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ARTICLE INFO ABSTRACT

Keywords: A coupled energy, airflow, and contaminant transport building model was developed using co-simulation be-
Co-simulation tween EnergyPlus and CONTAM. The model was used to analyze different strategies to control supply air delivery
EnergyPlus

and return air recirculation rates including the use of demand-controlled ventilation (DCV) strategies. Strategies

COI\,ITAM, . were evaluated for their effects on indoor pollutant concentrations and energy use of an office building in
Recirculation of return air ) X . o ) N o
Energy use Trondheim, Norway. Typically, office buildings in Norway employ 100% outdoor air ventilation systems.

1AQ Measurements in the office building served as the basis to develop the coupled model. The same building was
also simulated with the outdoor conditions of Beijing.

The results showed that all the simulated DCV strategies yielded reductions in energy use compared to a
baseline, schedule-based strategy. Using recirculation of return air was also an energy efficient measure which
increased the otherwise low indoor humidity levels in Trondheim. Using CO,-based DCV may result in increased
levels of indoor particulate (PMjy 5) from outdoors but using PM3 5 monitoring in the ventilation control strategies
reduced indoor concentration of PM; 5 and energy usage. However, the low outdoor PMj 5 levels in Trondheim
may not justify its use in this location. The Beijing case revealed that the indoor levels of PMj 5 can be reduced
below the World Health Organization requirement of annual average of 10 pg/m> using PMy 5 control.

Co-simulation results revealed that it is possible to both reduce energy use and improve IAQ by controlling the
outdoor air fraction based on multiple pollutants while also considering local outdoor environments.

Reduced energy consumption is the prime motivation in developing
the latest European regulations and standards [5]. Highly efficient

1. Introduction buildings, such as Passive houses [6] or zero-emission buildings [7],
require a significant decrease in energy use compared to current con-

Systematically reducing outdoor airflow rates to buildings is a struction. Heat/energy recovery and demand-controlled ventilation
common strategy to limit energy use [1]. While reducing outdoor (DCV) are usually proposed to reduce energy use [8-11] as they reduce
airflow rates may yield energy savings and lower operational costs, it fan energy and ventilation air heating needs. In cold climates, the
can also lead to increased indoor contaminant levels for contaminants temperature difference between indoors and outdoors may be over 40 °C
generated indoors. Low outdoor air intake rates, especially in airtight [12]. When ventilating with 100% OA, a common practice in Norway,
buildings, can degrade indoor air quality (IAQ) and increase sick the heating of this outdoor air may represent a considerable energy
building syndrome (SBS) symptoms [2,3]. There is a growing body of demand that can be reduced by heat recovery [8]. In warmer climates
literature that recognizes the importance of ventilation in working and when using 100% OA, heating needs would increase in wintertime and
living environments, and minimum outdoor air (OA) intake rates are in summer, cooling demand or dehumidification demands may appear.
required by building standards and regulations to promote occupant With DCV, the ventilation airflow rates depend on the concentration
health, well-being, and productivity. However, there are often trade-offs of one or more airborne contaminants or some other indicator of
between increased amounts of outdoor air and increased energy con- building occupancy. Typical strategies involve maximizing ventilation

sumption and costs [4].
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Nomenclature

AFR Air Flow Rate
AHU Air Handling Unit

C Concentration
CAV Constant Air Volume
CO, Carbon dioxide

DCV Demand Controlled Ventilation

EMS Energy Management System

FMI Functional Mock-up Interface

FMU Functional Mock-up Unit

HVAC  Heating, Ventilation and Air- Conditioning

IAQ Indoor Air Quality

IDF Input data file (for EnergyPlus)
MERV  Minimum efficiency reporting value
OA Outdoor Air

PM Particulate matter

PRJ CONTAM project file

Ret Return air

RH Relative humidity

SBS Sick Building Syndrome

T Temperature

vocC Volatile Organic Compounds

WH Working hours (Monday-Friday 0800-1600)

rates at room/zone level when there is full occupancy and reducing them
to minimum levels when the room/zone is vacant. Carbon dioxide (CO3)
is used as a marker for occupancy in COp-based DCV [13]. Under
occupied conditions, OA has a lower CO; concentration than indoor air
[14]. However, not all indoor pollutants are associated with occupancy
levels. For instance, outdoor levels of particulate matter of 2.5 pm
diameter or less (PMys) are often higher than those indoors, and may
not necessarily track occupancy [15,16]. Using CO; as a proxy for pol-
lutants that do not originate from occupants may not be effective for
ventilation and IAQ control [17]. Thus, controlling ventilation based
solely on CO,, may not support healthy indoor environments as
long-term exposure still occurs to other important indoor pollutants at
levels high enough to cause serious health effects including cancer and
cardiopulmonary disease [18,19].

Another way to reduce heating energy use is to use recirculation of
room return air. In this case, a fraction of the otherwise exhausted return
air is recirculated to the supply. Jaakkola et al. [20] investigated the
effect of recirculation on SBS symptoms. They showed that reducing the
outdoor air fraction to 30%, thus recirculating 70% of the return air,
assuming acceptable outdoor contaminant levels, does not have adverse
health effects. Their research investigated the differential impact of 0%
and 70% recirculation rates. However, they only looked at the SBS
symptoms and did not investigate energy use. Others have looked at the
relation between airflow rates and health [14]. When compared to 100%
OA systems, the use of recirculated air requires increased OA to maintain
CO, concentrations at the same concentration. Recirculated air could
also lead to higher indoor temperatures and relative humidity (RH) if no
air conditioning is used, as is typical in Norway.

This study investigated energy use and indoor environmental quality
(indoor air temperature and RH, PM; 5 and CO5) as a result of variable
amounts of room air supply and recirculation to help develop ventilation
control strategies. The main objectives of this paper include:

a) Investigating the relationship between indoor pollutant levels and
energy savings associated with DCV and air recirculation strategies,

b) Demonstrating ventilation control schemes that account for both IAQ
and energy savings, and

c) Demonstrating the applicability of co-simulation between Ener-
gyPlus and CONTAM to highlight the importance of a multi-domain
approach to ventilation control.

2. Methods

The use of recirculation of return air affects both energy use and [IAQ.
Therefore, a comprehensive approach is needed to simultaneously
address both domains of building analysis. This section presents the
methods used in this study to address these domains of whole-building
analysis using co-simulation between the multizone airflow and IAQ
and energy modeling software programs, CONTAM and EnergyPlus,
respectively.

2.1. CONTAM- EnergyPlus simulation software

A wide variety of building simulation programs have been devel-
oped. However, no single tool has the ability to analyze all aspects of
building performance or to address innovative building technologies
[21]. Co-simulation provides an integrated approach to combine
different building simulation tools to address multiple areas of building
analysis, e.g., energy, airflow, IAQ, and HVAC control. Some simulation
tools address multiple areas of analysis including ESP-r, EnergyPlus, IES
VE, IDA ICE, and TRNSYS [22]. Some of these tools also provide the
ability to communicate with other programs during simulation. Exam-
ples of such run-time coupling have been demonstrated between ESP-r
and TRNSYS [23], CONTAM and TRNSYS [24], and EnergyPlus with
Matlab/Simulink or Modelica [25]. This article utilizes co-simulation
between CONTAM and EnergyPlus to capture the simulation goals of
evaluating whole-building energy, airflow and IAQ, and both tools are
available free of cost.

CONTAM is a widely-used, free software program developed by the
U.S. National Institute of Standards and Technology (NIST) that can be
used to simulate multizone whole-building airflow and contaminant
transport [26]. EnergyPlus is a well-known, free software program
developed by the U.S. Department of Energy that can be used to perform
whole-building energy analysis [27].

CONTAM can perform interzone and infiltration airflow calculations
given driving forces including ambient temperature, wind speed and
direction, and HVAC system airflows. CONTAM also provides a rich set
of contaminant transport analysis capabilities that allow it to simulta-
neously account for a wide variety and number of contaminants, both
indoor and outdoor pollutant sources, and contaminant removal
mechanisms including particle filtration and deposition. However,
CONTAM does not perform heat transfer calculations, so it requires in-
door temperature schedules to be user-defined. EnergyPlus can perform
system sizing to determine HVAC system requirements including system
airflow rates required to meet thermal loads during runtime and
calculate indoor zone temperatures required by CONTAM. EnergyPlus
does implement an airflow network model based on a predecessor to
CONTAM [28], but it is relatively difficult to define the detailed models
as compared with the ContamW graphical user interface. EnergyPlus can
also simulate two contaminants: CO2 and a generic contaminant.
However, it cannot implement filters within the HVAC system or
simulate particle penetration through the building envelope, which are
critical to particle transport analysis within buildings. Using
co-simulation between CONTAM with EnergyPlus captures the in-
terdependencies between airflow and heat transfer and allows for the
sharing of these data between the two simulation tools during runtime
[29]. At each simulation time step, EnergyPlus obtains interzone and
infiltration airflows from CONTAM. In turn, CONTAM obtains indoor
temperatures and system airflows from EnergyPlus and performs the
contaminant transport calculations. This co-simulation is performed
using the Functional Mock-up Interface capabilities incorporated into
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Fig. 1. Schematic of the coupled building model creation process.
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DLL

EnergyPlus to CONTAMX

* Zone temperatures and humidity ratios

Ventilation system zone supply and return airflows,
QOutdoor airflow fractions of outdoor airflow controllers,

Exhaust fan airflows

Need outdoor environment data including temperature , barometric
pressure, wind speed and direction,
User-selected EnergyPlus output variables

Fig. 2. Schematic of the information exchange during co-simulation between EnergyPlus and CONTAM.

EnergyPlus as described by Dols et al., 2016 [29].

Fig. 1 summarizes the process of developing a coupled building
model between EnergyPlus and CONTAM. A CONTAM project file (PRJ)
containing a scaled building representation is created using the CON-
TAM user interface, ContamW. The NIST-developed CON-
TAM3DExporter tool [30] reads in the PRJ file and creates an
EnergyPlus input data file (IDF) along with a compressed functional
mock-up unit (FMU) file that contains the PRJ; the CONTAM simulation
engine, ContamX; a dynamic link library that facilitates the exchange of
data between EnergyPlus and ContamX, ContamFMU.dl]; and two files
that provide data exchange parameters to be used during co-simulation
by both EnergyPlus and ContamFMU (XML and VEF files, respectively)
[29].

ContamX provides a set of execution control and data transfer mes-
sages to enable compatibility with the EnergyPlus heat balance model.
Before running a co-simulation, the time steps must be the same in both
the IDF and PRJ of EnergyPlus and CONTAM, respectively. Existing
literature [29,31-33] presents convergence and stability issues due to
the sequential nature of the execution of the separate programs and the
lagging in time of the state variables exchanged between the programs
during co-simulation. The quasi-dynamic method requires relatively
short time steps to avoid instabilities; therefore, a 1-minute time step
(the minimum allowed by EnergyPlus) was used for this project.

Fig. 2 shows the data exchange between the programs. The CON-
TAM3DExporter generates an IDF that contains building geometry, user-
selected materials and constructions, zone infiltration and mixing ob-
jects, HVAC air loop related objects, and external interface-related ob-
jects. This IDF can be modified as needed, e.g., to add or modify thermal
energy systems to the air loops, set HVAC system sizing properties, and
define control logic using the energy management system (EMS).
Detailed mappings between CONTAM and EnergyPlus entities are pro-
vided in the CONTAM documentation [26,29].

2.2. Test case

A co-simulation case was developed between CONTAM and Ener-
gyPlus consisting of an eight-room corridor of an office building located
in Trondheim, Norway. Measurements of energy use for the year 2018,
as well as two weeks (April 16 —30, 2018) of pollutant concentrations,
were available.

Thermal properties (U-value) of the building construction corre-
spond to Norwegian Building Code, TEK 07 [34]: external wall 0.18
W/m?K, roof 0.13 W/m?K, floor 0.15 W/m?K, windows 1.2 W/m?K and
envelope leakage rate of 1.5 h™! at 50 Pa. The case has a gross wall area
of 145.6 m?, 57.85 m? oriented towards the North and south and 14.95
oriented towards the East and West. The windows are in the North face
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Table 1

Weekday Occupancy Schedules (Vacant on Weekends). Values based on the two-

weeks measurements.

Room 102x 102y 102z 104 106 106a 108
(occupants) @ @ @ 5) @ @D 4
Arrival 0800 0800 0800 0800 0800 0800 1000
to to
0930 1030
Lunch break 1130 1130 1130 1130 1130 1130 1130
to to to to to to to
1200 1200 1200 1230 1200 1200 1230
Departure 1600 1600 1600 1730 1600 1600 1730
to to
1835 1835
Floor area 8 6 5 36 14 22 23
(m?
Supply 60 60 60 66 126 224 76.5
airflow
rate (m3/
h-person)

having a total window area of 11.88 m? and a gross window-wall ratio of
8.16%. All occupants followed the schedules defined in Table 1 that are
based on the two-week field measurements. Airflow rates were simu-
lated following the measured values summarized in Table 1. Note that
these supply airflow rate values (under 100% OA) are larger than the
minimum OA rates required by ASHRAE Standard 62.1 [35]. All rooms
had only one occupant, except for rooms 104 and 108, which had five
and four occupants, respectively. Rooms having multiple occupants also
had staggered arrival and lunch times. Room 102 is a 17 m? hall
adjoining rooms 102 x, y and z and contains no occupants.

2.3. Building model

As shown in Fig. 3, the four zones on the right (104, 106, 106a and
108) contain both supply and return air terminals, but zones 102x, 102y
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and 102z have only supply terminals with associated return air termi-
nals in zone 102. Thus, room 102 acts as a plenum for the other three
zones. This requires manual modifications to the IDF and VEF files after
generation by CONTAM3DExporter.The building envelope and internal
airflow paths are defined as CONTAM leakage area elements of 5 cm?
per m? of exterior wall surface area and 10 cm? per m? of interior wall
surface area, respectively, with a 10 Pa reference pressure, a discharge
coefficient of 0.6, and an exponent of 0.65 for the pressure difference.
The outdoor CO, was not measured but was assumed to be constant
at 719 mg/m3 (893 ppm). Indoor CO; sources are 18 L/h per person
during occupied periods based on an average-sized adult engaged in
office work [36]. Occupants also acted as heat sources. Outdoor PM5 5
was measured 400 m away from the office for an entire year [37] and
incorporated into a CONTAM contaminant (CTM) file. Indoor particle
removal was simulated in CONTAM in all zones using a deposition rate
sink model with a deposition rate of 0.5 h! [38]. It was assumed that
there were no indoor sources of PMj s. Particle filters were simulated in
the outdoor air intake and recirculation airflow paths of the CONTAM
air handling system. The filters were specified according to minimum
efficiency reporting values (MERV) of MERV-13 (equivalent to F7, e
PM; 5 65%-80%) and MERV-15 (equivalent to F9, e PM 5 > 95%) [39,
40], respectively. Outdoor conditions (temperature, RH, and wind) were
obtained from Meteonorm 7, EPW (EnergyPlus weather) files.
Moisture transport was modeled using EnergyPlus, because moisture
coupling between CONTAM and EnergyPlus has not been fully imple-
mented (CONTAM only uses humidity ratios provided by EnergyPlus to
convert volumetric units of flow to mass flow units required by CON-
TAM). The moisture production schedules were defined in EnergyPlus as
schedules connected to “Other Equipment” to account for occupant-
generated moisture. The moisture generation profiles were calculated
based on the two weeks of field measurements and values from [41-43].
An electric resistance heating coil was located downstream of the
supply fan in the EnergyPlus AirLoopHVAC system. The average supply
temperature was controlled based on the heating load requirements of

= E’né@é Eﬁ@é@ éﬂ@é@ Ep@@é » A Eﬁ@ég Ep@gé En@@é o0
o L3 o
102x 102y |102z 104 106 106a 108
] B B ] B ] B
@0 o RN ] 2] ] o
102 o < k-3 <

Ed Supply

[ Return

Fig. 3. Upper: ContamW representation of the corridor. Lower: 3D rendering of IDF geometry generated by CONTAM3DExporter.

Mixing Box Supply fan (SF)
Outside air R Supply air @ R
(OA) T sA) is
= Recirculated air c
i . N
—_— 1 = Return air
Exhaust air (RA)
Return fan(RF)

Fig. 4. Schematic of system airflows modeled in this analysis.
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Table 2
Simulated latent and sensible effectiveness at 100 and 75% heating airflow.

100% heating airflow 75% heating airflow

Sensible effectiveness 80% 85%
Latent effectiveness 68% 73%

Fmax = Maximum Supply Cem, stoom = Room air PM, 5 concentration

Troom = Room air temperature Cco,ret = Return air CO, concentration
Tr = Return air temperature Crm, st = Return air PM> 5 concentration

Cco,r0om = Room air CO; concentration Cpu, ;oa = Outdoor Air PM 5 concentration

a) b)
Control Fmax SO

Control Fmax S1

Ceo,room Yes vent rate
<= 600 ppm 10 % Froax
No |
v
600 pm
Yes N
<Cco,r0om > 65% Frax
<= 800 ppm

No l
800 PM < Ceg,room
<= 1000 ppm

Yes
—* 90 % Fax
OR

24°C <= Typom <= 25 °C)

No l
1000 ppm < Ceo,o0m |y
OR > 100 % Fy

25 °C < Tyoom

c) d)

Control Fmax S2 Control Fmax S3

Ceo,room Yes | Min vent rate Ccozm
<= 600 ppm 10 % Fryax <= 600 ppm
Noi Nol

Yes | Min vent rate
10 % Froax

600 pm
° G 9 00pm Yes
<Ceo,room 65 % Finax < szm —>
<= 1000 ppm <= 800 ppm

No l
1000 pm < Ceg,room
<= 1500 ppm Yes

OR
24 °C <= T,pom <= 25 °C]

Nol

Nol

800 pm < CCOZve!

<= 1000 ppm Yes
o > 90% Fpu

24°C <= T,y <= 25°C

90 % Fona

No |
X
1500 ppm < Ceo,room | ygg 1000 ppm < Ceo, e | yes
25°C<Toom 25°C< Ty

Fig. 5. Flowcharts for control of supply airflow rate.

all controlled zones in the air loop. The supply air temperatures during
winter and shoulder seasons were 18 °C from 0600 to 1800 and 15 °C
during the rest of the day and 16 °C all day during the summer. The
building does not have mechanical cooling, so none was included in the
model. All the zones were modeled to have an electric heater thermo-
statically controlled at 20 °C and 17 °C during and outside of working
hours, respectively, except during summer months when the setpoint
was always 17 °C.

In the model, the energy recovery ventilator (heat wheel) was
incorporated at the outdoor air side of the mixing box in Fig. 4 with the
maximum sensible and latent effectiveness stated in Table 2 at 100% and
75% heating airflow.

2.3.1. HVAC system model

To minimize the distribution of contaminants, Norwegian building
code TEK17 (guidebook), advises against using recirculated air unless
rooms are unoccupied [44]. The goal of this restriction was to maintain
satisfactory IAQ, defined as maintaining CO» concentrations below

Building and Environment 211 (2022) 108737

a) b)
Control OA fraction RO Control OA fraction R1

Constantly 100 % OA &

¢ d)
Control OA fraction R2

Coo,r00m > 900 pPM |
OR

e [roon]

Te>26 °C

Control OA fraction R3

900 ppm

T >26°C Ceoer <= 500ppm || 30% OA
Nui
500 pm Yes 0% on
< Ceo,er <= 700 ppm
Nol
700pm <Ceo er  |Yes
2 > 75% OA

<=1000 ppm

N ol

1000 ppm < Cooer

Ye
OR d 100 % OA

26°C< T

Control OA fraction R4 Control OA fraction RS

Coty0x” Cotger< 0 [
AND OR

Yes No

CoyaneL5 e/ 100%0A |2 Com, yroom>15 Hg/m? [ S0%0n
AND R

Tie 226 °C T,..>26°C

ret

Fig. 6. Flowcharts for recirculation control (% Outdoor Air).

1830 mg/m® (1000 ppm). The validity of this threshold value has been
discussed in several studies [12,15]. Therefore, it was assumed in this
study that, beyond maintaining CO5 concentrations under a given level,
recirculation of return air can also reduce occupant exposure to outdoor
pollutants. Thus, recirculation was implemented during occupied hours
in opposition to the guidance of the Norwegian building code TEK17.
Fig. 4 shows a schematic of the HVAC system airflows modeled in
this analysis. While EnergyPlus provides for CO,-based DCV, the built-in
algorithms do not directly affect the terminal unit flow rate or the system
supply airflow rate. In the EnergyPlus algorithms, zone occupancy was
used by the OA controller to increase the OA flow rates up to the current
supply airflow rate. Thus, using the AirTerminal:SingleDuct:Uncontrolled
and DesignSpecification:OutdoorAir objects, EnergyPlus will vary the
terminal unit flow request based on the current occupancy, but this does
not incorporate a direct response to a CO5 signal. This method works to
control recirculated airflow, but it does not apply to Norwegian systems
that require a continuous 100% OA intake fraction. In addition to
modeling 100% OA intake systems, models were developed in this study
to implement variable system supply and OA intake rates based on CO,
and PM; 5 sensors located within the CONTAM model and temperature
sensors located in the EnergyPlus model. Sensor values were then uti-
lized within EMS programs to control the supply airflow rates to each
room and the OA intake fraction delivered by the HVAC system. The
maximum total supply airflow rate of the HVAC system was 0.32 m>/s.

2.3.2. Ventilation control strategies

In this article, multiple DCV strategies were simulated. Some stra-
tegies were meant to maintain CO, below 1830 mg/m? (1000 ppm). For
the other strategies, CO, was allowed to surpass 1830 mg/m?, but it was
assumed that IAQ would be maintained by keeping CO, below 2744 mg/
m? (1500 ppm) (e.g., in schools as proposed by REHVA [47]) and PM3 5
below 15 pg/m3 which corresponds to the Norwegian Public Health
guideline for one-day exposures [48]. In Norway, low RH can be a
challenge that can be addressed by recirculation of return air. However,
for simplicity in this study, controls were only based on temperature,
COy and PM2'5.

Fig. 5 and Fig. 6 provide the logic associated with each of the supply
and outdoor airflow control strategies, respectively. These strategies
incorporate various combinations of strategies to control supply airflow
rates (SO — S3) and to control recirculation or fraction of OA intake (RO —
R5). Supply and recirculation control strategies were based on air tem-
perature and concentrations of CO5 and PM; 5 within individual rooms
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Fig. 7. Distribution outdoor temperature and PM, 5 concentrations in the outdoor air in Trondheim and Beijing.

or within the ventilation system return. The threshold and setpoint
values in the rule-based control sequences were determined by the au-
thors based on parametric trials (not presented in this article) that tar-
geted the solution that produced the largest energy savings and lowest
room air pollutant concentrations. In all these strategies, once the
amount of supply air required for all the rooms was determined, then the
fraction of OA (and total OA intake rate) required at the air handler was
determined. The SO case provides the maximum supply airflow rate to
every room (Fp,x) during the scheduled period (0600-1800); otherwise,
the airflow rate is reduced to the minimum (0.10 Fp,x). S1 and S2
control the supply airflow rate to each room based on the CO5 concen-
trations and temperatures, and S3 utilizes the CO, and temperature in
the HVAC system return. S1 and S2 are very similar, but S2 allows for
higher CO5 concentrations than S1. For cases, S1 and S3, the goal is to
maintain CO, below 1830 mg/m3 (1000 ppm) and temperature below
25 °C. For case S2, the goal is to maintain CO, below 2744 mg/m> (1500
ppm) and temperature below 25 °C.

RO provides for a constant 100% OA intake rate, i.e., there is no
recirculation of return air. R1 provides 30% OA unless any CO2 room air
concentration or the return air temperature exceed the indicated
threshold values in which case it provides 100% OA. Note, an OA
fraction of 30% represents double the minimum per person outdoor air
intake rate of 8.5 L/s (0.0085 m3/s) required by ASHRAE Standard 62.1
[35] for office spaces. R2 is the same as R1 except it utilizes the return air
CO; concentration. R3 sets the OA fraction in a stepwise fashion based
on the concentration of CO5 or the temperature in the return air. R4 and
R5 utilize PMy 5 instead of CO5. R4 provides 30% OA unless any room air
PM, 5 concentration is above the threshold value and the outdoor air
PM; 5 concentration is less than the return air concentration and the
return air temperature exceeds the indicated threshold value in which
case it provides 100% OA. R5 is the same as R4 except for 30% OA is
provided if any of the three conditions are met, i.e., using the logical OR
operator instead of AND.

Eight different combinations of control strategies were simulated:
SORO, S1RO, S1R1, S1R2, S1R3, S3R1 S2R4, and S2R5. SORO and S1R0
are typical of Norwegian CAV and DCV systems, respectively, and they
do not include recirculation of return air.

The case TEK 07 was developed to compare the simulated energy use
to the energy use that should be obtained following the TEK 07 standard
definition [49] and specific details as described in NS 3031 [50]. In this
case, ventilation system airflow was constant from 0600 to 1800 at 7
m>/h per m? and outside this period 2 m3/h per m? (100% outdoor air),
and thermal loads were based on NS 3031:2007 [50]: occupant-based to
be 4 W/m? and 15 m? of floor area per person, lighting 8W/m?, and
appliances 11 W/m?2.

2.4. Parametric simulations

A parametric analysis was performed for the following simulation
cases:

1. The building was rotated 180° so that the north-facing facade
pointed south for the eight previously defined combinations of

control strategies. These cases are referred to in the results as having
the same identifiers but with “_S” appended.

2. The north-oriented building models were modified to not include
temperature in the eight control strategies. The same temperature
setpoints in S1, S2 and S3 were used to control zone temperatures
with the electric heaters. These cases are referred to in the results
with the “_NTC” suffix.

3. The north-oriented building models were simulated using Beijing
weather and outdoor air quality files using the eight, original control
strategies. These cases are referred to in the results with the suffix
“ N_B”. Beijing was simulated because it has similar winter temper-
atures to Trondheim, but it has much higher outdoor levels of PM; 5
as Fig. 7 shows.

2.5. Supplementary considerations

The more complex the control method, i.e., a larger number of pa-
rameters used for control, the greater the cost of the system. More
advanced systems require the installation of more dampers, sensors, and
control circuitry.

The eight strategies are presented here in order of increasing number
of sensors required. SORO is schedule-based, so it does not require sen-
sors. S3R1 requires CO3 sensors in every room and both temperature and
CO4 sensors in the return. S1R0 requires temperature and CO; sensors in
every room. S1R1 requires a temperature sensor in the return in addition
to the CO, and temperature sensors in every room. SIR2 and S1R3
require both temperature and CO3 sensors in the return in addition to the
CO and temperature sensors in every room. S2R4 and S2R5 require
three sensors in each room (temperature, CO,, and PM; ) as well as
temperature and PMj 5 in the return.

Fig. 8 provides schematics of the simulated ventilation systems and
associated sensors.

Table 3 provides a summary of the associated pollutants, sensors, and
additional dampers required for each system type. The number of sen-
sors and dampers were in addition to those that would be required by the
SORO system. The S2R4 and S2R5 strategies required the most sensors as
these controls were based on temperature, CO, and PM; 5. Additionally,
there is a cost of dampers, wiring the sensors and programming the
controls. These costs could have a significant effect on the payback
period of implementing such systems. Typical DCV systems utilize only
temperature and CO5 for control, so the added sensors of the more
complex systems will increase the cost. It can also lead to more sources
of error regarding malfunction or miscalibration.

3. Results

Before testing the different control strategies, the co-simulation
model was compared to standardized values. The building model was
used to simulate the same corridor with the values for ventilation
airflow rates, occupancy, and plug loads, etc., from the Norwegian
building code TEK 07 [34] which corresponds to the building. The
simulated annual energy use and that required by TEK 07 were within
5% of each other. Thus, the model was considered to be valid concerning
energy.
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3.1. Annual performance evaluations

The results were analyzed concerning the overall energy usage on an
annual basis. These results were further broken down into heating and
fan energy usage which can be affected by the various control strategies.
Results were then compared to national recommendations and thresh-
olds with respect to total, thermal comfort, and CO, and PM;5
concentrations.

3.1.1. Energy usage

Fig. 9 shows the results for all the parametric cases introduced pre-
viously in terms of the annual energy usage index (EUI) in kWh/m?. The
results are presented for one-year simulations of a TMYx 2003-2017
normal year [51]. As previously mentioned, no cooling systems were
simulated, because the real building is not provided with cooling.
Temperature control was maintained by varying the supply and outdoor
airflow rates. In climates like Beijing, a cooling system would normally
be incorporated, but it was not simulated in this study to reduce the
sources of disparity. Domestic hot water use was not simulated either.

In typical Norwegian offices, the occupancy is about 35% of design
capacity [52]. In this simulation, the occupancy was much higher, about
66% from 0600 to 1800. Most occupants were Ph.D. students or
administrative personnel and therefore, they barely abandon the
working station throughout the day. In a typical office, DCV systems can
lead to significant reductions in energy use due to reduced airflow rates
during periods of reduced occupancy.

For the eight control strategies implemented in the north-oriented
building in Norway, rotating the building 180° (_S cases) resulted in
annual energy savings between 13% and 24%. This is a result of the
increased solar gains that reduced the heating demands. North-oriented
cases with systems that did not implement temperature control ( NTC
cases) yielded energy reductions of 0%-12%, only S1R2 increased 8%.
For the buildings located in Beijing, annual energy savings were be-
tween 19% and 32%. The average outdoor temperature in Beijing was
approximately 18 °C, whereas in Trondheim, it was approximately
5.2 °C. The number of heating degree days with base 15 °C was 2470 in
Beijing vs. 3606 in Trondheim. Thus, this change of location lead to a
significant reduction of energy usage.

In all cases, the SORO systems used the most energy as they do not
regulate airflow rates during working hours relative to occupancy levels,
so the maximum airflow rate was supplied every working day from 0600
to 1800. For the SORO simulations, rotating the building 180° yielded a
total energy reduction of 13%. The SORO and SORO_NTC were the same
as neither strategy implemented temperature control. The SORO system
in Beijing (SOR0O_B) used 32% less energy than that in Norway.

S1R2 was the same as S1R0 with the addition of CO,-based DCV used
to control the OA fraction. The SIR0 consumed more energy because the
OA must be heated as it enters the system. In fact, for all the building
variations simulated, the S1RO strategy consumed the most energy when
compared to all other DCV strategies. When compared to the S1RO
strategy, SIR2 reduced the EUI by 22% for the north-oriented building,
14% for the south-oriented (due to more limited heating needs), 3% for
the NTC strategies, and 30% for Beijing.

The S2R4 and S2R5 strategies were within 0.5% of each other and
resulted in the lowest annual energy consumption for all cases analyzed.
These two methods implement recirculation control based on particle
concentrations and result in the largest recirculation flow rates. In
heating-dominated countries, such as Norway, the use of recirculation
and the resultant reduction in heating requirements lead to these rela-
tively large energy savings.

S1R2, S2R4 and S2R5 strategies used the least amount of energy for
all the Norwegian cases. The following presents the relative differences
in energy reduction between these strategies.

e For the north-oriented case, S2R4 used 5% less energy than S1R2
(25% less than S1RO0).
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Table 3
Summary of pollutants, sensors and dampers required for each system type.
SORO S1RO S1R1 SIR2  SIR3 S3R1 S2R4  S2R5
Supply air control - Temperature and CO»
pollutants
OA fraction control - - Temperature and CO, Temperature
pollutants and PM, 5
Sensors required 1 1 Temperature and 1 CO, 1 Temperature and 1 CO, per room +1 1 1 CO, per room +1 Temperature 1
timer per room Temperature in return Temperature and 1 CO, in return Temperature,
and 1 CO, per 1COy and 1
room +1 PM, 5 per
Temperature room +2
and 1 CO, in PM, 5 (OA and
return return)

Additional dampers - -
S1RO

1 Recirculation damper

EUI North-Oriented

S3R1_N I 60.2
S2RS_N I 53,1
S2R4_N " 53.0
SIR3_N [ 1.6

S1R2_N IR 55.7
S1R1_N I 66.3
S1RO_N I 71.1

SORO_N N T 151.6

TEKO7 — 140.0

0.0 50.0 100.0 150.0

EUI North-Oriented NTC

S3R1_NTC N 0.2
S2R5_NTC I 53.1
S2R4_NTC I 53.0
S1R3_NTC I 0.2
S1IR2_NTC I 0.2
S1R1_NTC I 0.2
S1RO_NTC I 2.3
SORO_NTC | 151.6
[o] 50 100 150
Annual EUI [kWh/m2]
W Heating Fans

EUI South-Oriented

S3R1_S I 481

S2R5_S I 44.2

S2R4_S ] B 444

S1R3_S I 438.7

S1R2_S I 46.4

S1IR1_S 2 B 51.5

S1RO_S Y 53.9

SORO_S I T 131.6

0.0 50.0 100.0 150.0

EUI North-Oriented Beijing

S3R1_N_B — 45.3

S2RS_N_B S 43,1

S2R4_N_B W 42.5

SIR3_N_B I 461

S1IR2_N_B 43,6

S1IR1_N_B — 483

S1RO_N_B I 49,1

SORO_N_B I Y 103.3

0.0 50.0 100.0 150.0

Annual EUI [kWh/m2]
Interior Lighting M Interior Equipment

Fig. 9. Energy use for the different control strategies, including NTC cases and for different orientations and locations.

e For the south-oriented case, S2R4 used 4% less energy than S1R2
(18% less than S1RO).

e For the north oriented NTC case, S2R4 used 12% less energy than
S1R2 (15% less than S1RO).

The energy usage for the building located in Beijing was lower for all
cases. However, the relative amounts of energy usage among the
different control strategies were remarkably similar. S2R4_B consumed
the least amount of energy which was 3% less than SIR2_B and 13% less
than S1IRO_B.

3.1.2. Performance relative to national recommendations and thresholds
(Thermal comfort and contaminant control)

The performance of the different control strategies was compared
with the recommendations and thresholds of the different pollutants.
The boxplots in Fig. 10 show the median, first and third quartile and the
95% confidence interval of the median. Plots include all the simulated
rooms during working hours (WH) which are Monday to Friday from
0800 to 1600 unless otherwise pointed out. The boxplots are ordered by
increasing median value and dashed lines are provided that represent
relevant national standards and recommendations as presented in the
caption.

The first graph in Fig. 10 shows the distributions of PMj3 s for all the

cases simulated with Norwegian weather during WH. The concentra-
tions of PMy 5 are well below the Norwegian maximum annual con-
centration of 8 pg/m3 for all cases. PM5 5 was simulated as an outdoor
source, and there were no indoor sources. The recirculation air filter was
modeled to have a higher removal efficiency than the outdoor air filter.
Thus, the solutions resulting in lower fractions of OA yielded lower
concentrations of PMj 5. The two typical Norwegian control strategies,
namely SORO and S1RO resulted on the highest concentration of PMj 5.

The second graph in Fig. 10 depicts the boxplots of CO2 concentra-
tion during WH of all the strategies, and the dashed line the recom-
mended threshold of 1830 mg/m® (1000 ppm). The cases for which the
building was ventilated with consistently higher OA airflow rates
resulted in the lowest CO5 concentrations. SIR1, SIR2, S2R4, S2R5 and
S3R1 presented higher concentrations of CO2 due to the use of recir-
culation of return air.

Thermal comfort can also be affected by the various control strate-
gies. In relatively cold climates, the recirculated air is warmer than the
OA, especially in buildings such as this that do not implement cooling.
Thus, there is a greater potential for overheating if the setpoints are not
modified as in these control strategies. The dashed lines in the temper-
ature graph in Fig. 10 show the thermal comfort criteria range (19 °C
and 26 °C) as recommended by Norwegian standard [54]. When using
100% OA, there are more hours in the lower range of temperatures. As
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shown in Fig. 10, the cases with the largest recirculation rates, e.g., S2R4
and S2R5, yielded higher median temperatures. For example, the
S_S2R4 case resulted in the threshold being exceeded about 45% of WH.
In the S cases, the heaters rarely ran, but the temperatures are consis-
tently higher than in the other cases. The outdoor temperature in Nor-
way is relatively low throughout the year, and temperature control is
typically designed for the heating season. These setpoints were chosen

NTC S2R5~
NTC S3R1°™

- Too hot

. Thermal comfort

. Too cold

S SOR0 ™
S S1R0™
S S1R1™
SSi1R2”
S S1R3”
S S2R4 "
S S2R5
S S3R1 -

the temperatures relative to the thermal comfort range [54].

for the North-oriented case considering that recirculation would lead to
warmer indoor temperatures. In the summer, the supply air temperature
was 16 °C and the heating setpoint was 17 °C to avoid running the
heating system in Trondheim. Due to larger solar heat gains, overheating
may happen more often in the shoulder season when the supply air
temperature setpoints have not yet been reduced for the summer. For all
the cases, Fig. 11 depicts the fraction of WH when temperatures are
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Fig. 12. Distribution of concentration of CO, and PM, s for the different control strategies during working hours for rooms 102x, 108 and return air. The green dashed line in
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[44]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

below, within, or above the thermal comfort range (i.e., Too cold,
Thermal comfort, or Too hot, respectively). None of the North-oriented
cases exhibited temperatures that were “Too hot.” However, some
South-oriented cases did exhibit overheating during WH. During
weekends or outside working hours (not included in these figures the
temperatures were higher due to the reduced supply airflow.

The fourth graph in Fig. 10 shows the distribution of RH for all WH.
In Norway it is very common that during winter months RH drops below
20% during the coldest weeks of the year [56] because the supply air
consists of 100% dry OA. Low relative humidity is correlated with
discomfort. Using more recirculation of extract air yielded improve-
ments in the RH both because of supplying moister air and because of the
higher temperature. However, in the S2R4 and S2R5 cases where
recirculation was used more often, RH should be introduced in the
control strategy to avoid possible challenges with mold growth.

Fig. 12 shows the distribution of the CO, and PM; 5 during extended
working hours (from 0800 to 1900) for room 102x with a single occu-
pant, room 108, which had four occupants, and in the return of the AHU
for the north-oriented cases. The median values for all the cases and all
zones shown in Fig. 12 were below 1830 mg/m> (1000 ppm). The SORO
strategy yielded lower CO, concentrations in all rooms as it provided the
highest outdoor airflow rates. SIRO yielded lower median CO; values
than S1R2, which used the same control for room supply but varied the
OA fraction. The S2R4 and S2R5 (controlled the recirculation based on
PM, s and had a threshold of 2744 mg/m3 (1500 ppm)) and S3R1
(controlled the supply based on the return air temperature and CO2
concentration and the OA based on CO; in the rooms) had higher CO,
concentrations in room 102x but were mostly below 2744 mg/m® (1500
ppm). For S2R4 and S2R5 the threshold in this room was not met and
thus ventilation was not increased. For S3R1, the threshold 1830 mg/m?
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(1000 ppm) was surpassed in room 102x mostly early in the morning,
but this room had little weight in the return air. Until the concentration
in the return rose, no response was given to the local rise in the small
room. Room 108 was larger, had more occupants and got more sun.
Thus, this room had higher airflow rate per person and more weight in
the return. Therefore, the delay in room 102x did not affect room 108.

While higher recirculation rates may lead to higher CO2 concentra-
tions, they can also result in lower PMj 5 concentrations. In these sim-
ulations, PMy 5 only originated from the outdoors and the filter for
recirculated return air removed PMy 5 15% more efficiently than the
outdoor air filter. SORO resulted in the highest PM; 5 concentrations but
were still below the annual Norwegian Public Health threshold of 8 pg/
m3 [48]. S1RO resulted in the second-highest concentration of PMy s.
S2R4 and S2R5 resulted in the lowest concentrations closely followed by
S1R2. The S2R4 strategy resulted in an annual median PMj 5 concen-
tration that was half that when using the SORO strategy. However, SOR0O
had an annual concentration of 2.3ug/m® which was almost four times
below the recommended threshold. Using PM 5 in the control scheme
would likely increase cost and system complexity that are difficult to
justify, especially in Trondheim which has very low outdoor PMj 5 (and
no indoor sources were present in the model).

3.1.3. Building in Beijing

The previous results showed the indoor pollutant development in a
city with low outdoor PMj 5 concentrations and RH. In Beijing the
outdoor air is more polluted and has higher RH than in Trondheim,
which will affect the resulting IAQ attainable by the ventilation control
strategies. The north-oriented building was simulated with the following
outdoor conditions: weather files from Meteonorm 7 and pollutant
concentrations obtained from the China National Environmental
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Monitoring Centre.

Fig. 13 shows the concentrations of CO, in rooms 102x, 108 and the
return air. The CO, concentrations were lower than for the respective
cases in Trondheim (Fig. 12). For most cases, the temperature control via
supply airflow resulted in increased flow rates to the rooms to reduce
overheating. S2R4 yielded the highest CO, concentration due to higher
recirculation rates to control the PMj 5 concentration. S2R5 controlled
the OA fraction based on the difference between outdoor and indoor
PM, 5 levels OR the PMj; 5 being below 15 pg/rn3 in every room. As the
mean concentration in the rooms were so high, this condition was ful-
filled most of the time. Thus, 100% OA fractions were used, and the
PM;, 5 concentrations were not reduced compared to SOR0 or S1R0. For
S2R4, lower levels of PM; 5 were attained in exchange for higher CO,.
S2R4 used an AND function for the difference between indoor and
outdoor and room concentration. The AND condition was seldom met.
Thus, there was a relatively lower amount of OA delivered, and the
PM; 5 levels did not increase as much. Only S2R4 managed to have an
annual average concentration of PM5 5 during the working hours below
10 pg/m3. SORO and S1RO showed the downside of using 100% OA in
cities with lower outdoor air quality, namely the highest PM5 5 con-
centrations. SIR2 was the second-best control strategy regarding PMy s.

Fig. 14 shows the distributions of results for the Beijing simulations.
These results show that S2R4 was the most efficient strategy to reduce
the concentration of PMjy 5 during working hours. The annual average
PM, 5 concentration for S2R4 was 8.1 pg/m>, which was below the
maximum recommended by the WHO of 10 pg/m3 [57]. All the other
control strategies resulted in median values above this threshold, and
SORO resulted in the highest annual average of 23.4 pg/m®.

Regarding CO,, as for Trondheim, the cases using more recirculation
of extract air presented higher CO, concentrations, but all the strategies
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yielded an annual average CO, concentration below 1830 mg/m> (1000
ppm). Regarding temperatures, using too much recirculation, as in
S2R4, yielded more working hours with temperatures outside the ther-
mal comfort range of 19 °C-26 °C. In Beijing, the control strategies
should be modified to achieve this temperature range along with solar
shading, higher supply airflow rates, a lower temperature supply air and
lower heating setpoints. Finally, it is usual practice in Beijing to use a
cooling system which was not considered in these simulations. However,
as in the Trondheim cases, controlling for RH should also be incorpo-
rated but to reduce indoor RH as opposed to increasing it.

3.2. One-day performance evaluations

Two summer and winter days: January 27th to 28th and June 22nd
to 23rd were used for an in-depth evaluation of the effects of the
different control strategies for the north-oriented building in both
Trondheim and Beijing as shown in Fig. 15 and Fig. 16, respectively.
Each set of charts includes hourly averaged values of RH, CO,, tem-
perature, OA fraction, supply airflow rate, and PM; 5 for room 102x for
all the control strategies. Although not shown, the other rooms showed
similar pollutant time histories as room 102x.

3.2.1. Trondheim

The rise of PMj 5 by the end of the day was related to exceptionally
high outdoor PM; 5 concentrations due to road cleaning in January. The
corresponding indoor peak was especially visible for the cases delivering
the largest amount of OA. The strategies using PMs 5 for control of OA
fractions, S2R4 and S2R5 yield the lowest PMj 5 concentrations. Higher
recirculation fractions had a protective effect regarding PM, 5 concen-
trations, even in Trondheim, where the outdoor concentrations were
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Fig. 14. Distribution of PMy 5, CO,, temperature and RH during working hours (Monday to Friday from 0800 to 1600) aggregating all simulated rooms in Beijing. Dashed line
in the PM, 5 figure corresponds to the annual WHO's recommendation of PMs 5 of 10 ug/m® [571, dashed line in the CO, figure of shows the Norwegian threshold of 1000
ppm, the dashed lines regarding temperature correspond to the Norwegian standard 19 °C and 26 °C for thermal comfort [48] and the dashed lines in the RH figure correspond

to the 20% to 60% range recommended by the institute of public health [49].

low. In this case, increasing ventilation to control an indoor source (CO,
in this case) can lead to increased levels of an outside source (PMs s5).

The SORO strategy resulted in the lowest CO2 concentration because
it utilized 100% OA and the supply was at the maximum level during
occupied hours. S1IRO also provided 100% OA, but the supply airflow
rates were reduced according to occupancy to save energy. The strate-
gies that did not use PMy 5 as the control parameter (S1RO, S1IR1, S1IR2
and S1R3) proved to be effective at maintaining the CO; levels below
1830 mg/m> (1000 ppm). CO, levels in room 102x peaked in the
morning for S3R1 after the occupants of this room entered at 0800. S3R1
controlled the supply airflow to room 102x based on the return air CO,
concentration, so the control system did not react until enough rooms
were occupied to raise the return air concentration to the control set-
point value. Thus, controlling CO5 based only on the return air con-
centration resulted in a delayed response when compared to strategies
that controlled based on individual room air concentrations. As shown
in Fig. 15, SIR3 (individual room control) reacted faster than S1R2
(return air control). The control of the OA fraction of R3 was finer than
for R2, so CO, did not increase as much in S1R3 as it did in S1R2.
Increasing the supply airflow did not dilute the COy concentration
because return air had higher levels of CO, than did the OA. The stra-
tegies S2R4 and S2R5 using PMj3 5 to control the fraction of OA kept CO4
below 2744 mg/m> (1500 ppm).

Regarding the temperature, all the strategies managed to maintain
20 °C + 2 °C during working hours in winter. In summer, the heaters
were run with a setpoint of 17 °C + 2 °C and the outdoor air preheating
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was off. Thus, the temperatures were higher when recirculation was
used.

In Norway, due to low outdoor temperatures, the RH indoors may
drop to 10% or lower in winter. Some would argue that the best method
to increase RH in such climates would be to reduce supply airflow rates
[58,59]. These simulation results show that reducing the supply airflow
rate increased RH. However, using a reduced OA fraction had an even
more significant effect (even though, in this study, RH was not part of
the control strategies).

3.2.2. Beijing

Single-day plots for Beijing are presented in Fig. 16. Outdoor PMy 5
levels in Beijing were about 20-50 times those used in the Trondheim
simulations, leading to higher indoor PMjys results compared to
Trondheim. SORO resulted in the highest levels of PMy 5 as previously
noted in the annual distributions. The trends of PM5 5 concentration for
S1R1, S1R3, S3R1 were similar to each other as they did not use PMj; 5
for control. S2R4 was most effective at controlling PM5 5. For June 22nd
S2R4 had an average PM; 5 concentration of 11.8 pg/m3 versus (33.5,
32.0, 31.1, 31.0, 31.1, 32.0, and 32.1) ug/m3 for SORO, S1RO, S1R1,
S1R2, S1R3, S2R5, and S3R1, respectively. For January 27th, S2R4 had
an average of 11.7 pg/m3 vs. (34.2, 32.8, 20.5, 13.1, 19.5, 31.7, and
18.9) Hg/m?’ for SORO, S1IRO, S1R1, S1R2, S1R3, S2R5, and S3R1
respectively.

The CO; levels were similar to those obtained in the Norwegian case
except for S2R5 where Beijing exhibited lower CO» concentrations due
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Fig. 15. Hourly averaged relative humidity, CO,, temperature, OA fraction, supply airflow rate, and PM, 5 for room 102x in Norway.

to larger OA fractions. The OA fraction was controlled by the difference
between outdoor and indoor PM; 5 levels OR the PMj 5 being below 15
pg/m> in every room OR return temperature larger than 26 °C. As the
room PMj 5 levels were so high and the return temperatures were often
over 26 °C, this condition was fulfilled most of the time. The relatively
high recirculation rates of S2R4, resulted in a significant reduction of
PM, 5 concentrations throughout the day in both winter and summer
compared to the cases without recirculation. Regarding temperature, as
explained before, the setpoints of the heating control were not modified
and no cooling system was simulated for Beijing. Therefore, none of the
strategies maintained the temperature within the defined comfort range
during the summer day, i.e., the lack of cooling often resulted in over-
heating. S2R4 yielded the highest temperatures during the summer day
due to the high recirculation rate revealing the potential tradeoffs be-
tween elevated contaminant levels and thermal comfort. On the winter
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day, when the outdoor temperatures were like those in Trondheim, the
graphs of temperatures were similar. The RH in the summer would likely
be different if cooling was introduced.

Although it’s difficult to discern from the plots, all the cases were
plotted on each graph. In the summer, several strategies yielded the
same results for RH temperature, COy and PM; 5 as the control param-
eters induced the same supply air and OA fraction. To optimize the
control strategies, the setpoints should be varied at least for the summer
in Beijing as the weather conditions were very different.

3.3. Ranking best control strategies in Norway

Regarding PMj 5, lower values mean less exposure of building oc-
cupants. Thus, the three best strategies were S2R4, S2R5, S1R2 for the N
and S cases and S2R5, S2R4, S1R2, for the NTC case. However, in all the
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Fig. 16. Hourly averaged relative humidity, CO,, temperature, OA fraction, supply airflow rate, and PM, 5 for room 102x in Beijing.

simulated cases in Norway the PM; 5 concentration was so low that
controls using PM; 5 may not be justified, due to increased complexity
and cost of associated sensors. However, in locations with elevated
outdoor PM; 5 concentrations, such as Beijing, the increased complexity
and cost may be easily justified.

Regarding COs, the three best strategies were SORO, SIRO and S1R3
for N and S strategies and SORO, S1R0O and S3R1 for the NTC strategy.
The strategies using more recirculation (S2R4 and S2R5) resulted in the
highest concentrations; however, in all cases the median and the third
quartile were well below the recommended threshold.

Regarding temperature, the cases using less recirculation resulted in
larger fraction of WH within the prescribed 19 °C to 26 °C temperature
range. SORO, S1IR0O and SIR1 were the best performing strategies for
both the N and S variations. For the south-oriented variation the recir-
culation strategies S2R4 and S2R5 resulted in the highest temperatures
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indicating that setpoints for heating could be reduced to account for the
larger solar gains.

RH was not controlled, but it is affected by the use of recirculation.
Over the whole year the N and S cases with more recirculation, S2R4 and
S2R5, resulted in higher indoor humidity with RH being greater than
60% for about half the working hours. SORO presented the lowest RH.
However, RH was highly dependent on the time of the year. While not
shown, during the winter months S2R4 and S2R5 can increase indoor
humidity in Norway. Ventilation strategy SORO yielded a mean RH of
15% during the winter months, whereas S2R4 resulted in a mean RH of
52% during the same period (note that the previous graphs showed the
boxplots of the whole year).
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4. Conclusions

A partial building model was developed to utilize co-simulation be-
tween EnergyPlus and CONTAM to evaluate control strategies that uti-
lize recirculation of return air for a Norwegian office building. The use of
these two software tools together was shown to be beneficial in
analyzing building control strategies with respect to energy use and IAQ.
Though it can be somewhat more complicated to create building models
for co-simulation, instead of using either EnergyPlus or CONTAM alone,
the benefits of co-simulation in providing a more comprehensive anal-
ysis seem to outweigh the initial efforts of developing the combined
building models.

The results presented for Trondheim showed that reducing airflow
rates as a response to occupancy reduced energy use. All the simulated
DCV control strategies yielded reductions in energy use compared to the
typical ventilation control strategy for Norway (SOR0). When room CO»
concentrations were used in the ventilation control strategy, the room
level CO, was maintained below the selected threshold. The control
strategy that utilized only the return air CO, concentration (S3R1)
proved disadvantageous because using only one return air sensor as a
proxy for all the rooms served by the system did not capture room to
room variations leading to some rooms having higher concentrations
than others. Recirculation of return air also influenced thermal comfort
and IAQ, for example reducing PM; 5 concentrations or increasing RH in
Norway during the dry winter months. On the other hand, using a
contaminant of indoor origin, e.g., CO», to control supply airflow and
OA fraction may result in increased indoor levels of PMys or other
pollutants of outdoor origin. When the outdoor air concentrations of
PM; 5 were as low as in Trondheim (the annual simulated average was
6.2 pg/m>), it was more difficult to justify the added complexity of that
slightly more effective control strategy. However, in other locations such
as Beijing where the outdoor particle concentrations were higher than in
Trondheim, the increased cost and complexity of incorporating PMa 5-
based control schemes might be justified. In this study, such control
schemes reduced the annual average indoor PMj 5 concentration from
23.4 pg/m° to 8.1 pg/m>, which was just below the WHO recommen-
dation of 10 pg/m®. Limiting criterion for evaluation to energy use may
not justify the added cost in complexity and system components, e.g.,
sensors, and more comprehensive analysis that includes consideration of
IAQ in addition to energy use would be necessary.

In this paper, no internal sources of PMy 5 were considered. Other
pollutants of indoor origin, e.g., bacteria, viruses, or formaldehyde,
should also be considered. Such internally generated contaminants may
not exhibit the same emission profiles as occupant-generated CO,, so
control schemes may not lead to improved levels of such non-controlled
contaminants. Some pollutants might also benefit from the use of other
reduction methods, e.g., filtration technologies including ultraviolet or
activated carbon. CONTAM can handle a wide range and number of
sources within a single simulation, so co-simulation would be quite
useful for these analyses. However, existing co-simulation capabilities
could be improved to account for interactions related to these capabil-
ities as they relate across simulation domains, e.g., filter loading and
related fan energy usage due to increased pressure drops across particle
filters.
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