333 20.75 23 31.8 23 74.2
347 14/03/2022 21:06:52 22.87 32.67 21.30 33.00 21 332 20.85 23 31.8 24 74
348 14/03/2022 21:07:52 22.87 32.67 21.30 33.00 21 332 20.85 23 31.8 23 73.9
349 14/03/2022 21:08:52 22.87 32.67 21.30 33.10 21 332 20.85 23 31.8 22 74
350 14/03/2022 21:09:52 229 32.67 21.30 33.10 21 332 20.85 23 31.7 23 73.9
351 14/03/2022 21:10:52 22.94 32.67 21.30 33.00 20.9 332 20.75 23 317 2.4 74
352 14/03/2022 21:11:52 2297 32.67 21.30 33.00 20.9 332 20.75 23 317 2.5 73.8
353 14/03/2022 21:12:52 2297 32.67 21.30 33.00 21 333 20.85 23 31.8 2.5 737
354 14/03/2022 21:13:52 2297 31.67 21.40 33.00 20.9 332 20.75 23 317 2.5 73.6
355 14/03/2022 21:14:52 23.04 31.67 21.40 33.00 21 332 20.85 23 317 2.5 73.4
356 14/03/2022 21:15:52 23.04 3234 21.40 33.00 21 332 20.85 23 317 2.5 732
357 14/03/2022 21:16:52 23.04 32 21.40 33.10 21 332 20.85 23 317 2.5 73.3
358 14/03/2022 21:17:52 23.04 31.67 21.40 33.00 20.9 333 20.75 23 317 2.5 732
359 14/03/2022 21:18:52 23.04 31.67 21.40 32.90 21 332 20.85 23 317 2.6 73
360 14/03/2022 21:19:52 23.04 31.67 21.50 33.00 21 332 20.85 23 317 2.7 73
361 14/03/2022 21:20:52 23.04 31.67 21.50 32.90 21 332 20.85 23 317 2.5 73
362 14/03/2022 21:21:52 23.04 31.67 21.50 32.90 21 332 20.85 23 31.6 23 73.1
363 14/03/2022 21:22:52 23.04 31.67 21.50 32.80 21 332 20.85 23 31.6 22 732
364 14/03/2022 21:23:52 23.04 31.67 21.50 32.90 21 332 20.85 23 31.6 23 733
365 14/03/2022 21:24:52 23.04 31.67 21.50 32.90 21 332 20.85 23 31.6 23 732
366 14/03/2022 21:25:52 23.04 31.67 21.50 32.90 21 333 20.85 23 31.6 2.5 73.1
367 14/03/2022 21:26:52 23.04 31.67 21.50 32.80 21.1 33.6 20.95 23 31.6 25 73
368 14/03/2022 21:27:52 23.04 31.67 21.50 32.80 21.1 335 20.95 23 315 2.6 72.8
369 14/03/2022 21:28:52 23.04 31.67 21.50 32.80 21 334 20.85 23 315 2.7 72.8
370 14/03/2022 21 22.97 31.67 21.50 32.80 21 334 20.85 23 31.6 2.7 72.6
371 14/03/2022 21:30:52 22.94 31.67 21.50 32.80 21 333 20.85 23 315 25 72.1
372 14/03/2022 21:31:52 229 31.67 2140 32.70 21 333 20.85 23 315 24 71.9
373 14/03/2022 21: 22.87 31.67 21.40 32.80 21 332 20.85 23 315 24 71.9
374 14/03/2022 21 22.87 31.67 21.40 32.80 21 332 20.85 23 315 22 71.6
375 14/03/2022 21:34:52 22.8 32 21.40 32.70 21 332 20.85 23 315 22 72.4
376 14/03/2022 21:35:52 22.7 3234 21.30 32.70 21 332 20.85 23.1 315 21 722
377 14/03/2022 21:36:52 22.67 3234 21.30 32.70 21 332 20.85 23 315 22 72.9
378 14/03/2022 21:37:52 22.6 3234 21.20 32.70 21 332 20.85 23 315 22 72.7
379 14/03/2022 21:38:52 225 3234 21.20 32.70 21 332 20.85 23 315 2 733
380 14/03/2022 21:39:52 22.47 3234 21.20 32.70 21 33.1 20.85 23 314 2 73.9
381 14/03/2022 21:40:52 22.44 3234 21.20 32.70 21 33.1 20.85 23 314 2 73.7
382 14/03/2022 21:41:52 2237 3234 21.20 32.70 21 33.1 20.85 23 314 2 73.5
383 14/03/2022 21:42:52 22.44 32,67 21.20 32.70 21 33.1 20.85 23 314 2 73
384 14/03/2022 21:43:52 22.44 3234 21.20 32.70 21 332 20.85 23.1 314 1.9 732
385 14/03/2022 21:44:52 225 3234 21.20 32.70 21 332 20.85 23.1 313 1.8 73
386 14/03/2022 21:45:52 22.54 3234 21.10 32.60 21 332 20.85 23 314 1.5 743
387 14/03/2022 21:46:52 22.57 32 21.10 32.70 21 332 20.85 23.1 313 15 74.6
388 14/03/2022 21:47:52 22.6 32 21.20 32.70 21 332 20.85 23.1 313 1.6 74.6
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389 14/03/2022 21:48:52 22.6 3234 21.20 32.70 21 333 20.85 23.1 31.3 1.6 74.7
390 14/03/2022 21 22.64 31.67 21.20 32.70 21 333 20.85 23.1 31.3 1.8 74.1
391 14/03/2022 21 22.64 31.67 21.30 32.70 21 333 20.85 23.1 31.3 1.7 739
392 14/03/2022 21:51:52 22.64 31.67 21.30 32.60 21 333 20.85 23.1 312 1.7 73.1
393 14/03/2022 21:52:52 22.64 31.67 21.30 32.60 21 333 20.85 23.1 31.3 1.9 75.1
394 14/03/2022 21:53:52 22.64 31.67 2140 32.60 21 333 20.85 23.1 312 2 75.2
395 14/03/2022 21:54:52 22.64 31.67 21.40 32.60 21 332 20.85 23.1 312 2 75.8
396 14/03/2022 21:55:52 22.64 31.67 21.40 32.60 21 332 20.85 23.1 312 1.9 74.2
397 14/03/2022 21:56:52 22.67 31.67 21.40 32.60 209 333 20.75 23.1 312 2 75
398 14/03/2022 21:57:52 22.67 31.67 21.40 32.50 20.9 333 20.75 23.1 312 2 75.4
399 14/03/2022 21:58:52 22.67 31.67 21.40 32.50 20.9 333 20.75 23.1 311 2 74.7
400 14/03/2022 21:59:52 22.67 31.67 21.50 3240 21 332 20.85 23.1 311 1.9 743
401 14/03/2022 22:00:52 22.67 31.67 21.50 3240 21 332 20.85 23.1 311 1.8 74.6
402 14/03/2022 22:01:52 22.67 31.67 21.50 3240 21 333 20.85 23.1 311 1.7 74
403 14/03/2022 22:02:52 22.67 31.67 21.50 3230 21 332 20.85 23.1 31 1.8 74.4
404 14/03/2022 22:03:52 22.67 31.67 21.50 3240 21 332 20.85 23.1 311 22 75.4
405 14/03/2022 22:04:52 22.67 31.67 21.50 3240 21 33.1 20.85 23.1 31 22 74.9
406 14/03/2022 22:05:52 22.67 31.67 21.50 3230 21 33.1 20.85 23.1 31 23 75
407 14/03/2022 22:06:52 22.67 31.67 21.50 3240 21 33.1 20.85 23.1 31 23 75
408 14/03/2022 22:07:52 22.7 31.67 21.50 3230 21 33 20.85 23.1 31 23 743
409 14/03/2022 22: 22.7 31.67 21.50 3230 21 33.1 20.85 23.1 31 23 74.1
410 14/03/2022 22: 22.7 31.67 21.50 3230 21 33 20.85 23.1 31 23 73.8
411 14/03/2022 22:10:52 22.74 31.67 21.50 3230 21 33 20.85 23.1 31 23 73.7
412 14/03/2022 22:11:52 22.74 31.67 21.50 3230 21 33 20.85 23.1 309 2.4 73.6
413 14/03/2022 22:12:52 22.74 31.67 21.50 3230 21 33 20.85 23.1 31 24 73.5
414 14/03/2022 22:13:52 22.74 31.67 21.50 3230 21 329 20.85 23.1 31 24 733
415 14/03/2022 22:14:52 2274 31.67 21.50 3230 21 329 20.85 23.1 31 24 72.9
416 14/03/2022 22:15:52 22.74 31.67 21.50 3230 21 329 20.85 23.1 31 24 73.2
417 14/03/2022 22:16:52 22.74 31.67 21.50 3230 21 329 20.85 23.1 30.9 22 72.9
418 14/03/2022 22:17:52 22.74 31.67 21.40 3230 21 329 20.85 23.1 31 24 73.6
419 14/03/2022 22:18:52 22.74 31.67 21.40 3230 21 329 20.85 23.1 31 23 73.1
420 14/03/2022 22:19:52 22.74 31.67 21.40 3230 21 329 20.85 23.1 31 24 73
421 14/03/2022 22:20:52 22.7 32 21.40 3230 20.9 329 20.75 23.1 31 25 72.8
422 14/03/2022 22:21:52 22.7 31.67 21.40 3230 209 329 20.75 23.1 31 23 733
423 14/03/2022 22:22:52 22.67 3234 21.30 3240 209 329 20.75 23.1 31 25 74
424 14/03/2022 22:23:52 22.67 31.67 21.30 3240 209 329 20.75 23.1 31 2.6 73.7
425 14/03/2022 22:24:52 22.6 3234 21.30 3240 209 329 20.75 23.1 31 2.6 73.8
426 14/03/2022 22:25:52 22.6 32.67 21.30 3240 209 329 20.75 23.1 31 25 73
427 14/03/2022 22:26:52 22.6 3234 21.30 3240 209 329 20.75 23.1 31 25 72.4
428 14/03/2022 22; 22.6 32 21.20 3240 20.9 329 20.75 23.1 30.9 22 73.5
429 14/03/2022 22; 22.57 3234 21.20 3240 20.9 329 20.75 23.1 31 23 73.9
430 14/03/2022 22:29:52 22.57 3234 21.20 3240 21 329 20.85 23.1 31 24 73.9
431 14/03/2022 22:30:52 22.57 3234 21.20 3240 21 329 20.85 23.1 31 24 72.8
432 14/03/2022 22:31:52 22.57 32.67 21.20 32.50 21 329 20.85 23.1 31 23 72.6
433 14/03/2022 22:32:52 22.57 32.34 21.20 32.50 21 33 20.85 23.1 31 24 73.7
434 14/03/2022 22:33:52 22.6 32.67 2110 32.50 21 329 20.85 23.1 30.9 25 73.2
435 14/03/2022 22:34:52 22.6 31.67 2110 32.60 21 329 20.85 23.1 30.9 2.6 73.5
436 14/03/2022 22:35:52 22.6 3234 2110 32.60 21 33 20.85 23.1 30.9 2.6 73.2
437 14/03/2022 22:36:52 22.6 32.67 21.20 32.60 21 33 20.85 23.1 31 2.7 73.2
438 14/03/2022 22:37:52 22.6 32 21.20 32.60 21 329 20.85 23.1 30.9 2.6 72.8
439 14/03/2022 22:38:52 226 3234 21.20 32.60 21 329 20.85 23.1 30.9 2.6 72.8
440 14/03/2022 22:39:52 22.6 32 21.30 32.60 21 329 20.85 23.1 31 2.6 72.4
441 14/03/2022 22:40:52 22.64 32 21.30 32.60 21 329 20.85 23.1 31 2.6 73.1
442 14/03/2022 22:41:52 22.64 32.67 21.30 32.70 21 329 20.85 23.1 31 2.7 73
443 14/03/2022 22:42:52 22.64 32.67 21.30 32.60 21 329 20.85 232 31 2.6 72.8
444 14/03/2022 22:43:52 22.64 32.67 21.40 32.60 21 329 20.85 23.1 31 25 72.6
445 14/03/2022 22:44:52 22.64 31.67 21.40 32.60 20.9 329 20.75 23.1 30.9 2.6 72.8
446 14/03/2022 22:45:52 22.64 3234 21.40 32.60 21 329 20.85 23.1 30.9 27 72.8
447 14/03/2022 22:46:52 22.64 32 21.40 32.60 21 329 20.85 23.1 30.9 2.6 72.7
448 14/03/2022 22:47:52 22.64 3234 21.40 32.60 21 329 20.85 232 30.9 2.6 72.6
449 14/03/2022 22:48:52 22.64 32 21.40 32.60 21 329 20.85 23.1 30.9 2.6 72
450 14/03/2022 22:49:52 22.64 32 21.40 32.60 21 329 20.85 232 30.9 2.6 72.8
451 14/03/2022 22:50:52 22.64 3234 21.40 32.70 21 329 20.85 232 309 2.6 72.8
452 14/03/2022 22:51:52 22.64 3234 21.40 32.60 21 32.8 20.85 232 309 2.6 727
453 14/03/2022 22:52:52 22.64 32.67 21.40 32.60 21 32.8 20.85 232 309 2.6 727
454 14/03/2022 22:53:52 22.64 31.67 21.40 32.60 21 328 20.85 232 309 2.7 727
455 14/03/2022 22:54:52 22.64 3234 21.40 32.60 21 329 20.85 232 309 2.6 727
456 14/03/2022 22:55:52 22.6 3234 21.40 32.60 20.9 328 20.75 232 309 2.6 72.5
457 14/03/2022 22:56:52 22.57 32 21.40 32.50 20.9 329 20.75 232 309 2.5 72.2
458 14/03/2022 22:57:52 22.6 3234 21.50 32.60 20.9 329 20.75 232 309 23 72.1
459 14/03/2022 22:58:52 22.6 32.67 21.40 32.60 20.9 329 20.75 232 309 22 72.1
460 14/03/2022 22:59:52 22.6 32.67 21.50 32.60 20.9 329 20.75 232 309 22 72.4
461 14/03/2022 23:00:52 22.6 32.34 21.50 32.60 20.9 32.9 20.75 232 309 22 723
462 14/03/2022 23:01:52 22.6 32 21.50 32.50 20.9 328 20.75 232 309 23 72.8
463 14/03/2022 23:02:52 22.6 32 21.50 32.60 20.9 329 20.75 232 309 2.4 73
464 14/03/2022 23:03:52 22.57 32.34 21.50 32.60 20.9 329 20.75 232 309 2.5 73.8
465 14/03/2022 23:04:52 22.57 32 21.50 32.60 20.9 329 20.75 232 309 2.5 73.1
466 14/03/2022 23:05:52 22.57 32.34 21.50 32.60 20.9 329 20.75 232 309 23 72.8
467 14/03/2022 23:06:52 22.57 32.67 21.50 32.60 21 329 20.85 232 309 24 73.4
468 14/03/2022 23 22.57 32.67 21.40 32.60 21 329 20.85 232 309 25 72.9
469 14/03/2022 23 22.57 32,67 21.40 32.60 21 32.8 20.85 232 309 22 73.1
470 14/03/2022 23:09:52 22.57 32,67 2140 32.60 21 32.9 20.85 232 30.8 23 73
471 14/03/2022 23:10:52 22.54 32,67 21.40 32.60 209 329 20.75 232 30.8 23 73.9
472 14/03/2022 23:11:52 22.54 32,67 21.40 32.60 20.9 329 20.75 232 309 21 74.2
473 14/03/2022 23:12:52 22.54 32,67 21.40 32.60 209 329 20.75 232 309 24 743
474 14/03/2022 23:13:52 22.54 32.67 21.40 32.60 20.9 329 20.75 232 309 2.6 743
475 14/03/2022 23:14:52 22.54 32,67 21.40 32.60 209 329 20.75 232 309 2.6 73.8
476 14/03/2022 23:15:52 22.47 32,67 21.30 32.60 20.9 329 20.75 232 30.8 2.6 72.7
477 14/03/2022 23:16:52 22.47 32,67 21.30 32.60 209 329 20.75 232 30.8 2.6 73.4
478 14/03/2022 23:17:52 22.47 32,67 21.30 32.50 21 329 20.85 232 309 2.7 73.7
479 14/03/2022 23:18:52 22.47 32,67 21.30 32.50 20.9 33 20.75 232 309 2.6 73.6
480 14/03/2022 23:19:52 22.47 3234 21.30 32.60 209 329 20.75 232 30.8 25 72.7
481 14/03/2022 23:20:52 22.47 32,67 21.30 32.60 21 33 20.85 232 30.8 25 72.5
482 14/03/2022 23:21:52 22.47 3234 21.30 32.60 209 329 20.75 232 30.8 22 72.4
483 14/03/2022 23:22:52 22.47 32.67 21.30 32.60 209 329 20.75 232 30.8 2 73.1
484 14/03/2022 23:23:52 22.47 32,67 21.30 32.60 209 329 20.75 232 30.8 22 73.2
485 14/03/2022 23:24:52 225 32,67 21.30 32.60 21 329 20.85 232 30.8 23 73
486 14/03/2022 23:25:52 225 32,67 21.30 32.60 21 33 20.85 232 30.8 25 73.5
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487 14/03/2022 23:26:52 22.5 32.67 21.30 32.60 20.9 33 20.75 33.1 232 30.8 2.6 73.7
488 14/03/2022 23:27:52 225 3234 21.20 32.60 21 33 20.85 33.1 232 30.8 2.6 73.9
489 14/03/2022 23:28:52 225 32.67 21.30 32.60 21 33 20.85 33.1 232 30.8 2.5 739
490 14/03/2022 23:29:52 22.5 32 21.30 32.60 21 33 20.85 33.1 232 30.8 25 73.8
491 14/03/2022 23:30:52 225 32,67 21.20 32.60 21 33 20.85 33.1 232 30.8 25 73.6
492 14/03/2022 23:31:52 22.47 32,67 21.20 32.60 21 33 20.85 33.1 232 30.8 2.6 73.4
493 14/03/2022 23:32:52 22.47 3234 21.20 32.60 21 32.9 20.85 232 30.8 25 73.5
494 14/03/2022 23:33:52 22.47 3234 21.20 32.50 21 329 20.85 232 30.8 25 73.1
495 14/03/2022 23:34:52 22.47 32,67 21.20 32.60 21 329 20.85 232 30.7 24 73.4
496 14/03/2022 23:35:52 22.47 3234 21.20 32.60 21 329 20.85 232 30.7 23 733
497 14/03/2022 23:36:52 22.47 32 21.20 32.60 21 329 20.85 232 30.7 22 73.1
498 14/03/2022 23:37:52 22.47 32,67 21.20 32.60 21 329 20.85 232 30.7 21 72.5
499 14/03/2022 23:38:52 22.47 32,67 21.20 32.60 21.1 329 20.95 232 30.7 2 72.9
500 14/03/2022 23:39:52 22.47 3234 21.20 32.60 21.1 329 20.95 232 30.7 1.9 72.8
501 14/03/2022 23:40:52 22.47 32,67 21.20 32.60 21.1 329 20.95 232 30.7 2 73.9
502 14/03/2022 23:41:52 22.47 3234 21.20 32.60 21.1 329 20.95 232 30.7 2 73.7
503 14/03/2022 23:42:52 22.47 3234 21.30 32.60 21.1 329 20.95 232 30.7 21 74
504 14/03/2022 23:43:52 22.47 32 21.30 32.60 21.1 329 20.95 232 30.7 21 73.8
505 14/03/2022 23:44:52 22.47 3234 21.30 32.60 21 32.8 20.85 232 30.7 1.9 73.9
506 14/03/2022 23:45:52 22.47 3234 21.30 32.60 21 329 20.85 232 30.7 1.9 73.9
507 14/03/2022 23 22.47 3234 21.30 32.60 21 329 20.85 232 30.7 1.9 74.2
508 14/03/2022 23 22.47 32,67 21.30 32.60 21 329 20.85 232 30.6 21 743
509 14/03/2022 23:48:52 22.47 32 21.30 32.60 21 329 20.85 232 30.7 21 743
510 14/03/2022 23:49:52 22.47 32 21.30 32.60 21 32.8 20.85 232 30.7 2 73.6
511 14/03/2022 23:50:52 22.47 32,67 21.40 32.60 21 329 20.85 232 30.6 1.9 74.2
512 14/03/2022 23:51:52 22.47 3234 21.40 32.60 21 329 20.85 232 30.7 1.7 74.1
513 14/03/2022 23:52:52 22.47 32.67 21.40 32.60 21 328 20.85 232 30.6 1.8 74
514 14/03/2022 23:53:52 22.47 32.67 21.40 32.60 21 329 20.85 232 30.6 1.6 73.4
515 14/03/2022 23:54:52 22.47 32.34 21.40 32.60 21 32.8 20.85 232 30.6 1.6 74.4
516 14/03/2022 23:55:52 22.47 32.67 21.40 32.60 20.9 329 20.75 232 30.6 1.7 74.5
517 14/03/2022 23:56:52 22.47 32.67 21.40 32.60 21 329 20.85 232 30.6 2.1 75
518 14/03/2022 23:57:52 22.47 3234 21.40 32.60 20.9 329 20.75 232 30.6 23 75.2
519 14/03/2022 23:58:52 22.47 32.67 21.40 32.50 20.9 329 20.75 232 30.6 22 75.1
520 14/03/2022 23:59:52 22.47 3234 21.40 32.60 21 329 20.85 232 30.6 22 74.8
521 15/03/2022 00:00:52 22.47 3234 21.40 32.60 209 32.8 20.75 232 30.6 2.1 73.7
522 15/03/2022 00:01:52 225 32.67 21.40 32.60 209 32.8 20.75 233 30.6 1.9 73.8
523 15/03/2022 00:02:52 225 32.67 21.40 32.60 21 329 20.85 233 30.7 1.5 73.5
524 15/03/2022 00:03:52 225 32.67 21.40 32.60 21 329 20.85 232 30.6 1 733
525 15/03/2022 00:04:52 225 3234 21.40 32.60 21 329 20.85 233 30.6 0.7 73
526 15/03/2022 00; 225 32.67 21.40 32.50 21 32.8 20.85 233 30.6 0.5 73
527 15/03/2022 00; 225 32 21.40 32.50 21 329 20.85 233 30.6 0.5 733
528 15/03/2022 00:07:52 225 32.67 21.40 32.50 21 329 20.85 233 30.5 0.6 73.4
529 15/03/2022 00:08:52 225 32 21.40 32.50 21 329 20.85 233 30.6 0.7 73.5
530 15/03/2022 00:09:52 22.47 32 21.40 32.50 21 329 20.85 233 30.6 0.6 73.6
531 15/03/2022 00:10:52 22.47 32.67 21.40 32.60 21 32.8 20.85 233 30.6 0.5 74.6
532 15/03/2022 00:11:52 22.47 32.67 21.40 32.60 21 329 20.85 233 30.6 0.8 74.3
533 15/03/2022 00:12:52 22.47 32.67 21.40 32.50 21 329 20.85 233 30.6 0.7 74.3
534 15/03/2022 00:13:52 22.47 32.67 21.40 32.50 21 329 20.85 233 30.6 0.6 74.2
535 15/03/2022 00:14:52 22.47 3234 21.40 32.50 21 32.8 20.85 233 30.5 0.2 74.1
536 15/03/2022 00:15:52 22.47 32.67 21.40 32.50 21 329 20.85 233 30.5 0.4 74.5
537 15/03/2022 00:16:52 22.47 32 21.40 32.60 21 32.8 20.85 233 30.5 0.5 74.9
538 15/03/2022 00:17:52 22.47 32.34 21.40 32.50 20.9 329 20.75 233 30.5 1 75.7
539 15/03/2022 00:18:52 225 32.67 21.40 32.50 21 32.8 20.85 233 30.6 2 76.7
540 15/03/2022 00:19:52 225 32 21.40 32.60 21 32.8 20.85 233 30.5 23 76.7
541 15/03/2022 00:20:52 225 3234 21.40 32.50 21 329 20.85 233 30.5 22 76.2
542 15/03/2022 00:21:52 225 32.67 21.40 32.60 21 32.8 20.85 233 30.6 24 75.5
543 15/03/2022 00:22:52 225 32.67 21.40 32.50 20.9 32.8 20.75 233 30.5 24 75.3
544 15/03/2022 00:23:52 225 3234 21.40 32.50 20.9 32.8 20.75 233 30.5 22 74.5
545 15/03/2022 00:24:52 225 32 21.40 32.50 20.9 32.8 20.75 233 30.5 1.8 73.9
546 15/03/2022 00:25:52 225 32.67 21.40 32.60 21 32.8 20.85 233 30.6 1.5 73.8
547 15/03/2022 00:26:52 22.54 32.67 21.40 32.60 21 32.8 20.85 233 30.5 1.2 73.6
548 15/03/2022 00:27:52 22.54 32 21.40 32.60 21 32.8 20.85 233 30.6 0.9 73.5
549 15/03/2022 00:28:52 22.54 32.67 21.40 32.60 21 32.8 20.85 233 30.5 0.6 73.4
550 15/03/2022 00:29:52 22.57 32.67 21.40 32.60 21 32.8 20.85 233 30.5 0.6 73.8
551 15/03/2022 00:30:52 22.57 32.67 21.40 32.60 21 32.8 20.85 233 30.6 0.7 74.1
552 15/03/2022 00:31:52 22.57 32.67 21.40 32.60 21 32.8 20.85 233 30.6 0.7 75.1
553 15/03/2022 00:32:52 22.57 32.67 21.40 32.70 20.9 32.8 20.75 233 30.6 0.9 743
554 15/03/2022 00:33:52 22.57 32.67 21.40 32.60 20.9 32.9 20.75 233 30.6 0.9 73.9
555 15/03/2022 00:34:52 22.57 32.67 21.40 32.70 20.9 329 20.75 233 30.6 0.6 74.2
556 15/03/2022 00:35:52 22.57 32.67 21.40 32.70 20.9 329 20.75 233 30.6 0.5 74.4
557 15/03/2022 00:36:52 22.57 32.67 21.50 32.70 20.9 329 20.75 233 30.6 0.4 74.9
558 15/03/2022 00:37:52 22.57 32.67 21.40 32.80 20.9 329 20.75 233 30.6 0.5 74.9
559 15/03/2022 00:38:52 22.57 32.67 21.50 32.70 20.9 33 20.75 233 30.6 0.6 75.4
560 15/03/2022 00:39:52 22.57 32.67 21.40 32.80 20.9 33 20.75 233 30.6 0.5 75
561 15/03/2022 00:40:52 22.57 32.67 21.40 32.70 20.9 33 20.75 233 30.6 0.8 75.2
562 15/03/2022 00:41:52 22.57 32.67 21.40 32.70 20.9 33 20.75 233 30.6 0.7 74.9
563 15/03/2022 00:42:52 22.57 32.67 21.40 32.80 20.9 33 20.75 233 30.6 0.5 74.6
564 15/03/2022 00:43:52 22.57 32.34 21.40 32.80 20.9 33 20.75 233 30.7 0.4 74.8
565 15/03/2022 00:44:52 22.57 32.34 21.40 32.80 20.9 33 20.75 233 30.6 0.5 75.2
566 15/03/2022 00: 22.57 32.34 21.40 32.80 20.9 33 20.75 233 30.6 0.5 75.1
567 15/03/2022 00: 22.57 3234 21.40 32.80 20.9 33 20.75 233 30.6 0.4 74.9
568 15/03/2022 00:47:52 22.57 32,67 2140 32.80 209 33 20.75 233 30.6 0.4 75.4
569 15/03/2022 00:48:52 22.57 32,67 21.40 32.80 209 33 20.75 233 30.7 0.4 75.2
570 15/03/2022 00:49:52 22.57 3234 21.40 32.80 20.9 33 20.75 233 30.6 0.4 75.7
571 15/03/2022 00:50:52 22.57 32,67 21.40 32.80 209 33 20.75 233 30.6 0.6 75.7
572 15/03/2022 00:51:52 22.57 32.67 21.40 32.80 20.9 33 20.75 233 30.6 0.5 76.2
573 15/03/2022 00:52:52 22.57 32,67 21.40 32.80 209 33 20.75 233 30.6 0.4 76.2
574 15/03/2022 00:53:52 22.57 32,67 21.40 32.70 20.9 33 20.75 233 30.6 0.4 75.5
575 15/03/2022 00:54:52 22.57 32,67 21.40 32.80 209 33 20.75 233 30.6 0.2 75.1
576 15/03/2022 00:55:52 22.57 32,67 21.40 32.80 209 33.1 20.75 233 30.6 0 74.9
577 15/03/2022 00:56:52 22.57 32,67 21.40 32.80 20.9 33.1 20.75 233 30.6 0 75
578 15/03/2022 00:57:52 22.57 32,67 21.40 32.80 209 33.1 20.75 233 30.6 0 74.7
579 15/03/2022 00:58:52 22.57 32,67 21.30 32.70 209 33.1 20.75 233 30.6 0.2 74.9
580 15/03/2022 00:59:52 22.57 32,67 21.30 32.80 209 33.1 20.75 233 30.6 0.2 75.1
581 15/03/2022 01:00:52 22.57 32.67 21.30 32.80 209 33.1 20.75 233 30.6 02 75.1
582 15/03/2022 01:01:52 22.57 32,67 21.30 32.80 209 33.1 20.75 233 30.6 0 75
583 15/03/2022 01:02:52 22.57 32,67 21.30 32.80 209 33.1 20.75 233 30.6 0 74.8
584 15/03/2022 01:03:52 22.57 32,67 21.30 32.80 209 33.1 20.75 233 30.6 -0.2 753
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585 15/03/2022 01:04:52 22.57 32 21.30 32.80 20.9 33.1 20.75 332 233 30.6 -0.3 76.6
586 15/03/2022 01 22.57 32.67 21.30 32.80 20.9 33.1 20.75 332 233 30.6 -0.3 77.1
587 15/03/2022 01 22.57 32 21.30 32.80 20.9 33.1 20.75 332 23.4 30.6 -0.1 77.3
588 15/03/2022 01:07:52 22.57 32.67 21.30 32.80 20.9 33.1 20.75 332 23.4 30.6 0.1 71.5
589 15/03/2022 01:08:52 22.54 32,67 21.20 32.80 20.9 33.1 20.75 332 23.4 30.6 0.2 77.2
590 15/03/2022 01:09:52 22.54 3234 21.30 32.80 209 33 20.75 331 234 30.6 0 76.3
591 15/03/2022 01:10:52 22.54 32,67 21.30 32.80 209 33.1 20.75 332 23.4 30.6 0.1 75.7
592 15/03/2022 01:11:52 22.54 32,67 21.20 32.80 209 33.1 20.75 332 23.4 30.6 0.2 76.1
593 15/03/2022 01:12:52 22.54 32,67 21.20 32.80 21 33.1 20.85 332 23.4 305 0.4 76.2
594 15/03/2022 01:13:52 22.54 32.67 21.30 32.90 21 33.1 20.85 332 23.4 305 0.6 76.3
595 15/03/2022 01:14:52 22.57 32,67 21.30 32.90 20.9 33.1 20.75 332 23.4 30.6 0.7 76.2
596 15/03/2022 01:15:52 22.57 32,67 21.30 32.90 20.9 33.1 20.75 332 23.4 30.6 0.9 76.6
597 15/03/2022 01:16:52 22.6 32,67 21.30 32.80 21 33.1 20.85 332 23.4 305 1.3 77

598 15/03/2022 01:17:52 22.6 32,67 21.30 32.90 21 33.1 20.85 332 23.4 30.6 1.6 76.6
599 15/03/2022 01:18:52 22.67 3234 21.30 32.90 21 33.1 20.85 332 23.4 30.6 1.7 76.4
600 15/03/2022 01:19:52 22.7 32,67 21.30 32.90 21 33.1 20.85 332 23.4 30.6 1.6 76.1
601 15/03/2022 01:20:52 22.7 32,67 21.30 32.90 21 33.1 20.85 332 23.4 30.6 1.4 75.7
602 15/03/2022 01:21:52 22.7 32,67 21.30 32.90 21 33.1 20.85 332 23.4 30.6 15 75.8
603 15/03/2022 01:22:52 22.77 32.67 21.30 32.90 21 33.1 20.85 332 23.4 305 1.5 75.4
604 15/03/2022 01:23:52 22.8 32,67 21.30 32.90 21 33.1 20.85 332 23.4 30.6 1.4 75.1
605 15/03/2022 01 22.8 32 21.30 32.90 21 33.1 20.85 332 23.4 30.6 1 75.1
606 15/03/2022 01 22.8 3234 21.40 32.90 21.1 33.1 20.95 332 23.4 30.6 0.9 75.1
607 15/03/2022 01:26:52 22.87 32 21.40 32.90 21.1 33.1 20.95 332 23.4 30.6 0.7 75.1
608 15/03/2022 01:27:52 22.87 31.67 21.40 32.90 21.1 33.1 20.95 332 23.4 305 0.8 75.2
609 15/03/2022 01:28:52 22.87 32 21.40 32.90 21.1 33.1 20.95 332 23.4 30.6 0.8 75.2
610 15/03/2022 01:29:52 22.87 32 21.40 32.90 21.1 33.1 20.95 332 23.4 305 03 74.8
611 15/03/2022 01:30:52 22.87 31.67 21.40 32.90 212 33.1 21.05 332 234 30.6 0 74.7
612 15/03/2022 01:31:52 22.87 32 21.40 32.80 21.2 331 21.05 332 234 30.6 -0.1 75.9
613 15/03/2022 01:32:52 22.87 32 21.40 32.90 21.2 331 21.05 332 234 30.5 -0.1 75.6
614 15/03/2022 01:33:52 22.87 32 21.40 32.90 21.2 33.1 21.05 332 234 30.5 0 75.8
615 15/03/2022 01:34:52 22.87 32 21.30 32.90 21.2 332 21.05 333 234 30.5 -0.1 75.9
616 15/03/2022 01:35:52 22.87 32 21.30 32.80 21.1 332 20.95 333 234 30.6 -0.4 75.2
617 15/03/2022 01:36:52 22.87 32 21.30 32.80 21.1 333 20.95 334 234 30.6 -0.5 74.5
618 15/03/2022 01:37:52 22.87 32 21.40 32.90 211 333 20.95 334 234 30.5 -0.5 74.7
619 15/03/2022 01:38:52 22.77 32 21.40 32.90 211 332 20.95 333 234 30.5 -0.6 74.6
620 15/03/2022 01:39:52 22.77 32 21.40 32.90 211 333 20.95 334 234 30.5 -0.6 75

621 15/03/2022 01:40:52 22.77 32 21.40 32.90 211 332 20.95 333 234 30.5 -0.5 75.2
622 15/03/2022 01:41:52 22.77 32 21.40 32.80 211 333 20.95 334 234 30.6 -0.5 76.1
623 15/03/2022 01:42:52 22.77 32 21.40 32.80 211 332 20.95 333 234 30.5 -0.4 76

624 15/03/2022 01 22.77 32.34 21.50 32.80 21 332 20.85 333 234 30.5 -0.4 77.2
625 15/03/2022 01 22.77 32 21.50 32.80 21 333 20.85 334 23.4 30.5 -0.3 71.5
626 15/03/2022 01:45:52 22.77 32 21.50 32.80 21 334 20.85 335 234 30.5 -0.2 71.5
627 15/03/2022 01:46:52 22.77 32 21.50 32.80 21 334 20.85 335 23.4 30.5 -0.3 78

628 15/03/2022 01:47:52 22.77 32 21.50 32.80 21 334 20.85 335 23.4 30.5 0.2 78.3
629 15/03/2022 01:48:52 22.77 32 21.50 32.80 21 335 20.85 33.6 235 30.5 0.7 78.6
630 15/03/2022 01:49:52 22.77 32 21.50 32.80 21 334 20.85 335 235 30.5 1.3 78.4
631 15/03/2022 01:50:52 22.77 32 21.50 32.80 21 334 20.85 335 235 30.5 1.5 78.3
632 15/03/2022 01:51:52 22.77 32.34 21.50 32.80 21 334 20.85 335 235 30.5 1.7 71.9
633 15/03/2022 01:52:52 22.8 32.67 21.50 32.80 21 334 20.85 335 235 30.5 1.8 77.1
634 15/03/2022 01:53:52 22.84 32 21.50 32.90 21 334 20.85 335 235 30.5 1.7 76.4
635 15/03/2022 01:54:52 22.84 31.67 21.50 32.80 21 333 20.85 334 235 30.5 1.4 75.8
636 15/03/2022 01:55:52 22.84 32.34 21.50 32.90 21 33.4 20.85 335 235 30.5 1.3 75.9
637 15/03/2022 01:56:52 22.8 32 21.50 32.80 21 333 20.85 334 235 30.5 1.3 75.7
638 15/03/2022 01:57:52 22.64 32.67 21.40 32.90 21 333 20.85 334 235 30.5 1.4 75.7
639 15/03/2022 01:58:52 224 32.67 21.40 32.80 21.1 333 20.95 334 235 30.5 1.5 75.8
640 15/03/2022 01:59:52 22.1 33.67 21.40 32.90 21.1 333 20.95 334 235 30.5 1.7 76.1
641 15/03/2022 02:00:52 21.87 33.67 21.30 32.90 21.1 333 20.95 334 235 30.5 1.7 75.9
642 15/03/2022 02:01:52 21.6 3434 21.20 33.00 21 333 20.85 334 235 30.5 1.6 753
643 15/03/2022 02:02:52 21.44 3434 21.20 33.00 21 333 20.85 334 235 30.5 1.8 75.7
644 15/03/2022 02:03:52 21.27 35.34 21.20 33.00 21 333 20.85 334 235 30.5 2.1 753
645 15/03/2022 02:04:52 21.17 35.34 21.20 33.00 21 333 20.85 334 235 30.5 2.1 74.7
646 15/03/2022 02:05:52 21.24 35 21.20 33.00 21 333 20.85 334 235 30.5 22 74.3
647 15/03/2022 02:06:52 21.37 34.67 21.30 33.00 21 333 20.85 334 235 30.6 22 73.9
648 15/03/2022 02:07:52 21.6 3434 21.30 33.00 21 333 20.85 334 235 30.5 22 737
649 15/03/2022 02:08:52 21.84 3434 21.30 33.00 21 334 20.85 335 235 30.5 22 733
650 15/03/2022 02:09:52 22 33.34 21.30 33.00 21 334 20.85 335 235 30.5 2.1 73

651 15/03/2022 02:10:52 22.14 33.34 21.30 33.00 21 334 20.85 335 235 30.5 22 73.3
652 15/03/2022 02:11:52 223 33.34 21.40 33.00 21.1 334 20.95 335 235 30.6 2 73

653 15/03/2022 02:12:52 224 33.34 21.40 33.10 21.1 335 20.95 33.6 235 30.5 1.9 72.8
654 15/03/2022 02:13:52 22.5 33.34 21.40 33.00 21.1 33.6 20.95 337 235 30.5 2 72.8
655 15/03/2022 02:14:52 22.57 32.67 21.40 33.10 21.1 33.6 20.95 337 235 30.5 1.9 73

656 15/03/2022 02:15:52 226 32.67 21.40 33.10 21.1 33.6 20.95 337 235 30.5 1.9 72.7
657 15/03/2022 02:16:52 22.67 32.67 21.40 33.10 21.1 33.6 20.95 337 235 30.5 22 73.2
658 15/03/2022 02:17:52 22.7 32.67 21.50 33.20 21.2 33.6 21.05 337 235 30.5 22 72.9
659 15/03/2022 02:18:52 22.74 32.67 21.50 33.40 21.2 336 21.05 337 235 305 2.1 72.8
660 15/03/2022 02:19:52 22.8 32.34 21.50 33.80 21.2 33.6 21.05 235 305 2 72.8
661 15/03/2022 02:20:52 22.84 32 21.50 34.10 21.2 33.6 21.05 235 30.6 1.9 72.5
662 15/03/2022 02:21:52 22.84 3234 21.50 34.20 21.2 33.6 21.05 235 30.5 1.8 727
663 15/03/2022 02:22:52 22.87 32.67 21.40 34.10 21.2 33.6 21.05 235 305 1.8 72.8
664 15/03/2022 02:23:52 22.87 32.67 21.40 34.10 21.2 33.6 21.05 235 305 1.9 72.9
665 15/03/2022 02:24:52 22.84 32,67 21.40 34.00 21.2 337 21.05 235 305 1.8 72.7
666 15/03/2022 02:25:52 22.77 32,67 2140 34.00 21.2 33.6 21.05 235 305 1.8 72.4
667 15/03/2022 02:26:52 22.77 32,67 21.40 33.90 21.2 33.6 21.05 235 305 1.8 72.7
668 15/03/2022 02:27:52 22.7 32,67 21.30 33.80 21.2 33.6 21.05 235 305 1.7 72.6
669 15/03/2022 02:28:52 22.64 3234 21.30 33.80 21.1 33.6 20.95 235 305 1.4 73

670 15/03/2022 02:29:52 22.64 32.67 21.20 33.70 21.1 335 20.95 235 305 1.5 72.8
671 15/03/2022 02:30:52 22.57 32,67 21.20 33.70 21.1 335 20.95 235 304 1.3 72.9
672 15/03/2022 02:31:52 22.54 32,67 21.20 33.60 21.1 335 20.95 235 304 1.2 72.9
673 15/03/2022 02:32:52 22.47 3234 21.20 33.60 21.1 335 20.95 235 304 0.9 72.8
674 15/03/2022 02:33:52 22.47 3234 21.10 33.50 21.1 335 20.95 235 304 0.6 72.7
675 15/03/2022 02:34:52 22.5 3234 21.10 33.50 21.1 335 20.95 235 304 0.5 72.7
676 15/03/2022 02:35:52 225 32,67 21.10 33.40 21.1 334 20.95 235 304 0.5 73.2
677 15/03/2022 02:36:52 225 32,67 21.10 33.40 21.1 334 20.95 235 304 0.5 73.5
678 15/03/2022 02:37:52 225 3234 21.10 33.40 21.1 333 20.95 235 304 0.7 73.5
679 15/03/2022 02:38:52 225 3234 21.10