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Abstract: As most residents spend more than 90% of their time in buildings, acceptable and reasonable
control of both indoor thermal comfort and air quality is imperative to ensure occupants” health
status and work productivity. However, current control strategies generally take either thermal
comfort or indoor air quality as a single loop, rather than the concurrent control of two. To analyze
their mutual influence, this study investigated the performance of three multi-control approaches,
i.e., proportional integral derivative (PID) control of thermal comfort and a fixed outdoor air ratio,
PID control of thermal comfort and design outdoor air rate, and PID control of thermal comfort and
occupancy-based demand-controlled ventilation. As a pilot study, three typical control methods were
implemented to a multi-zone building via OpenModelica modeling. The results indicate that indoor
air temperature can be well-maintained under three control methods, however, the CO, concentration
under the fixed outdoor air ratio was over 1000 ppm, leading to poor indoor air quality. The control
strategy with the design outdoor air rate could not properly ensure the CO, concentration, due to the
over-ventilated or under-ventilated phenomena, subsequently resulting in unnecessary energy waste.
The occupancy-based demand controlled ventilation could maintain the CO; concentration under the
set-point with an intermediate power energy utilization.

Keywords: thermal comfort; indoor air quality; multi-control strategies; energy use;
OpenModelica modeling

1. Introduction

Among building energy consumers, heat, ventilation, and air conditioning (HVAC) systems
dominate more than 40% of power consumption, to maintain acceptable indoor air quality (IAQ)
and thermal comfort (TC) status [1,2]. These two objectives are consistently urgent and essential
issues for human health, since most people spend more than 90% of their time inside buildings [3,4].
A poor IAQ or uncomfortable indoor environment could cause health problems and diseases, as well as
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negatively affect work productivity and occupants” performance [5,6]. However, there is always
a trade-off between energy consumptions and maintenance of IAQ and TC [7]. Energy-efficient
HVAC systems might compromise IAQ and TC, while strict construction of healthy and comfortable
indoor environment usually demands more energy consumptions. Thus, the energy-efficient control
strategies of IAQ and TC has gained the attention of researchers, to reduce energy consumption without
compromising thermal comfort [8,9] and IAQ [10,11], which shows that these energy efficient control
strategies have the potential to save 14% to 34% of building energy.

1.1. Control Strategies of TC

Concerning the air-conditioned space, the cool or heat air supply aims to offset the cooling
or heating loads, respectively, to maintain the conditioned space within the desired temperature
scope. Too high or too low indoor air temperature might cause uncomfortable thermal sensation to
occupants and consequently affect their work efficiency and health status as well [12,13]. Typical air
conditioning (AC) systems can be categorized into constant air volume (CAV) system, fan-coil (FC)
system, and variable air volume (VAV) [14]. The control strategies of indoor air temperature for three
kinds of AC systems are different. The CAV system varies the supply of air temperature to match the
dynamic cooling/heating loads, to maintain a predetermined indoor air temperature. The FC system
maintains a desired indoor air temperature by adjusting the flow rate of chilled water. As for the VAV
system, the supply air volume is changed to match the reduction of space load during the partial-load
period, to ensure the acceptable indoor air temperature. Compared to the CAV and FC systems,
the VAV system has the best energy-efficiency performance that can save a lot of fan power energy,
by varying the supply air volumes [14]. In [15], the advancement of control strategies in VAV systems
were reviewed. The most common and widely used controllers in the VAV systems are the proportional
integral derivative (PID) controllers, as they have the advantages of restricting the control system to
the set-point and are easy to realize with a simple structure. Meanwhile, researchers also proposed
some optimal and predictive controllers in the VAV systems, e.g., fuzzy prediction PID controller [16],
reset of static pressure control [17], air temperature reset control [18], and occupancy-demanded model
predictive control (MPC) [19]. Compared to conventional PID controllers, the optimal controllers
consider possible future interior and exterior disturbances, but complex and non-linear building
models are required for these optimal controllers, which means it is harder to realize and implement
this in actual applications [15]. Although many control strategies within VAV systems are proposed,
the control objective was just indoor air temperature and thermal comfort, and fewer control strategies
concerned ventilation and TAQ.

1.2. Control Strategies of IAQ

Besides thermal comfort, IAQ is a critical factor affecting human health. Generally, a livable
indoor environment is free from toxic gas, and thus the concentration of carbon dioxide (CO,) is a
major concern. A high level of CO, can cause sick building syndromes of occupants, e.g., headache,
breath with difficulty, etc. [20]. In most buildings, ventilation is a typical method to improve indoor air
quality, and ventilation systems are efficiently equipped to dilute contaminants, improve the indoor
environment and decrease the risk of public health problems, by introducing non-polluted outdoor air
throughout buildings [21]. The ventilation requirement of the ASHRAE Standard 62.1 [22] prescribes
the ventilation rates in two components, one to dilute the contaminants generated by the occupants
and the other for building-related sources. While the energy cost is much higher, since outdoor air
cooling/heating load constitutes most energy consumption in HVAC systems, some studies show that
30% or more of the annual cooling/heating energy cost would be consumed, while handling the outdoor
air in a typical office building [23]. Energy demand for building ventilation systems forms one of the
most important operating factors when maintaining the health level of IAQ of buildings [24]. Therefore,
efforts on outdoor air control significantly focus on indoor air quality and building energy consumption.
Moreover, demand-controlled ventilation is a method validated in controlling outdoor airflow to
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achieve the proper balance between IAQ and energy saving. In [25], a dynamic demanded-controlled
ventilation strategy of CO; control was applied to an hourly scheduled sports training center, by setting
a base ventilation rate for unoccupied periods and calculating the ventilation rate dynamically at each
occupied period. The results showed that the strategy could save 34% of energy related to ventilation
air as compared to proportional control. Except for adjusting ventilation rate, an alternative control
strategy of supply air CO, concentration could also achieve CO; control. In [26], a supply CO;-based,
demand-controlled ventilation strategy was proposed by determining the CO, concentration of supply
air to meet the IAQ requirement of the critical zone, which showed that such a control strategy could
maintain good IAQ with 3.1% annual energy saving. While the supply CO,-based, demand-controlled
method was based on the design occupancy profile rather than the real occupancy, when analyzing the
CO; levels, researchers assumed the supply air rate was constant, without considering the changes of
indoor air temperature, which was not in accordance with the actual situation. In the authors’ previous
work [27], the occupancy-based DCV (demand-controlled ventilation) strategy was proposed and
applied to a multi-zone building, to optimize indoor air quality. However, when coordinating the
ventilation rate for multi zones, the supply air rate and indoor air temperature were predetermined
without consideration of the variation of indoor air temperature.

Through the above statement, we note that the current control strategies of indoor air temperature
and CO; are independently performed, without considering the mutual influence between indoor
air temperature control and CO, control. In fact, the indoor air temperature control in VAV systems
could result in the change of outdoor air rate and affect the CO, concentration levels for multi-zone
buildings. Conversely, the CO; control might also have certain effects on supply air rate and indoor
air temperature. In this study, the multi-control strategies of indoor air temperature and CO, were
investigated with OpenModelica simulation, by simultaneously analyzing the changing patterns of
indoor air temperature and CO, concentration, for a multi-zone building with VAV systems. The control
performance of three typical multi-control strategies, i.e., PID control of thermal comfort and a fixed
outdoor air ratio, PID control of thermal comfort and design outdoor air rate, PID control of thermal
comfort and occupancy-based demand-controlled ventilation, were compared via the OpenModelica
modeling. With the predicted occupancy profiles, the performance of occupancy-based, multi-control
strategy for indoor air temperature and CO, were evaluated as well. Finally, the energy usage of three
multi-control strategies was also analyzed.

2. Background

2.1. Principles of Indoor Air Temperature Control and CO, Control

As defined in the ASHRAE standard 55 [28], indoor air temperature should range within the
thermal comfort zone to ensure people’s thermal comfort status. If the indoor air temperature is too
high, some occupants might feel hot, while if the temperature is too low, some occupants might feel cold.
Indoor air temperature is the key factor that affects thermal sensations of occupants. Meanwhile, indoor
air temperature is influenced both by internal and external parameters, e.g., supply air conditions,
outdoor air temperature, the number of occupants, etc. For an air-conditioned thermal zone, the heat
balance of the indoor environment can be expressed as Equation (1):

dT,

Capvzd—t

= CﬂpVSZ(TS - TZ) + Qload 1)
where T is the indoor air temperature of the conditioned zone, K; V; is the volume of the conditioned
zone, m>; p is the air mass density, kg/m3 ; C, is the specific heat of air (at constant pressure), J/(kg-K);
Vs is the supply air rate for the conditioned zone, m3; T; is the supply air temperature, K; and Qg is
the cooling load of the conditioned space, W.

As the cooling load varied with the outdoor conditions (i.e., outdoor air temperature) and the
internal loads (i.e., occupants, electric devices), the supply air rate or supply air temperature could
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be adjusted to ensure the heat balance of indoor environment and control indoor air temperature.
According to different control variables, thermal comfort control strategies could be divided into
variable volume control (VAV) and variable temperature control [29]. The premier control method
aims to maintain the heat balance by changing the volume of supply air with constant supply air
temperature. The other control method (i.e., variable temperature control) tries to change supply air
temperature to ensure the heat balance of the indoor environment. Compared to variable temperature
control, VAV control is more widely implemented in practical applications, as it is easy to realize [30].

Beside thermal comfort, there is a growing concern about the need to improve the indoor air quality
of buildings and reduce the associated ventilation energy consumption. As for the air-conditioned
space, the indoor pollutant mainly concerns carbon dioxide generated by occupants’ respiration.
The mass balance of CO; in the ventilation space can be expressed as below:

ac,

VourCo +me = Vot C; =V dt )

where V,,; is the outdoor air rate, m3/s; C, is the outdoor air CO, concentration that can be regarded as
constant, g/m3 ; m, is the indoor CO; generation rate, g/s; C; is the CO, concentration of the ventilation
zone, g/m3 :and V is the volume of the ventilation zone, m>.

Based on Equation (2), the CO, concentration level of the zone is affected by the outdoor air
rate and the CO, generation rate of the zone. At the same time, the CO, generation rate is related
to the number of occupants inside the zone. According to the ASHRAE standard 62.1-2019 [22],
the outdoor air rate can be determined by the occupancy and required outdoor air rate for each person.

Consequently, the proper determination of outdoor air rate is the key to maintain indoor air quality.

2.2. Multi-Control of Indoor Air Temperature and CO,

The multiple control of thermal comfort and indoor air quality can be easily implemented for a
single room or single-zone buildings, which could be achieved by controlling the supply air rate and
outdoor air rate, respectively, according to the thermostat and CO, sensor. However, as for multi-zone
buildings, the building shares only one air handling unit (AHU) to provide fresh air and cool air to
different thermal zones, to concurrently ensure the thermal comfort and indoor air quality, as shown in
Figure 1 [31].
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Figure 1. The framework of the air conditioning system for multi-zone buildings.

In general, by installing the VAV boxes at each zone, the indoor air temperature could be effectively
maintained by changing the supply air volume. As is known, the indoor air quality is heavily dependent
on the outdoor air rate. Considering the AC system scheme, all return air from different thermal zones
is mixed in the return duct, as expressed by Equation (3):
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Z Vsa,i Cz,i Z Vsu,i Cz,i
i i

C = = 3
' Z Vsa,i Vsa,tot ( )
i

where C, represents the CO, concentration at the return duct; V,; is the supply air rate for zone i;
C,; is the CO; concentration of zone i; Vi, 1t is the total supply air rate of the system. The CO,-based
demand-controlled ventilation is one of the strategies that could lower ventilation energy use by
reducing over-ventilation of the multi-zone buildings. With the CO,-based DCV strategy, the outdoor
air rate is determined by the CO, concentration level at the return duct. However, according
to Equation (3), the CO, concentration level at the return duct cannot accurately reveal the CO,
concentration of multiple thermal zones. Such a controlling approach cannot effectively ensure the
indoor air quality, as it might result in poor indoor air quality in certain zones of multi-zone buildings.
Therefore, the outdoor air rate needs to be carefully determined to ensure acceptable indoor air quality
of different thermal zones, with fewer energy consumptions.

2.3. OpenModelica Modeling

Modelica is an equation-based, object-oriented language, which was developed to model complex
engineering systems that were described by coupled systems of differential, algebraic, and discrete
equations [32]. By using the Modelica prototyping, OpenModelica is an open-source Modelica-based
simulation platform, which is robust to dynamic modeling for complex systems, consisting of
multi-domains [33]. Different from conventional modeling and simulation programs, Modelica-based
simulation program has the advantages of addressing acausal modeling, which can be determined by
users [34]. With OpenModelica platform, a large class of library packages for thermo-fluid systems
can be implemented for simulating HVAC equipment, e.g., ThermoFlow Library, AirConditioning
Library, and Modelica_Fluid Library [35]. For building energy and control systems, the Building
Library, developed by the Lawrence Berkeley National Laboratory, is a free and open-source Modelica
Library that consists of thermal and fluid domains of the HVAC systems and the typical control
strategies [36,37]. Meanwhile, the library supports building envelope and multi-zone simulations.
In our study, the simulation platform OpenModelica with Building Library was used to simulate the
performance of HVAC systems.

3. Methodology and Case Study

Through the statement of control methods of thermal comfort and indoor air quality, it was justified
to combine typical control techniques to investigate the changing laws of indoor air temperature and
CO; concentration. In this study, three different combined control strategies were assessed.

3.1. Multi-Control Strategies for the Control of Indoor Air Temperaure and CO;

3.1.1. Strategy 1: PID Control for Indoor Air Temperature and Fixed Minimum Outdoor Air Fraction

The indoor air temperature was maintained by adjusting the supply air rate of the air handling
unit. A VAV (variable air volume) box was installed at each zone to control the volume of cool air
supplied to the zone, so the supply air rate would be dynamically changed to offset the variable cooling
loads. Through PID control of the damper position, the supply air rate varied from the minimum
to maximum volume, to maintain the indoor air temperature. The relationship between indoor air
temperature and supply air rate could be determined by Equation (1).

As for the indoor air quality, the outdoor air was provided to dilute the indoor contaminants.
Inside air-conditioned buildings, CO, is the main contaminant generated by occupants and other
sources. Outdoor air with a lower CO, concentration level is supplied to buildings to ensure indoor
air quality. The outdoor air rate could be determined by the ratio to supply airflow rate, as shown in
Equation (4):
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ot
= — = const 4
Ve 4)

Generally, the minimum outdoor air ratio ranges from 15% to 30%. In this study, the outdoor air
fraction was fixed as 25%. Thus, the outdoor air rate could be determined by the supply airflow rate.

Ysl

3.1.2. Strategy 2: PID Control for Indoor Air Temperature and Fixed Outdoor Air Rate

The indoor air temperature was also controlled by a VAV box, by changing the supply air volumes.
According to the ASHRAE standard 62.1 [22], the required outdoor airflow rate was determined by
accounting for people-related sources and area-related sources, as shown in Equation (5):

Voz = Ry X P; + Ry X Az 5)

where R;, represents the outdoor airflow rate per person to dilute contaminants generated by people,
L/s-per; R, is the outdoor airflow rate per unit area to dilute contaminants emitted by floor area, L/s:m?;
P, is the designed zone population; A; is the floor area of the zone, m?2. The values of Rp and R, are
related to the building types.

The uncorrected outdoor airflow rate for the multi-zone buildings are shown in Equation (6):

Vou = Rp X Pz,i + Z‘ Ra % Az,i (6)
i=1 i=1

where V,, is the uncorrected outdoor airflow rate of the system, m3/s.
The outdoor air ratio of the system was determined by Equation (7):

RyxP,i+ Y RiXA,;
Vou =1 i=1

Yo = = 7
52 Vst Vst ( )

3.1.3. Strategy 3: PID Control for Indoor Air Temperature and Demand-Controlled Outdoor Air Rate

The indoor air temperature of the system was also controlled by changing the supply air volume
of the VAV boxes. As for the indoor air quality, if the occupancy profile of the different thermal zones
could be predicted, the required outdoor air rate of the zone could be determined, based on Equation (5).
Within Strategy 2, the outdoor air rate was determined by the design number of occupants, since the
accurate occupancy profile could not be obtained. If the occupancy profile of thermal zones could
be well predicted, the outdoor air rate would dynamically change with the predicted occupancy. For
Strategy 3, the ventilation scheme was demand-controlled ventilation with the Wi-Fi probe enabled
occupancy, to avoid possible over-ventilated or under-ventilated cases. The required outdoor airflow
rate of the zone could be determined by Equation (8):

Voz = RP X Ppyg,z’r 4+ R; X A, (8)

where Py " represents the occupants predicted by the Wi-Fi probe at time 7.

As the occupancy profile is known, by comparing the predicted number of occupants of each
zone, the zone requiring the largest outdoor air rate would be selected as the critical zone, as expressed
by Equation (9):

Voz,iT

Critical Zone : Z.; = max({ =
Vsz,i

} ©)

where V,, ;" is the required outdoor air rate of zone i at time 7.

Different from Strategy 2, Py is the predicted number of occupants rather than the design
number of occupants of the zone, and thus the required outdoor air rate was no more constant,
but dynamically varied with time. According to the multi-zone ventilation method [22], the outdoor
air ratio with predicted occupancy profile could be expressed as:



Energies 2020, 13, 4425 7 of 20

'Zl Rp ><ppre,z,iT + 'Zl RoxA,;
i= i=
Vst
'Zl Rp prre,z,ir + Zl Rﬂ ><Az/i
i= i=
1+ Vet -Z cri

Ys3 = (10)

3.2. Case Study

To investigate the performance of control methods on thermal comfort and indoor air quality,
three scenarios using different control strategies were studied via the OpenModelica platform. As the
real occupancy profiles were difficult to collect, it made the demand-controlled strategy hard to
comply with the actual demand of supply air volume and ventilation rate. As mentioned in [38],
arobust occupancy prediction method with the Markov time-window inference approach (DMTWI)
was proposed. In Strategy 3, the Wi-Fi-probe-enabled occupancy profile was used to determine
the outdoor air ratio for ventilation. The occupancy profiles for the office rooms were predicted
by the Wi-Fi-probe-based DMTWI, and the predicted occupancy was over 80%, compared to the
actual occupancy on-site experiment. The details of the occupancy prediction method are given in
previous studies [27,38]. This study mainly focuses on the performance of the occupancy-driven
multi-control strategy.

e Scenario 1: PID control of indoor air temperature and fixed outdoor air ratio to dilute
CO, contaminant.

e  Scenario 2: PID controls of indoor air temperature and design outdoor air rate to dilute
CO; contaminant.

e  Scenario 3: PID controls of indoor air temperature and demanded-control ventilation scheme to
dilute CO; contaminant with Wi-Fi probe enabled occupancy.

The performance of three scenarios was compared via the OpenModelica platform, and the
OpenModelica models are shown in Figure 2. The OpenModelica modeling predicted indoor air
temperature, CO, concentration, and supply air rate, under three scenarios. Based on the simulation
results, thermal comfort, indoor air quality, and power consumption were compared among the three
scenarios. The building model had six similar thermal zones of 10 m X 10 m x 3 m. The supply air
temperature was assumed to be 18 °C. The outdoor air CO, concentration was assumed to be 350
ppm, and the CO, generation rate of a person kept constant at 4.9 x 107 m3/s. Based on the ASHRAE
standard 62.1 for the office building, the outdoor air required rate per person was 3.0 x 1073 m3/s,
and the area per unit was 0.28 x 10™* m3/s. The set-points of indoor air temperature and CO2
concentrations were 24 °C and 1000 ppm, respectively. The simulation period started from 8:30 am to
18:00. The initial CO, concentration level and indoor air temperature of all zones were set as 1000 ppm
and 27 °C, respectively.

To simplify the control loop, this study made some assumptions, such as:

1. The indoor air temperature and CO, concentration were uniformly distributed inside the room;

2. We assumed there were no natural ventilation of all rooms with good air tightness;

3. The heat transfer through the building envelope were ignored, and heat gains for all zones were
assumed to come from occupants, lights, and computers;

Under the first two scenarios, two kinds of occupancy profiles were assessed, i.e., the designed
occupancy recommended by the ASHRAE standards and the real occupancy profile. As for Scenario 3,
the Wi-Fi-probe-enabled occupancy and the real occupancy were compared. Thus, six cases were
investigated within OpenModelica to evaluate the control effects via the indoor air temperature,
CO; concentration levels, and the power energy consumptions. The indoor air temperature and
CO; concentration level of the rooms were initially set as 27 °C and 1000 ppm, respectively. The air
temperature and CO; concentration of fresh air were 30 °C and 350 ppm, respectively.
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Figure 2. (a) Multi-control strategies in the OpenModelica models of different scenarios; (b) Geometry

of office rooms in the multi-zone building.
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4. Results of Multi-Control Strategies

4.1. Scenario 1: PID Control of Thermal Comfort and Fixed Outdoor Air Ratio

Under Scenario 1, the control methods for thermal comfort and indoor air quality were PID control
and fixed outdoor air fraction, respectively. The outdoor air ratio was fixed as 25% to the supply
air volume. The performance of the control method was simulated with OpenModelica. The CO,
concentration level, indoor air temperature, and supply air rate of six zones were investigated through
OpenModelica modeling.

The CO, concentration levels of the six zones are shown in Figure 3. With the fixed fresh air ratio,
the changing laws of CO, concentration for six zones were similar and complied with exponential
changing. At the beginning of the operation time, the CO, concentration increased from 940 ppm to
1280 ppm. After 12:00, the CO, concentration tended to be stable at 1280 ppm. Such a control method
of outdoor air rate could not efficiently dilute the CO, produced by occupants, resulting in poor indoor
air quality.

1320

1280

1240

1200

1160
- Zonel ---- Zone 2

=== Zone 3 —-—-- Zone 4
i e Zone 5 ----- Zone 6

1120
1080
1040

CO, Concentration (ppm)

1000

960

920_ | | | | | | | | | |

09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
Time (h)

Figure 3. The CO; concentration levels under Scenario 1.

Besides the indoor air quality, the indoor air temperature under PID control was simulated,
as shown in Figure 4. During the operation period, the values of indoor air temperature had small
variations around the set-point of indoor air temperature (i.e., Tset = 24 °C). The largest discrepancy
ranged from —0.5 °C to 0.1 °C. The indoor air temperature rose from 23.5 °C to 24 °C during the
first four operation period with few occupants inside the building. After 10:00 am, the indoor air
temperature was well-maintained around 24 °C. Therefore, the PID control of indoor air temperature
could effectively ensure an acceptable thermal environment for occupants by controlling supply
air volumes.
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Figure 4. The indoor air temperature of six zones under Scenario 1.

Under Scenario 1, the changing patterns of supply air rate of the six zones were analyzed.
As shown in Figure 5, the supply air rate dynamically varied with time during the operation period.
Due to the different number of occupants in each zone, the supply air rate was subsequently different.
The supply air volumes of Zone 1 and Zone 4 were higher than the other four zones. By assessing the
changing curves in Figure 5, it could be summarized that the supply air rate showed an increase at the
beginning, as the occupants started entering the building. Then, the supply air volumes decreased
as fewer people stayed in the office at lunchtime. In the afternoon, the overall supply air volumes
kept stable. After 17:00, the supply air rate decreased, since the occupants gradually left the office.
Therefore, the changing patterns of supply air rate complied with the occupancy profile, to maintain
indoor air temperature.

The supply air volume and outdoor air rate of the system are calculated, as shown in Figure 6.
The changing patterns of the supply air rate and the outdoor air rate were similar, due to the constant
outdoor air ratio of 0.25. The maximum supply air rate was 1.0 m3/s at 15:00.
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Figure 5. Supply air rate of six zones under Scenario 1.
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Figure 6. Supply air rate, outdoor air rate, and outdoor air ratio under Scenario 1.
4.2. Scenario 2: PID Control of Thermal Comfort and Design Outdoor Air Rate

Under Scenario 2, the PID control was used to maintain thermal comfort, while the multi-zone
ventilation method was applied to dilute CO; generated by occupants. Generally, the real occupancy
profile of the thermal zones is unknown. Strategy 2 provides the method to calculate the outdoor
airflow rate, expressed as Equation (5), and the required outdoor airflow rate was determined by the
design number of the occupants of the zone. Therefore, the outdoor airflow was maintained constant
during the operation period.

Through OpenModelica modeling, the CO; concentration of the six zones under the ventilation
scheme of Strategy 2 was predicted, as shown in Figure 7. The figure presents the CO, concentration
level of six thermal zones, which first increased with the number of occupants from 8:30 to 11:00.
During this period, as there were fewer occupants than the design occupancy, the CO, concentration



Energies 2020, 13, 4425 12 of 20

of the six zones rose from 350 ppm to 1000 ppm. When the real number of occupants was larger than
the design number, the CO, concentration level was over the set-point (i.e., 1000 ppm). Taking Zone
4 and 5 as an example, the CO, concentration levels were higher than the set-point from 14:30 to
18:00. At the beginning of the working period, the CO, concentration of the six zones was much lower
than 1000 ppm, indicating over ventilation. While under ventilation occurred as the real number
of occupants increased beyond the design number. The ventilation scheme with fixed outdoor air
rate could not properly ensure CO, concentration during the operation period, due to the ventilation
scheme with the potential to cause over-ventilated or under-ventilated cases.

1200~
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Figure 7. The CO; concentration of six zones under Scenario 2.

The indoor air temperature was also analyzed via OpenModelica modeling. As illustrated in
Figure 8, the indoor air temperature had a small variation around the set-point of indoor air temperature
(i.e., Tset = 24 °C). The largest discrepancy between indoor air temperature and the set-point varied
from —0.05 °C to 0.1 °C. Thus, the indoor air temperature could be effectively controlled to maintain
the thermal comfort of occupants by changing the supply air rate.

Meanwhile, the supply air rate of six zones was evaluated, as shown in Figure 9. The figure
presents the changing patterns of the supply air rate of the six zones. Due to the dynamic occupancy
profile, the supply air rate of each zone varied with time, during the working period. By analyzing
the changing patterns of the supply air rate of the six zones, it could be concluded that from 8:30 to
11:00, the supply air rate gradually increased from the minimum value (the required ventilation rate)
as the occupancy of the zone changed from the unloaded state to the partially loaded state. During the
afternoon, the supply air volume reached the maximum value with fully loaded occupants.

The total supply air rate and outdoor air rate of the air conditioning system were analyzed, as shown
in Figure 10. Under Scenario 2, the total outdoor air rate of the system was constant, as the outdoor air
rate of each zone was determined under the design number of occupants. While the total supply air rate
of the system varied with time, and the maximum supply air rate was 1.3 m3/s, occurring at 15:00. At the
beginning of the operation period, with a fixed outdoor air rate, the phenomenon of over ventilation
appeared, as the real number of occupants was much smaller than the design value. Figure 7 also
reflects over ventilation, as the CO, concentration levels of the six thermal zones ranged from 350 ppm
to 500 ppm between 8:30 to 9:30. Therefore, the fixed outdoor air rate would cause over-ventilation at
the beginning of the operation period, which might cause unnecessary wastage of power energy.
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Figure 10. Supply air rate, outdoor air rate, and outdoor air ratio under Scenario 2.

4.3. Scenario 3: PID Control of Thermal Comfort and Demand-Based Ventilation with Wi-Fi-Enabled Occupancy

Different from the fixed outdoor air ratio and design outdoor airflow rate, the outdoor airflow rate
was determined by the occupancy predicted by the Wi-Fi probe. According to gy 3,Strate the thermal
zone with the largest number of occupants was selected as the critical zone, and the outdoor airflow
rate was determined by the required fresh air of the critical zone. Strategy 3 was applied to the
air conditioning system, severing six thermal zones on the platform of OpenModelica. With the
Wi-Fi enabled occupancy, the outdoor airflow rate was first determined by Strategy 3. The outdoor
airflow rate was input to the OpenModelica model, and the CO, concentration levels of the six
zones were simulated. The CO, concentration of the six thermal zones was predicted, as shown in
Figure 11. The figure shows that the CO, concentration of the six thermal zones was not over 1000 ppm,
which indicates that the determined outdoor air volume could effectively ensure the indoor air quality
of six zones. Except Zone 2, the CO, concentration level of the other five zones generally varied from
850 ppm to 1000 ppm. During 13:00 t0 14:00, Zone 2 had the lowest CO, concentration, which was
caused by the large discrepancy of occupants between Zone 2 and the critical zone.

Besides the CO, concentration of the six zones, indoor air temperature was analyzed as well,
as shown in Figure 12. Under Scenario 3, the indoor air temperature could be maintained around the
set-point, by effectively controlling the supply air rate. The changing patterns of air temperature for
the six zones were similar. From 8:30 to 9:00, there were large variations of air temperature, as the
indoor air temperature varied from 23.6 °C to 24.1 °C. After 9:00, the indoor air temperature had small
variations around the set-point (i.e., Ts;t = 24 °C), and the discrepancy between indoor air temperature
and the set-point ranged from —0.1 °C to 0.1°C.

The supply air volume under Scenario 3 was simulated, as presented in Figure 13. Compared to
the changing patterns of Scenario 1 and 2, the supply air rates of the six zones showed smaller variations
during the working period. As the outdoor air volume was determined according to the predicted
occupancy profile, the supply air volume of each zone also varied with the occupancy. Meanwhile,
the curves of supply air rate for the six zones were similar. At the beginning of the working period,
the supply air rate fluctuated. Then the supply air rate for each zone fluctuated around the average
value. For example, after 12:00, the supply air rates of Zone 1 and Zone 2 fluctuated around 0.25 m3/s
and 0.20 m3/s, respectively. The overall supply air rates of Zone 4, 5, and 6 varied around 0.15 m3/s.

The supply airflow rate and outdoor airflow rate of the air conditioning systems were simulated
as well, as shown in Figure 14. The changing curves of the supply air rate and the outdoor air rate
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were similar, as they both varied with the occupancy profile. Generally, the outdoor air ratio under
Scenario 3 was 0.55.
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Figure 11. The CO; concentration of six thermal zones under Scenario 3.

n 22
sl Zone 1 wil Zone 2
2407 2.0
239 239}
238 238}
237} 237}
2360500 10:00 77:00 72:00 13:00 14:00 15.:00 16:00 77:00 1800 >0 0900 10-00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
Time (h) Time (h)
22 22
Zone 3 Zone 4
2.1} 2.1
2.0/ 240
239} 239
238 238
237} 237
26" 0500 10:00 19:00 12/00 13:00 14:00 15:00 16:00 1700 18:00  2© 0900 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 1800
Time (h) Time (h)
22, 22,
il Zone 5 sl Zone 6
2401 240
29 29}
28 238}
237l 237}

6 L L L L L L L L L L
09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00

Time (h)

09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
Time (h)

Figure 12. Changing patterns of the indoor air temperature of the six zones, under Scenario 3.
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Figure 13. Supply air rate of six zones under Scenario 3.
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Figure 14. The supply air rate and outdoor air rate of the AC system under Scenario 3.

4.4. The Energy Use of the Three Scenarios

16 of 20

Energy use under the three scenarios was analyzed, except for the control performance of indoor
air temperature and the CO, concentration. Energy consumption concerned the power energy of the
supply air fan and the outdoor air fan. The rated power of the supply air fan (FCU) was 1100 W, with a
rated airflow rate of 5000 m3/h. The rated power and airflow rate of the fresh air fan (FAU) was 370 W
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and 2700 m>/h, respectively. The power energy of the air fan was proportional to the third power of

the air volume ratio: 5

Gairfl
Pfan = Pfan,rated X (G - er Owt d) (11)
airflow,rate

where Py, is the power energy of the fan, W; Prap, rateq is the rated power energy of the fan, W; Girfiow is
the airflow rate of the fan, m3/h; and Gairflow, rated 15 the rated airflow rate of the fan, m3/h.

Based on Equation (11), the total power energy of the AC system under the three scenarios was
calculated, as presented in Figure 15.
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Figure 15. Total power energy of fans under three scenarios.

Through the comparison of the power energy among three scenarios, it was found that the power
energy of fans under Scenario 1 was the lowest with the fixed outdoor air fraction. While Scenario 2
consumed the highest power energy with the designed outdoor air rate. The maximum value was
1031 W at 15:00, when the occupancy was fully loaded. For Scenario 3, the outdoor air was determined
according to the predicted occupancy, and thus, the power energy was overall lower than Scenario 2.
Since the control method of indoor air temperature was the same for three scenarios, the ventilation
scheme decided the discrepancies of power energy. Considering the control performance and power
energy of the three control strategies, Strategy 3 had the best performance to maintain thermal comfort
and indoor air quality, with acceptable energy usage.

Above all, the comprehensive performance of three control methods for thermal comfort and
indoor air quality was discussed. Compared to Strategy 3, Strategy 1 and Strategy 2 were easier
implemented in actual applications. The difference between the three strategies lay in the control
technique of indoor air quality. By comparing CO, concentration levels of the six zones under
three scenarios (i.e., Figures 3, 7 and 11), it could be deduced that Scenario 1 had the worst control
performance of indoor air quality, as the CO, concentration patterns possess exponential change,
and the maximum CO; concentration level reached 1280 ppm. Moreover, the main drawback of
Strategy 1 was that outdoor air rate varied with the supply air rate, and low supply air rate induced
low outdoor air rate, which caused a poor IAQ for the multi-zone buildings. Under Scenario 2,
the CO; concentration of certain zones was too low, while the other zones were over the set-point
of CO, concentration (i.e., Cset = 1000 ppm). The drawback of Strategy 2 was that over-ventilated
or under-ventilated cases occurred for the multi-zone buildings. With the predicted occupancy,
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the ventilation scheme was demand-based ventilation, as the outdoor air rate was determined by
the predicted occupancy. Under Scenario 3, the indoor air quality of multiple zones could be well
maintained with CO, concentration levels of six zones under the set-point (Figure 11). As for the control
performance of the thermal comfort, indoor air temperature of six zones could be well maintained
around the set-point (i.e., Tset = 24 °C), as the supply air rate was controlled to ensure the heat balance
of the thermal zones (shown in Figures 4, 8 and 12). Besides the performance of thermal comfort and
indoor air quality, the energy performance of the three scenarios was compared. The power energy of
Scenario 1 was the lowest, while for Scenario 2 the power energy was the highest with the designed
outdoor air rate. Compared to Scenario 2, Scenario 3 consumed less power energy, with demand-based
ventilation strategy, and the discrepancy between the two scenarios ranged from 14.3% to 54.9%.

5. Conclusions

In this study, the combined control methods of thermal comfort and indoor air quality were
investigated to evaluate the control performance and energy use. Three multi-control strategies were
applied to a building with six office rooms corresponding to three scenarios. The indoor air temperature
and CO, concentration level of six zones were simulated via OpenModelica platform. Meanwhile,
the power energy consumptions of the air conditioning system were compared among three scenarios.
Concerning the control performance of thermal comfort, the indoor air temperature of six zones could be
well maintained under three scenarios with variable air volume. The temperature differences between
indoor air temperature and the set-point ranged from —0.5 °C to 0.1°C, which signified that the VAV
could efficiently ensure the thermal comfort of occupants. Through the analysis of CO, concentration
levels, the indoor air quality of the six zones under Scenario 1 was the poorest, as the CO, concentration
was over the set-point during the operation period. The ventilation scheme with fixed outdoor air
fraction could not provide enough fresh air to dilute the CO, generated by occupants. Under Scenario 2,
the outdoor air rate was determined as the design outdoor air rate, according to the ASHRAE standard.
When the number of occupants was more than the design number, the CO, concentration level was
over 1000 ppm. The CO, concentration of the six zones ranged from 350 ppm to 1000 ppm between
8:30 to 12:00, with fewer occupants inside the building. Different from Scenario 2, the outdoor air
rate dynamically varied with the number of occupants. Based on the predicted occupancy with the
Wi-Fi probe, the ventilation scheme was demand-based outdoor air rate, under Scenario 3. The CO,
concentration of the six zones could be maintained around 1000 ppm. Additionally, the total power
energy of the three scenarios was analyzed. Although the power energy of Scenario 1 was the lowest,
the control method could not provide acceptable indoor air quality for occupants. While the control
method of Scenario 2 consumed the highest power energy, this control method might induce over
ventilation, due to the use of a design outdoor air rate. Scenario 3 required less power energy than
Scenario 2 to maintain acceptable indoor air quality for the six zones, as the ventilation method was
demand-based ventilation. Therefore, Strategy 3 (i.e., PID control of thermal comfort and demand-based
ventilation) possessed the best performance on controlling thermal comfort and indoor air quality.
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