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Ventilation control logics are usually based on the control indicators of occupancy. However, strategies
including control of contaminants not linked to occupancy are requested and more feasible with the
introduction in the market of low-cost sensors (LCS).
In this work, a methodology for the improvement of demand-controlled ventilation (DCV) using mea-

surements of IAQ parameters with LCS, correlation analysis, and co-simulation EnergyPlus/CONTAM is
presented. Its goal was reduced annual energy use and the fraction of time with room air concentration
of IAQ parameters outside thresholds.
The ventilation control sequences of supply airflow rates and recirculation of return air focused on the

significant parameters chosen by cross-correlation functions in the de-trended measurements.
The results revealed that the methodology successfully developed control sequences that simultane-

ously reduced annual energy use and the number of hours outside the recommended IAQ guidelines com-
pared to the baselines. In cold cities with excellent outdoor air quality, recirculation could reduce energy
use and increase the RH in winter. Further simulations demonstrated that the use of recirculation had a
protective effect on the indoor concentrations of PM2.5, assuming low outdoor air quality. However, when
using recirculation, it is essential to control the IAQ to avoid excessive pollutants, RH, and temperatures.
� 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

In the past several decades, Norwegian and several countries’
building envelopes have become more airtight and insulated to
reduce the energy used for space heating [1,2]. In the pursuit of
reducing uncontrolled air leakage, it has become apparent that
ventilation systems using demand control are needed to provide
satisfactory indoor air quality (IAQ) efficiently [3]. In countries
such as China, Canada, and the USA, the recirculation of return
air is a state-of-the-art practice. In these cases, the minimum out-
door air (OA) fraction is influenced by two factors: the require-
ments to meet IAQ standards and the desire to reduce heating,
cooling, and dehumidification demands from air handling unit
(AHU) coils [4]. However, insufficient OA fractions and airtight
buildings may degrade the IAQ [5,6]. Airborne pollutants that
otherwise were ventilated may be recirculated to the room and
environmental parameters, such as temperature or humidity,
may rise to unacceptable levels. Therefore, in Norway, building
codes do not recommend the recirculation of return air when the
room is in use [7]. However, simulations have proven that a
well-controlled recirculation of a fraction of the return air can pro-
duce a protective effect against outdoor pollutants and reduce
annual energy use [8]. This is mainly because the ratio between
indoor and outdoor pollutant concentrations is dependent on the
OA supply and the filters [9].

Most countries’ IAQ criteria are based on health impacts and
perceptions of the IAQ [10,11]. However, several of the pollutants
defined in these documents, such as nitrogen oxides, sulfur oxides,
ozone, particulate matter, and formaldehyde, are rarely measured
because airborne pollutant concentration measurement by tradi-
tional measurement equipment is costly. Therefore, until recently
[12], the literature often refers to IAQ measurements as CO2, tem-
perature, and sometimes relative humidity (RH) [13]. Manufactur-
ers have tried to bridge the gap, enabling measurements of health-
related pollutants and standard measurements by supporting
extended IAQ parameters measurements with low-cost sensors
(LCSs), defined in this article as a sensor costing less than EUR 50.
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Nomenclature

AHU Air handling unit
CAV Constant air volume
CCF Cross-correlation function
CV-RMSE Coefficient of variance of the root-mean-squared error
DCV Demand-controlled ventilation
EUI Annual energy usage index (kWh/m2a)
HVAC Heating, ventilation, and air-conditioning
IAQ Indoor air quality
I/O Ratio between indoor and outdoor pollutant concentra-

tions
KPI Key performance Indicator
LCS Low-cost sensor

NMBE Normalized mean bias error
NDIR Nondispersive infrared
OA Outdoor air
PM Particulate matter
RH Relative humidity
TVOC Total volatile organic compound
VAV Variable air volume
WH Working hours: Monday-Friday 0800–1700. All months

included
WHO World Health Organization
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The newest LCSs are becoming more reliable, and many can
produce continuous measurements [14]. They allow measurement
at a reasonable price but often have lower accuracy than reference
equipment [14]. LCSs allow the monitoring of several IAQ parame-
ters, but they need to be calibrated [15]. In 2010, an experimental
evaluation of 45 nondispersive infrared (NDIR) CO2 sensors (three
from each of the 15 models tested) revealed wide variability in
sensor performance among various manufacturers and, in some
cases, among sensors of the same model [16]. Since then, NDIR
technology for CO2 measurements has shown major development.
These devices have better accuracy and repeatability today [17].

The communication between LCSs and conventional ventilation
control systems is not standardized. Although this may currently
result in more complicated systems, improvements are expected
[18]. LCSs may also reduce embodied CO2 emissions [19,20], as
many of these sensors can communicate wirelessly, facilitating
reduced emissions.

CO2 is an accurate marker for bioeffluents [21]. Therefore,
together with temperature, it is often used to control ventilation
by demand control (DCV). However, >50 % of the pollutants in
offices are not emitted by humans [22], and in homes, NO2, CO,
PM10, and PM2.5 may be highly relevant [23]. Moreover, CO2 is
not necessarily correlated with other frequent IAQ pollutants
[24] and thus, using CO2 as proxy for them may be misleading.
The correlations between different airborne pollutants or between
airborne pollutants and environmental parameters, such as RH,
and temperature are not constant. Depending on the building
and its use, the parameters that correlate may differ [24]. Correla-
tions may also differ between buildings of the same type [25]. The
ratios between indoor and outdoor pollutant concentrations (I/O
ratios) depend on the season [26], building tightness, installed fil-
ters, and considered pollutants. Several studies have measured ele-
vated levels of ‘‘other” pollutants and low CO2 concentrations
simultaneously during occupancy [27,28]. Therefore, some
researchers recommend using CO2 to signal occupant-related pol-
lutants [29,30], but others recommend controlling other additional
parameters [25,30–33] given that CO2 and temperature may not
detect other airborne pollutants with more concerning health,
comfort, and productivity effects. Thus, a selection protocol of
required airborne pollutants is needed because of the limited
knowledge of controlling ventilation on the basis of several IAQ
parameters.

Some attempts were done to introduce several control parame-
ters. A study in the residential sector used CO2 in bedrooms and
volatile organic compounds (VOCs) in toilets [34]. Guyot [35]
reviewed the existing smart residential ventilation and found that
the most advanced ventilation control used CO2, temperature, RH,
and total volatile organic compounds (TVOCs) (mostly in bath-
2

rooms). In industrial ventilation, some research used indicators
other than CO2 to control ventilation; for example, PM was used
to control ventilation in melting factories [36]. Although DCV and
economizers have been commonly used in offices, no noteworthy
literature on the use of economizers and heat recovery systems
was found. Furthermore, no literature was found regarding the
optimization of DCV or the recirculation of return air, considering
energy use and IAQ from a broader perspective than CO2 and tem-
perature. The HVAC control sequences in Guideline 36 [37] focused
on occupancy, CO2, and temperature. Using the sequences pro-
vided in Guideline 36, energy savings were calculated to be 31 %
[38] but these sequences are deterministic and do not consider
the effects of modulating OA on airborne pollutants other than
the preselected. Other studies focused on different parts of the con-
trol; for example, these studies evaluated: real-life performance
[39], forecasted pollutants [40], optimized ventilation control
[41,42], and assessed simulation strategies [8,43–46].

A recent ASHRAE position paper [33] requested ‘‘Strategies for
DCV using CO2 and other indicators of occupancy that overcome lim-
itations of current approaches and control contaminants that are not
linked to occupancy”. However, the paper did not elaborate on
how to select these other indicators not linked to occupancy or
how to use them in DCV sequences.

In order to choose which of the measurable contaminants not
linked to occupancy are necessary to control ventilation, correla-
tion analysis can be used. Correlation analyses are practical, since
using one of the correlated parameters in the control logic would
be sufficient to represent the correlated parameters and control
the supplied airflow rate [47]. In the literature, Pearson and Spear-
man correlation coefficients are often used to analyze correlations
[48–52]. However, these analyses focus on simultaneous correla-
tion and not on the effect of one variable on another over time.
Cross-correlation functions (CCFs) can address this challenge [47]
and unveil correlations even if they are shifted in time. CCFs calcu-
late the Pearson correlations in simultaneous and time-shifted
lags.

Introducing the new/additional parameters in ventilation con-
trol strategies can be cumbersome and complicated. Given that
parameters with different origins have different emission profiles
and strengths they may send contradictory control feedback. Vali-
dated simulations can improve the trial-and-error for ventilation
controls. Many programs are used to simulate control strategies
for DCV, such as EnergyPlus [43], IDA ICE [45], TRNSYS [53], CON-
TAM [54], and Modelica [46]. However, most of these simulation
programs cannot simultaneously simulate all aspects of energy,
airflow, IAQ, pollutants sources, and heating, ventilation, and air
conditioning (HVAC) controls. Therefore, available simulation liter-
ature focused on energy or IAQ but not both simultaneously.
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Emmerich and Persily [55] focused on several IAQ pollutants but
did not consider energy use. Hua et al. [56] developed a method
for obtaining the necessary OA fraction based on the indoor CO2

concentrations and then examined the OA damper static pressure
to optimize the OA volume setpoint according to the total volume
demand of terminals. This work assessed energy and CO2 but no
other IAQ parameters. Zhao et al. [57] developed a control method
for determining the OA volume flow setpoints based on differential
pressure control strategies to optimize energy, but they too did not
assess other IAQ parameters. Zhao, Wang, et al. [58] compared the
performance of different OA fractions concerning CO2 and energy
savings. Although the tools for IAQ and energy simulation are
available, no previous work focused on the simultaneous effects
of extended IAQ (referring to CO2, temperature, and several other
airborne pollutants) and energy use while using DCV and recircu-
lating return air. Co-simulation can solve this weakness. Energy-
Plus/CONTAM [8] or CONTAM/TRNSYS [44] can be used when all
the above mentioned parameters must be evaluated. Co-
simulation between EnergyPlus and CONTAM can be used to eval-
uate whole-building energy, airflow, and IAQ, and both tools are
available free of cost [8].

The research gap addressed in this article involves the develop-
ment and testing of a holistic method for improving DCV control in
ventilations systems both involving and not involving the recircu-
lation of return air. The improvements of the ventilation control
logic aim to reduce annual energy use and number of hours where
CO2, temperature, and several other airborne pollutants and RH are
outside the guidelines defined in literature. In the methodology
developed in this article, the selection of the pollutants is proba-
bilistic and nondeterministic because pollutant selection is part
of the method. A holistic methodology is needed to harmonize
the trade-off between energy use and IAQ. This methodology is
demonstrated in a full-scale office case study using measurements
and simulations. This work represents an instrumental step toward
a paradigm shift in ventilation control. In addition, it contributes to
accommodating the future use of several pollutants’ measure-
ments with the spread of LCSs into the market.
2. Methods

This Section summarizes the details of the data collection, the
selection of the significant parameters, the simulation environ-
ment, and the stepwise tuning of the ventilation control. The
methodology developed for tuning the ventilation control logic to
simultaneously reduce annual energy use and improve IAQ fol-
lowed the steps defined below and summarized in Fig. 1.

Step 1. Pollutants in three full-scale cell office rooms were mea-
sured (bubbles 1–3 in Fig. 1) to characterize and validate an Ener-
gyPlus/CONTAM simulation model (bubbles 4, 5, 6 in Fig. 1). For
this purpose, calibrated LCSs [15,59] were used. The measured air-
borne pollutants were CO2, formaldehyde, TVOCs, and PM2.5, and
the measured environmental parameters were RH and tempera-
ture. These six items are referred as ‘‘IAQ parameters” in the text.

Step 2. According to the method described in [47], CCF in de-
trended time series were used to determine which IAQ parameters
should be used to control the ventilation airflow rates. Correlations
between different IAQ parameters at room level were used to con-
trol the supply airflow rates to the room. Correlations between the
same IAQ parameters at room and supply air were evaluated to
control the recirculation airflow rates (bubbles 7,8 in Fig. 1). Signif-
icant correlations were sought to select the appropriate IAQ
parameters for tuning the control of the supply airflow rate and
the recirculation of return air in a probabilistic way.

Step 3. The control sequences of the selected IAQ parameters
were tuned by studying the results of the validated EnergyPlus/
3

CONTAM co-simulation (bubbles 9–14 in Fig. 1). Improvements
focused on increasing the number of hours in which the concentra-
tions of airborne pollutants were maintained below the thresholds
defined in Table 4, the environmental parameters were kept within
the rages defined in Table 4 and the energy use was reduced. The
sequences were kept simple to focus on the methodology.

Fig. 1 summarizes the above steps carried out for this method-
ology. This comprehensive methodology to improve ventilation
control and thus reduce annual energy use and improve IAQ offers
a procedure that operation personnel can use to map and react to
problems with IAQ or energy use. The methodology can be
improved by using more advanced control optimization methods,
but this was outside of the scope of this article.

2.1. Case study: Measurements in the laboratory

A setup consisting of three equal offices was built inside a cli-
mate chamber in the laboratory of the Department of Energy and
Process Engineering at the Norwegian University of Science and
Technology (NTNU). The dimensions of the three equal offices are
marked in.

Fig. 2. All rooms had equal ventilation and were equipped with
a supply terminal (Orion-Løv from TROX Auranor) [60] and an
exhaust terminal (LVC from TROX Auranor) [61]. Volume flow con-
trollers (LEO VAV from TROX Auranor) [62] were placed in the
main supply, main exhaust, and recirculation duct branches. The
damper positions were provided as a 0–10 V signal via a Belimo
Modbus register [63]. The fan speed needed in the AHU UNI 3 from
Flexit [64] was sent via a Modbus adapter CI66, both from Flexit
[65]. The damper throttling was modulated to achieve the
expected airflow rates, and the exhaust dampers were controlled
to extract air at the same rate. The producer states an accuracy
of the VAV controls ± 25 % when regulating 10–20 % of nominal
flow, < ± 10 % at 20–40 % of nominal flow and < ± 4 % for 40–
100 % of nominal flow [60–62]. The rotary heat recovery of the
UNI 3 was run at constant rotational speed. The control signal
was calculated and sent from a Raspberry Pi, which evaluated
the LCS measurements. Room 1 was positioned nearest to the com-
mercially available AHU UNI 3.

Every room was equipped with an in-house mounted IAQ sta-
tion each with five LCSs. The IAQ stations were placed in the center
of the wall (1.12 m from each sidewall) behind the occupants at a
height of 1.2 m, as shown in Fig. 2.

Fig. 3 shows the control architecture of the ventilation. Table 1
shows the main details of the LCSs used. More information about
these sensors and their calibration can be found in [15,59]. The
total cost of the LCS station with all the sensors described in Table 1
and the Raspberry Pi was below EUR 200. The individual prices of
the sensors in 2018 were as follows: EUR 47 for the SCD30, EUR 29
for the Arduino Shield SGP30_SHT1, EUR 39 for the SPS30, EUR 15
for the Dart WZ-S formaldehyde module, and EUR 72 for the Rasp-
berry Pi.

For availability reasons, the three rooms were constructed in an
existing climate chamber where the U-values of walls, roof, and
floor were estimated to 0.1 W/(m2K). The external doors were also
very tight and insulated, with a U-value of � 0.8 W/(m2K). The
rooms had no windows, and the internal walls were constructed
of polystyrene panel insulation with a U-value of 0.15 W/(m2K).
The internal door was a standard door with a U-value of � 1.2 W/
(m2K). The leakages between rooms were minimized by covering
the wall with a polyethylene film. The ventilation filters were F7
ePM2.5 65 % to 80 % for the supply air and F9 ePM2.5 > 95 % for
the recirculated air.

2.1.1. Conducted tests in the rooms
Three types of tests were conducted in the rooms.



Fig. 1. Framework of the methodology in this study. Note for abbreviations for the Fig. CCF = cross-correlation factors, I/O = indoor outdoor ratio, KPI = Key performance
indicator, IAQ = Indoor Air Quality.

Fig. 2. Sketch of the three cell offices showing their dimensions and the placement of the LCS and ventilation.

Fig. 3. Overview of the developed control system. The Arduino based sensors send
measurements feedback to the Raspberry Pi that calculates the fan and damper
settings.
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� Test with students (Bubble 1 and 5 in Fig. 1): These tests were
used to determine occupants’ production of CO2, formaldehyde,
PM2.5, TVOCs, heat, and moisture while standard office work on
the computer was performed. A maximum of one student was
present in each office room, and all the students entered their
4

rooms simultaneously and did not leave the room until the
CO2 was at steady state concentration. During most of the tests,
the three offices were occupied simultaneously; when only two
students were in the three rooms, the room in the middle was
vacant. The occupants were 11 males and 13 females aged
between 20 and 50 years old. They had an average height of
165 cm (standard deviation: 10 cm) and an average weight of
71.8 kg (standard deviation: 13.6 kg). Supply and extract venti-
lation rate was continuously 26 m3/h, as recommended by [7].

� Test with mannequins (Bubble 2 in Fig. 1): This test was con-
ducted to evaluate the simulation models of the DCV. The occu-
pants were mimicked by a simplified mannequin in the form of
a metallic cylinder breathing out CO2 through a hole at mouth
height (1.2 m for a sitting person) at the average rate calculated
from the student tests. The CO2 exhalation (occupation of the
room) followed the patterns described in Table 2, but the heat
production did not. The cylinders contained a lightbulb that
produced 120 W, which had to be run constantly throughout
the tests to ensure that the cylinders were warm enough to rep-
resent the convection flow caused by a person. The schedule
intended to show variations in occupancy in the different rooms
and different occupancy profiles that would justify the use of
DCV.

� Pressurization test (Bubble 3 in Fig. 1): For building a correct
simulation model, the leakages of the whole three-offices setup
envelope and the internal leakages between rooms had to be



Table 1
Properties of the low-cost sensors.

Sensor name Parameter Sensor type Accuracy Measurement
range

Response
time

Sensirion SCD30 [66] Relative humidity Capacitive ±3% RH at 25 �C 0–100 % 8 s
Sensirion SCD30 [66] CO2 Nondispersive infrared

(NDIR)
± 30 ppm, ± 3 % (500–1500 ppm) 400–10000 ppm 20 s

Sensirion SCD30 [66] Temperature 10 K NTC Thermistor ± (0.4 �C + 0.023 � (T [�C] � 25 �C) �40 to 70 �C >10 s
DART WZ-S formaldehyde

module [67]
Formaldehyde Electrochemical sensor

(MOS)
�0.02 ppm formaldehyde equivalent <± 2 %
repeatability

0.03–2 ppm <40 s

Sensirion SVM30 [68] TVOCs Multi-pixel metal-oxide 15 % of MV 0–60000 ppb 8 s
Sensirion

SPS30 [69]
Particle
concentration

Optical sensor 0–100 lg/m3 � ±10 lg/m3 100–1000 lg/m3 �
±10 %

Resolution
1 lg/m3

20 ms

Table 2
Number of persons in the different rooms at the different times in the Test with
mannequins.

Time Room 1 Room 2 Room 3

00:00–00:15 1 0 0
00:15–00:30 1 0 1
00:30–01:30 1 1 1
01:30–01:45 2 1 0
01:45–02:00 1 1 1
02:00–02:15 0 1 1
02:15–02:30 0 0 1
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quantified. First, all the offices were pressurized at 50 Pa rela-
tive to the ambient lab to quantify the envelope leakages. Sub-
sequently, three tests were run in which the pressure in one
room was 5 Pa higher than that of the contiguous office and
the lab to quantify the internal leakages.

2.2. Simulation environment

Simulations were performed in an EnergyPlus/CONTAM co-
simulation model. The co-simulation followed the steps described
by [8]. Using a co-simulation allowed the interdependencies
between airflows and heat transfer to be captured as Fig. 4 shows.
EnergyPlus obtained interzone infiltration airflows at each simula-
tion timestep from CONTAM. CONTAM obtained indoor tempera-
tures and system airflows from EnergyPlus and performed the
contaminant transport calculations [8]. The co-simulation was per-
formed using the functional mock-up interface capabilities incor-
porated into EnergyPlus, as described by [70]. The first step for
the co-simulation was to build the two models and the data
exchange. The bridge between both programs was accomplished
using the NIST-developed CONTAM 3D Exporter tool [71]. The
principles and procedure of the co-simulation are not discussed
further in this article, but [8] provides further details.

The simulated offices consisted of the three office rooms
described in Section 2.1. The tests with students described in Sec-
tion 2.1.1 were used to model the pollutant production from the
occupants, and the pressurization tests were used tomodel air leak-
ages. The test withmannequinswas used to validate the DCVmodel
with regard to pollutants and energy. The heat recovery of ventila-
tion was simulated with the maximum sensible and latent effec-
tiveness stated in Table 3 at 100 % and 75 % heating airflow.

Airflow rates were simulated to vary according to the CO2 con-
centrations, as shown in Fig. 5.

In this case, the three step control in Fig. 5 was chosen as rule-
based control or proportional versions of it are standard approach
in commercial building automated systems to reduce the energy
and operating costs. Such controls can provide significant savings
when applied correctly. In rule-based control; the operator has to
constantly monitor and adjust the HVAC operation to meet the
objectives of reducing energy consumptionwhilemaintaining ther-
5

mal comfort [73]. For simplicity, no recirculation of the return air
was run for the test with mannequins. The measured conditions in
the laboratory were used as boundary conditions in the simulation.

2.3. Simulation validation

For precision metrics, the normalized mean bias error (NMBE),
given by Eq. (1), and the coefficient of variance of the root-mean-
squared error (CV-RMSE), given by Eq. (2), are often used [74,75].
The NMBE provides a normalization of the average error of a sam-
ple space, which can be compared with other cases [75]. The CV-
RMSE measures the variability of the errors between the measured
and simulated values [75]. In the equations, Csim and CLCS are the
concentrations simulated and measured by LCS, respectively.
CLCS;av is the average of the monitored data for N observations.

NMBE ¼
PN

i¼1
ðCsim �CLCsÞ
N � 100

CLCS;av

� �
ð%Þ# ð1Þ

CV � RMSE ¼ 100
CLCS;av

� �
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1
ðCsim �CLCsÞ

2

N

r
# ð2Þ

The NMBE and CV-RMSE calculate the average model prediction
error to help evaluate the accuracy of the fitted models. To cali-
brate a model, ASHRAE 14 [76] recommends an NMBE
below ± 10 % and a CV-RMSE of ± 30 % for hourly calibrations
and ± 5 % and ± 15 % for monthly measurements.

This work corresponds with Bubble 6 in Fig. 1.

2.4. Methodology for the analysis of pollutant selection

This study included measurements of CO2, TVOCs, formalde-
hyde, PM2.5, RH, and temperature. Introducing all these IAQ param-
eters in a control logic may be complicated and sometimes
contradictory. Moreover, considering that they may be derived
from the same source or activity, using all the IAQ parameters
may outweigh the activity’s importance. Therefore, the first step
in this work was to assess the significant IAQ parameters for ven-
tilation control. The methodology proposed in this article for
selecting the significant IAQ parameters for control is based on
analysis of correlation by cross-correlation functions. This was
described in detail by [47] and will only be summarized in this arti-
cle. This methodology used CCFs in de-trended time series instead
of the standard Pearson or Spearman coefficients. If two time series
of measurements follow similar trends, they can appear to be
strongly correlated. This higher correlation may stem from the
autocorrelations more than from the pure correlation. Underlying
trends and time series structures affect the correlation patterns
and thus, de-trending is needed to analyze correlations. De-
trending can be done in many ways such as using first differences
or linear regressions with time as a predictor. In this case, de-
trending is done by pre-whitening. Pre-whitening reduces the
presence of not relevant systematic information and the obtained



Fig. 4. Schematic of the co-simulation architecture.

Table 3
Simulated latent and sensible effectiveness at 100 and 75% heating airflow [72].

100 % nominal heating
airflow

75 % nominal heating
airflow

Sensible
effectiveness

78 % 75 %

Latent
effectiveness

40 % 45 %

Fig. 5. Flowchart for control of supply airflow rate to every room.
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6

CCF is proportional to both variables’ impulse response rather than
their autocorrelations. CCFs were used to calculate the Pearson cor-
relations in simultaneous and time-shifted lags. Thus, both simul-
taneous and time-shifted correlations were mapped. The following
consecutive steps are recommended for the CCF methodology with
pre-whitened time series:

Determine a time series model that describes the variable to
residuals that are white noise.
Filter the second time series using the model created for the
first variable.
Calculate the CCF between the residuals from step 1 and the fil-
tered values for the second variable.

In the analysis of supply airflows, two highly and significantly
correlated IAQ parameters indicate that one can be removed
because the remaining parameter(s) would serve as an adequate
proxy for the removed one. Contrarily, in the analysis of recircula-
tion, if the same pollutant is correlated between the supply and
room air, the OA quality affects the concentration of the pollutant
in the room. In this case, it makes sense to use correlated IAQ
parameters in the control logic of the recirculation. If pollutants
are not correlated, they are probably either collected by the filters
or produced indoors, in which case recirculation would not remove
them. Finally, to define the best ventilation procedure to reduce
pollutants, the I/O was evaluated. An I/O below 1 indicates that
the main source of the pollutant is outside of the room. In this case,
it would not be useful to increase OA ventilation rates to dilute the
outdoor-generated pollutant.

For the CCF and I/O analysis, the measurements of the test with
students were analyzed in Section 3.3. This work corresponds with
Bubbles 7 and 8 in Fig. 1.

2.5. Ventilation control strategies

The ventilation control was improved on the basis of simula-
tions. This work corresponds to Step 3, bubbles 9–14 in Fig. 1. In
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this case, two objectives were pursued: a) the reduction of the
annual energy use index (EUI) (kWh/m2/year) and b) the reduction
of the key performance indicators (KPIs) for IAQ (KPI_IAQ) or the
fraction of time with a room air concentration of pollutants or a
temperature and RH outside the guidelines defined in Table 4.

The KPI_IAQ was defined according to Eq. (3) by adding all the
timesteps when all the guidelines from Table 4 were met simulta-
neously in the three rooms and dividing by the total number of
timesteps. The parentheses in Eq. (3) show a logical evaluation of
the three rooms simultaneously; if the conditions were met simul-
taneously for all the rooms, the result for the current timestep was
one. If one of the rooms did not satisfy a single criterion, the solu-
tion to the equation was zero. The value of the KPI ranged between
0 and 100 %. These simulations consisted of 525,960 timesteps (1-
year simulation). When defining working hour (WH) KPIs, the
number of timesteps was reduced to 124,800. The subindex R indi-
cates that the evaluation was performed simultaneously for the
three rooms, and WSP in the sum represents the whole simulated
period.
KPIIAQ ¼
PWSP

1 ðCO2 R < 1000& TempR < 24&TempR > 22& Formaldehyde R < 110 &RHR < 60&RHR > 30&PM2:5 R < 15 Þ
Number of simulated time steps

� 100 ð3Þ
The remaining KPIs were calculated following Eqs. (4)–(8) for
each timestep using the same logic as the IAQ KPI. KPI_CO2 divides
the timesteps with CO2 concentrations below 1000 ppm in the
three rooms by the total number of timesteps. The same reasoning
was applied to calculate the KPI of formaldehyde, PM2.5, tempera-
ture, and RH. The KPIs defined in Eqs. (4)–(8) represent compliance
with the selected guidelines from Table 4. A perfect control will
achieve 100 % in all these KPIs.

KPICO2 ¼
PWSP

1 ðCO2 R < 1000 Þ
Number of simulated time steps

� 100 ð4Þ

KPIformaldehyde ¼
PWSP

1 ðFormaldehydeR < 110 Þ
Number of simulated time steps

� 100 ð5Þ

KPIPM2:5 ¼
PWSP

1 ðPM2:5 R < 15 Þ
Number of simulated time steps

� 100 ð6Þ

KPItemp ¼
PWSP

1 ðAverage roomair temperatureR < 24&Average roomair temperature > 22 Þ
Number of simulated time steps

� 100
ð7Þ

KPIRH ¼
PWSP

1 ðAverage roomair RHR < 60&Average roomair RH > 30 Þ
Number of simulated time steps

� 100
Table 4
Summary of the guidelines for CO2, formaldehyde, PM2.5, temperature, and RH.

Parameter Limit Reference

CO2 1000 ppm [77]
Formaldehyde 110 lg/m3 in 1 min [78]
PM2.5 15 lg/m3 in 1 min [10] defined 24 h, but 1 min is used
Temperature 22–24� C [79]
Relative

humidity
30–60 % [80,81]
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The developed sequences in Section 3.4 are the result of several
attempts (not presented here) that looked at how different limits
for pollutants and corresponding airflow rates affected the KPIs
in eq 3–8 and energy use during WH.

The ventilation logic was tuned as follows:

1. To focus on the supply airflow rate to the room without recircu-
lating return air, the supply airflow rate was changed on the
basis of rule-based sequences using a single uncorrelated IAQ
parameter. Then, the ‘‘combined” rules included all the uncorre-
lated IAQ parameters simultaneously. Table 7 shows the simu-
lated control logic. To have a comparison point, the results were
compared with the scheduled constant air volume strategy, as
shown in the results (Section 3.4.1).

2. The best-performing strategy for the supply airflow was tested
with different logic to control the OA fraction. In this case, the
rule-based strategies were based on the correlations between
the supply and room air concentrations and the I/O ratios. The
simulated cases are described in Table 8.
The controlled pollutants were selected by the strategy
described in Section 2.4, and the selected pollutants are summa-
rized in Section 3.3. The simulations were run for Trondheim and
then repeated with Trondheim’s weather and Beijing’s OA pollu-
tion to study the effect of outdoor pollution.

3. Results and discussion

3.1. Measurements in the laboratory: Tests with students

The tests with students were carried out as described in Sec-
tion 2.1. The grey dots in Fig. 6 represent the measured concentra-
tions of IAQ parameters for all the cases. The blue lines indicate the
local polynomial regression fitting (fitted by weighted least
squares) with time in minutes for each parameter.

The CO2 measurements agreed with the theoretical production
described in [82]. The trends for PM2.5 were similar in most of the
tests. When occupants entered the rooms, they brought in variable
amounts of PM2.5, which decayed with time. However, five tests
were slightly different. These tests corresponded to measurements
taken on a day when renovation work was carried out in the lab.
The concentration of the PM2.5 rose before the tests when all doors
were open to ventilate between two consecutive tests. These mea-
surements were not considered in the model fitting. The same hap-
pened for formaldehyde and TVOCs; the divergent tests also
corresponded to the day of construction/painting work in the lab-
oratory building. Temperature and RH measurements were very
similar for all the tests because the conditions in the laboratory
surrounding the tested offices were very constant during the week
that measurements were taken.

3.2. Model validation

The pressurization tests were performed to map the air leakages
of the three offices using mass balances of pollutants [83]. The test
with 50 Pa pressurization was used to calculate the envelope leak-
age. The three tests in which the pressure in one room was 5 Pa
higher than that of the contiguous office and the lab were used



Table 5
Summary of NMBE and CV-RMSE of the validation simulation.

Temperature RH PM2.5 CO2 Formaldehyde

R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3

NMBE (%) 0.13 �0.09 0.05 0.9 1.15 2.4 �0.52 �0.8 1.3 �0.09 �0.19 0.07 1.94 2.10 0.57
CV-RMSE (%) 0.310 0.257 0.244 1.19 1.41 3.47 28.3 20.3 25.6 24.2 29.36 28.9 3.36 3.96 2.99

Table 6
Number of people in the different rooms at different times.

Time Room 1 Room2 Room 3

00:00–08:00 0 0 0
08:00–08:35 1 0 0
08:35–09:00 1 0 1
09:00–10:30 1 1 1
10:30–11:45 2 1 0
11:45–12:15 0 0 0
12:15–15:30 1 1 1
15:30–15:45 0 1 1
15:45–16:15 0 0 1
16:15–00:00 0 0 0

Table 7
Summary of simulated supply air control strategies with 100% OA.

Name Control logic AFR (m3/
h)

CAV IF ((Saturday) OR (Sunday)),
ELSE IF ((Hour < 8) OR (Hour � 17)),
ELSE

8
8
72

CO2-
1

IF (CO2_Room_ppm � 600),
ELSE IF (CO2_Room_ppm � 900),
ELSE IF (CO2_Room_ppm > 900)

26
46
72

CO2-
2

IF (CO2_Room_ppm � 800),
ELSE IF (CO2_Room_ppm � 1000),
ELSE IF (CO2_Room_ppm > 1000)

26
46
72

CO2-
3

IF (CO2_Room_ppm � 800),
ELSE IF (CO2_Room_ppm � 1000),
ELSE IF (CO2_Room_ppm > 1000)

26
33
59

CO2-
4

IF (CO2_Room_ppm � 660),
ELSE IF (CO2_Room_ppm � 900),
ELSE IF (CO2_Room_ppm � 1000),
ELSE IF (CO2_Room_ppm > 1000)

26
46
72
98

CO2-
5

IF (CO2_Room_ppm � 700),
ELSE IF (CO2_Room_ppm � 850),
ELSE IF (CO2_Room_ppm � 1000),
ELSE IF (CO2_Room_ppm > 1000)

26
46
72
98

FA-1 IF (FA_Room_lg/m3 � 50),
ELSE IF (FA_Room_lg/m3 � 110),
ELSE IF (FA_Room_lg/m3 > 110)

26
46
72

T-1 IF (T_Room_�C � 22),
ELSE IF (T_Room_�C � 23),
ELSE IF (T_Room_�C � 25),
ELSE IF (T_Room_�C > 25)

8
46
72
98

T-2 IF (T_Room_�C � 22),
ELSE IF (T_Room_�C � 23),
ELSE IF (T_Room_�C > 23)

8
46
98

T-3 IF (T_Room_�C � 23),
ELSE IF (T_Room_�C � 24),
ELSE IF (T_Room_�C > 24)

8
46
72

C-1 IF ((T_Room_�C � 23) OR (FA_Room_lg/m3 � 50)),
ELSE IF ((CO2_Room_ppm � 600),
ELSE IF ((CO2_Room_ppm � 700) OR (T_Room_�C � 24)),
ELSE IF ((CO2_Room_ppm � 800) OR (T_Room_�C � 25)),
ELSE IF ((CO2_Room_ppm > 800) OR (FA_Room_lg/
m3 > 110))

8
33
98
111
130

Table 8
Summary of simulated logic for control of the recirculation of return air (outdoor air
(OA) fraction).

Name Control logic Fraction
OA (%)

No_rec Always 100
PM_OR IF ((PM2.5_Amb � PM2.5 return < 0) OR

(PM2.5_Room_lg/m3 > 15)),
100

ELSE 25
PM_AND IF ((PM2.5_Amb � PM2.5 return < 0) AND

(PM2.5_Room_lg/m3 > 15),
100

ELSE 25
PM_CO2_OR IF ((PM2.5_Amb � PM2.5 return < 0) OR

(PM2.5_Room_lg/m3 > 15) OR
(CO2_Return_ppm > 700)),

100

ELSE 25
PM_CO2_AND IF ((PM2.5_Amb � PM2.5 return < 0) AND

(PM2.5_Room_lg/m3 > 15) AND
(CO2_Return_ppm > 700)),

100

ELSE 25
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to calculate the leakages across the internal walls. The calculated
air leakages based on the pressurization tests were simulated in
CONTAM as flow path elements described as one-way overflow
using the power law, a method inspired by [84]. More information
about the characterization of the leakages can be found in Mar-
8

man’s Master thesis [85]. The individual values for CO2 production
for each person, considering a constant MET and the particular
body mass and height [82], were used to validate the calculated
leakage rates in each room using mass balances in the pressuriza-
tion tests. These leakages were included in the calculation of the
strength of the sources used to evaluate improvements in the ven-
tilation control strategy.

The simulated CO2 sources corresponded to the CO2 production
based on the average CO2 production presented in Fig. 6 (0.0053 L/
s). This production was in line with the production based on 1.3
MET for occupants aged 20–30 years [82]. Humidity was simulated
according to measurements (Fig. 6) at 0.06 kg/h and in line with
the results from [86]. PM2.5 was simulated as the combination of
a burst source of 0.6 lg when the occupants entered the room
and an exponential decay with a first-order decay constant of
0.0001 min�1 according to the results shown in Fig. 6. Formalde-
hyde was simulated according to the rate calculated in Fig. 6 of
17 lg/m3 h. The simulated heat loads were 120 W/mannequin,
the lights were simulated to produce 8W/m2, and the plug-in loads
were 11 W/m2, according to the Norwegian guidelines [87]. TVOCs
was not simulated, since the sensor calibration was unavailable.

Fig. 7 compares the measured data and the simulation results of
the test with mannequins. For this test, the occupants entered and
exited the three rooms as summarized in Table 2, and the OA sup-
ply varied, as shown in Fig. 5. The background colors of Fig. 7 cor-
respond to the number of occupants.

In general, the simulation represented the measured response
of the CO2 levels in the rooms very well. However, from 19:30 to
20:00, the airflow rates in Room 1 did not react as the control strat-
egy required, as shown in Fig. 7. The LEO VAV units dynamically
measured the volume flows and controlled the damper positions
to maintain the airflow rates required. In this case, on the basis
of the measurements of the LCS, the Raspberry Pi sent information
about the desired airflow rate to a VAV damper, which adjusted the
damper’s opening. Therefore, when the room controllers further
down in the branch opened or closed, the pressure in the branch
varied, and the damper was regulated until the correct volume
flow was restored. Thus, variations in the flow were observed



Fig. 6. Concentration of pollutants (CO2, PM2.5, formaldehyde, and TVOCs) and the environmental parameters RH and temperature for the 24 measured cases.

Fig. 7. Measured (black) and simulated (red) results in the three rooms. The red, blue, and yellow shading shows whether the room was used by zero, one, or two person(s),
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 7), which the control strategy could not explain, and the sim-
ulation results did not reflect. When occupants arrived in Rooms 2
and 3, the simulated CO2 concentrations rose faster than in reality,
although the ventilation rates were higher in the model. This is
most likely the result of the CO2 supply from the mannequins.
The CO2 was supplied from the bottle and distributed to each
room. The CO2 supplied to the room may have been poorly dis-
tributed in the three-way valve. In addition, once the flow was
opened, the CO2 filled the pipes leading to the mouth of the man-
nequins and then mixed with the air in the room before arriving at
the sensor. The lack of perfect mixing could have caused a delay in
9

the measurement compared with the ideal mixing simulation.
These hypotheses could have been studied in detail to add a delay
to the model, but because the error corresponded to very local
points that would not have changed the general results of this
study, this small difference was disregarded.

Measurements and simulations had a 1-minute resolution, and
they were calibrated according to ASHRAE recommendations.
Table 5 shows the NMBE and CV-RMSE values that are below ASH-
RAE 14 [76] calibration recommendations (NMBE below ± 10 % and
a CV-RMSE of ± 30 % for hourly calibrations). Thus, the model is
considered validated. The energy use was validated using the
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results from the test with mannequins. The energy use NMBE of
the validated simulation was 2 %, and the CV-RMSE was 1.7 %; thus,
the energy simulation was also considered validated.
3.3. Pollutant selection

Correlations between IAQ parameters were assessed according
to the methodology explained in Section 2.4. Then, the supply air
ventilation logic focused on the uncorrelated IAQ parameters,
and the control of the return air recirculation was based on the cor-
related IAQ parameters.

Using the data collected in the test with students, the correla-
tion coefficients obtained between IAQ parameters were deter-
mined and are presented in Fig. 8. To understand this figure, the
following information is essential: the blue dashed lines represent
the 95 % confidence bound for a significant correlation; the x-axis
represents the lag that indicates the offset between both series,
and its sign determines the direction in which the series were
shifted; and the y-axis shows the value of the Pearson correlation
coefficient of the two respective time lags, with larger values indi-
cating stronger correlations.

According to Fig. 8, the measured temperature represented the
room’s RH and PM2.5. The correlation between temperature and
PM2.5 was not obvious, likely because of the sample size and the
small variations in PM2.5 and temperature during the tests, thus
more measurements with larger variations would be needed to
draw a conclusion. According to Fig. 6, most of the PM2.5 and heat
was brought to the room by the occupants. It is important to keep
in mind that the correlations between the IAQ parameters may
indicate a common reason for the change in the values, although
this is not necessarily a causal link. Formaldehyde was strongly
correlated with TVOCs. CO2 and formaldehyde were significantly
but not strongly correlated; thus, in this study, the control strate-
gies for optimizing the rules focused on using formaldehyde, CO2,
and temperature.
Fig. 8. Cross-correlation function between the different pollutants an
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Regarding the IAQ parameters to control the recirculation, the
correlations of interest were between the same parameter in the
supply air and room air. Some pollutants were generated in the
offices, and some infiltrated from outdoors. For example, in a room
with a high concentration of PM2.5 infiltrating from the lab,
increasing the airflow rate would not be beneficial for diluting
PM2.5 concentrations (supposing that these PMs were not filtered,
filter efficiency is essential here); however, reducing the OA frac-
tion may have a protective effect against PM2.5. The I/O ratios
focused on the ratio between IAQ parameters in the supply and
the room to provide information about their origin.

According to Fig. 9 (left), CO2 and PM2.5 showed significant cor-
relations between the room and supply concentrations. Thus, PM2.5

and CO2 should be controlled in recirculation. Notably, the PM
measured in this lab had a considerable share of PM1.0, which
would have been able to pass through the filters used in this AHU.

All the pollutants, RH, and temperature had I/O ratios of >1, as
shown in Fig. 9 (right). This means that the sources were the stu-
dents inside the office. Thus, increasing OA ratios was an efficient
method to reduce concentrations indoors. Formaldehyde and
PM2.5 had very high values and ratios >1 because the divergent
tests (from the period when there were renovations in the lab)
were removed from the analysis.

The TVOCs sensors were not calibrated. The correlation
between TVOCs and formaldehyde was expected because their
sensors were based on very similar measuring principles. However,
because these sensors were not calibrated, the results could have
been coincidental. Thus, TVOCs was not simulated in the co-
simulation model and was not further analyzed in this article.
3.4. Tuning of the ventilation control strategy by simulations

Table 6 describes the schedules of the three offices. The sched-
ules were repeated Monday to Friday throughout the year, except
d environmental parameters measured in the test with students.



Fig. 9. Left: CCF of supply and room air concentrations; right: I/O ratio of pollutants where all the test are plotted consecutively. The x-axis shows the ID of the measurements
ordered by consecutive time.
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for the summer holidays (July 1 to 31), when the offices were
empty.

Ventilation control tuning focused on reducing the EUI and
increasing the KPI_IAQ during WHs. The remaining simulation
building parameters, pollutant sources, and ventilation systems
followed the protocols described in Sections 2.1–2.3 for the vali-
dated model in Section 3.2.
3.4.1. Simulated cases
As described in Section 3.3, the selected IAQ parameters for con-

trolling the airflow supply to the room were CO2, formaldehyde,
and temperature. Table 7 shows the short name of the strategies
used in the graphs, the logic behind the control, and the airflow
rate supplied to each room. The limits and setpoint values for the
supply and recirculation airflow rates in the rule-based control
sequences were determined by parametric analysis. This targeted
the solution that produced the largest annual energy savings and
lowest room air pollutant concentrations. For simplicity, most of
the trials are not presented in this article; only a few cases of
CO2 and temperature are included to show that a single parameter
could affect the various KPIs differently. As the control logic intro-
duced more IAQ parameters, the ‘‘easy” tuning became more com-
plicated because of the effects of controlling one parameter on
several others. In this work, the control sequences were kept very
simple so that the steps of the methodology could be clearly seen
and understood, although more complicated strategies could have
been developed.

The KPI_IAQ and the individual KPIs were checked to improve
the controls. The KPI_IAQ gave a general overview of the perfor-
mance of the control, and the individual KPIs revealed factors that
were not controlled correctly and needed to be improved by mod-
ifications to the rules. For instance, if a control resulted in a
KPI_IAQ of 0 % because the KPI_CO2 equaled 0 %, but all other KPIs
were satisfactory, then changing the logic of the control of CO2

would be the best way to improve the performance of the control
logic; no other changes would improve the system’s performance
as much.
11
The airflow rates in the constant air volume (CAV) strategy, pre-
sented in Table 6, were based on the Norwegian building code TEK
17 [88]. The airflow rates and limits for the other strategies were
chosen to increase the KPI_IAQ and reduce the annual EUI by step-
wise tuning.

The best-performing supply air strategy for Trondheim was
combined with the control strategies of the return air summarized
in Table 8.
3.4.2. Results without recirculation of return air in Trondheim
Fig. 10 shows the simulated control strategies with a 100 % OA

fraction. The KPI_IAQ considered that the three rooms simultane-
ously presented concentrations of the airborne pollutants below
the defined threshold, and RH and temperature within the defined
range. Table 9 breaks down the KPI_IAQ into the KPIs for all the IAQ
parameters defined according to Eqs. (3)–(8) to make concrete
improvements to the control logic if needed. EUI considered the
annual energy use in kWh/m2, including heating and ventilation.
In the simulated cases, no direct cooling was considered apart from
increasing the air supplied to the room.

As can be seen in Fig. 9, the control logic that used the least
energy and provided the best IAQ was the strategy that controlled
CO2, temperature, and formaldehyde (C-1, explained in Table 6).
This strategy reduced airflow rates mainly during the evening,
night, and early morning. The sources of formaldehyde were small
in the rooms (Fig. 6), and thus throughout the winter, when the
indoor temperatures were not very high, the supply rates could
be minimized after the occupants left the room. Then, when the
occupants started their working day, CO2 rose, and airflow rates
rose simultaneously. Airflow rates increased progressively with
CO2 or temperature. The maximum airflow rate in the room was
achieved when CO2 surpassed 800 ppm or when the formaldehyde
was too high. As in the simulation, both sources for CO2 and
formaldehyde were indoors; increasing ventilation helped to dilute
these pollutants.

The DCV solutions did not represent a considerable improve-
ment in energy use compared with the CAV solution. This was pri-



Fig. 10. Percent of working hours (WHs) in which all the KPIs related to IAQ were satisfied versus the annual energy use index (kWh/m2) for different control logics.

Table 9
Individual KPI values for the different IAQ parameters and the ventilation control strategies for WHs, defined as Monday to Friday from 08:00 to 17:00.

KPI WH CAV CO2-1 CO2-2 CO2-3 CO2-4 CO2-5 FA-1 T-1 T-2 T-3 C-1

KPI_IAQ (%) 9.3 44.3 43.3 44.4 44.8 38.5 19.2 41.5 41.8 45.6 45.2
CO2_KPI (%) 100 100 96.4 100 100 90.8 45.8 93.5 94.0 89.0 72.5
Temp _KPI (%) 18.7 83.4 83.4 83.1 81.7 72.8 60.0 81.5 81.2 97.0 97.5
Formaldehyde_KPI (%) 100 100 100 100 100 100 100 100 100.0 100.0 99.3
RH_KPI (%) 46.0 50.8 50.2 51.2 52.3 46.4 40.7 52.9 53.0 53.0 57.0
PM2.5_KPI (%) 99.8 99.7 99.7 99.7 99.8 99.7 99.7 99.8 99.8 100.0 99.3
T > 24 �C (%) 27.9 0.5 0.6 0.5 0.5 4.1 11.24 0.3 0.4 0.5 0.0
T < 22 �C (%) 41.5 3.0 2.6 3.3 3.8 1.2 1.0 3.1 3.2 0.0 0.0
Energy (kWh/m2) 54.2 53.8 53.7 53.8 53.9 53.6 53.7 54.4 53.6 54.4 53.0
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marily due to the high occupancy of the rooms. The Norwegian
standard NS3031 [87] recommends simulating occupancies
between 30 % and 70 %, whereas here, the simulated occupancy
was almost always 100 %, except when people arrived at or left
work and during lunchtime when it dropped to 0 %. Therefore,
the possibility to reduce annual energy use from the differential
occupancy was smaller.

The reference system CAV used more energy than most other
control sequences. However, because the airflow was not con-
trolled from IAQ parameters values, it resulted in too low RH and
temperature and thus, the KPI_IAQ was the lowest. The
formaldehyde-based control did not perform well either. It did
not control IAQ parameters that rose above the thresholds or those
that were not correlated with formaldehyde but were more pre-
sent than the latter (e.g., CO2 and temperature).

Table 9 breaks down the KPI_IAQ into all the IAQ parameters’
KPIs. The CAV control logic was especially poor for temperature,
which was typically outside the range of 22–24 �C. RH was not con-
trolled, and for all the cases, the RH values were too high in sum-
mer and too low in winter. The range of 30–60 % was used
throughout the year, although keeping the RH below 60 % is more
important in the winter to avoid condensation problems, which
can cause mold. With the simulated outdoor conditions, increasing
the ventilation rate would reduce the RH in the winter but not in
the summer. To control the RH more tightly without introducing
it into the control strategies or introducing dehumidification or
humidification, a potential solution is to tighten the limits of the
temperatures and make them different between summer and win-
ter. Allowing lower temperatures in the winter and higher temper-
atures in the summer would mean higher RH levels in the winter
and lower levels in the summer. The general recommendations
for thermal comfort [89] allow for a wider range than what was
12
used in these simulations. The limits of temperature here are
mostly performance-based, but if the energy-saving dimension
was encouraged, these limits should have a seasonal dimension
differentiating between summer and winter. This change would
have a larger effect on the KPI _RH than changing the airflow rates.
PM2.5 concentrations were generally low because the indoor simu-
lated sources were low, and the outdoor concentrations were also
low.

3.4.3. Results without recirculation of return air in Trondheim with the
outdoor air pollutants of Beijing

Fig. 11 shows that when the OA quality in Trondheim was
replaced with that in Beijing, the KPI_PM2.5 worsened for all the
cases because the supply air was more polluted than it was in
Trondheim. The decrease in the KPI_PM2.5 was not proportional
to the increase in the PM levels because of the filters’ effect, and
the leakages were limited in this case. Because PM2.5 was not part
of the control strategies for the supply air, most of them performed
very similarly to the ones for Trondheim regarding energy, CO2,
temperature, RH, and formaldehyde, but the KPI_IAQs were gener-
ally lower.

3.4.4. Results with recirculation of return air in Trondheim
Table 10 compares the best solution with 100 % OA and the

recirculation strategies based on only PM2.5 and PM2.5 AND CO2.
Using recirculation of return air in Trondheim based on PM2.5 did
not yield significant changes because the PM2.5 concentrations
indoors were mainly within the guidelines. The recirculation
strategies PM2.5_OR and PM2.5_AND cases consumed more energy
because more air had to be supplied to reduce the CO2 and temper-
ature in the room during the periods in which the rooms were in
use. The indicator of the fraction of time when the temperature



Fig. 11. KPIs for the different ventilation logics. Comparison between the simulations in Trondheim and the simulations in Trondheim with the outdoor air quality in Beijing
(indicated by _B) during WHs.

Table 10
KPIs for the different IAQ parameters when considering the weather and OA quality in Trondheim during working hours (WHs).

KPI WH C-1 PM2.5_OR PM2.5_AND PM2.5_CO2_OR PM2.5_CO2_AND

IAQ_KPI(%) 45.2 26 26 54.9 53.6
CO2_KPI (%) 72.5 55.2 55.2 84.2 81.6
Temp_KPI (%) 97.5 84.7 84.7 97.6 99.2
Formaldehyde_KPI (%) 99.3 100 100 100 100
RH_KPI (%) 57.0 56.2 56.2 62.6 59.9
PM2.5_KPI (%) 99.3 99.7 99.7 99.7 99.7
T > 24 �C (%) 0.0 2.4 2.4 0.9 0.6
T < 22 �C(%) 0.0 0 0 0 0
Energy (kWh/m2) 53.0 54.71 54.71 46.6 48.1
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was over 24 �C rose from 0 to 2.4 %. In addition, because the recir-
culated air had higher concentrations of CO2, the KPI_CO2 wors-
ened when using PM2.5-based recirculation. Using recirculation
resulted generally higher RH.

Using the reasoning of the correlations, as CO2, temperature,
and RH were related to the occupancy, changing one of them
(CO2) sufficed to improve the KPIs of RH and temperature, as
shown by the controls with PM2.5 and CO2 in Table 10. Adding
CO2 to the recirculation control positively affected the CO2, tem-
perature, and RH, whose KPIs were improved. The general
KPI_IAQs also improved compared with the non-recirculation or
the strategies considering only PM2.5. This was mainly attributed
to an improvement of almost 30 % between the KPI_CO2 of the logic
PM2.5 and the logic PM2.5 OR CO2. The energy use was reduced
because less energy was needed for heating. During occupied peri-
ods, less recirculation was used because an increase in fan power
increased the energy consumption, whereas using PM2.5 to control
recirculation did not have the same effect. The PM2.5_CO2_OR logic
resulted in slightly better results for energy and general IAQ than
PM2.5_CO2_AND.
3.4.5. Results with recirculation of return air in Trondheim and
outdoor air pollutants in Beijing

Fig. 12 compares the results with the recirculation of return air
for the simulated case in Trondheim and the case simulated in
Trondheimwith the OA quality of Beijing. In general, the sequences
reducing the fractions of OA yielded lower concentrations of PM2.5.
This is because the recirculation air filters were superior to the OA
13
filters and the very small production of PM2.5 indoors. By contrast,
increasing the recirculation rates may increase the concentration
of CO2 but reduce that of PM2.5. In places such as Beijing, where
the outdoor PM2.5 concentrations are much higher, this has a large
effect on the results and thus the control sequences including
PM2.5 and CO2 could result in better KPIs (IAQ, PM2.5, and CO2).
Compared with the control logic C-1 with Beijing’s OA, using recir-
culation positively affected the cases controlled using PM2.5 and
CO2; not much improvement was observed in the case of only
using PM2.5. In the reference case, the IAQ KPI was lower because
of the low KPIs for CO2, RH, and PM2.5. These were improved using
the recirculation of return air based on PM2.5 and CO2. The com-
bined control of recirculation also resulted in decreased energy
use. Reducing the OA fraction increased the RH in the winter with-
out increasing the PM2.5 concentration. With dual control (CO2–
PM2.5), because of the rise in CO2 during periods with occupants,
recirculation could not be used to reduce the CO2; thus, more OA
was supplied during periods with higher CO2 indoors, which
resulted in a higher PM2.5 KPI. However, the CO2 KPIs in the dual
controls were not as high as those in the cases without recircula-
tion; this is because to keep the PM2.5 low, the OA fraction had
to be reduced in some periods to account for the PM increase.
4. Discussion

There is a clear need to introduce several IAQ parameters to the
control of ventilation, additionally to occupancy [33]. However, it
is still unclear how to introduce them and which ones to introduce,
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outdoor air quality in Beijing (indicated by _B) during WHs.
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since this will depend on the use of the considered building. In the
present case, the aim was to improve ventilation in offices. In that
respect, measurements were first collected to map the IAQ param-
eters which required to be controlled. This requirement was eval-
uated based on CCF in the de-trended time series. Despite making
the analysis more complex, this method allows for a more proba-
bilistic choice of the IAQ parameters in the control and add up
the flexibility to adapt to different uses of the building or sources
of pollutants.

The co-simulation EnergyPlus/CONTAM allowed to test many
different control strategies thoroughly and is recommended for
its flexibility and accessibility (license-free software). In order to
evaluate the resulting ventilation control logic fairly, KPIs were
developed. These are simple to use and are based on current
knowledge. New KPIs equations should be developed if the guide-
lines in Table 4 are updated. Additionally, as new LCS becomemore
precise in measuring other IAQ parameters, additional KPIs should
be developed.

Multiple DCV strategies were simulated in this study, but only
the most satisfactory control logics according to IAQ and EUI are
presented. The tested sequences are kept simple to focus on the
methodology. Although this study did not use advanced method-
ologies for control optimization, it achieved reductions in energy
use and the number of hours outside the IAQ guidelines. More
advanced strategies could be used in future research with a
broader scope; for example, machine learning could be used to
develop more predictive controls.

The PM2.5 guideline [10] in Table 4 is based on 24-hour aver-
ages. In all of these calculations (Sections 3.4.2–3.4.5), 1-minute
averages were used because this was the timestep in the ventila-
tion control. Using a 24-hour moving average every minute could
have been another option instead of simply reducing the exposure
time to 1 min, but 1 min was assumed to be sufficient. Changing
the time from 24 h to 1 min removes the night period, in which
the concentrations normally drop, leading to overweighting of
the PM2.5 effect. However, using 24 h for a control strategy is not
practical. This PM2.5 limit is health-based, derived from studies
on long- and short-term effects. The updated guidelines from the
WHO [10] state that the PM2.5 24-hour average should not exceed
15 lg/m3>3–4 days per year. If PM2.5 evolves as a standard control
parameter for ventilation, different guidelines based on much
14
shorter timesteps should be developed. In such a case, these guide-
lines should be updated in the control strategies. The ones used in
this article are a proof of concept that must be updated considering
both health effects and ventilation control needs.
5. Conclusions

A holistic methodology was developed in this study to improve
ventilation control logic. This methodology addressed energy effi-
ciency and reduced the number of hours during which the selected
IAQ parameters were outside the selected guidelines. Many previ-
ous studies investigated CO2 but not other pollutants. Though CO2

is a proper indicator of occupancy, it may be inferior for predicting
pollutants from other sources. The methodology required mea-
surements of pollutants and simulations to improve the control
logic.

This methodology was demonstrated and used in a case study
of three full-scale cell office rooms built in a lab at the Norwegian
University of Science and Technology (NTNU) in Trondheim (Nor-
way). The ventilation control of these rooms was based on mea-
surements taken with LCSs connected to a Raspberry Pi.

Three tests were run in this set-up: the first test measured the
occupants’ production of pollutants by studying 24 students’ indi-
vidual measurements; the second test mimicked CO2-controlled
ventilation with thermal mannequins to validate the simulation
model; and the third consisted of pressurization tests used to cal-
culate envelope and room leakages.

For the three office rooms, a dedicated model was developed
based on a co-simulation between EnergyPlus and CONTAM. This
model was validated with results from the test with mannequins.
A validated model is essential because it can evaluate different
control logics on the basis of energy use and KPIs of IAQ.

An investigation of the CCF in the pre-whitened measurement
data series was performed together with I/O ratios to select the
most suitable control IAQ parameters for ventilation. On the basis
of these results, the ventilation control was tuned by studying the
best supply control strategies and the recirculation of return air.

The results showed that it is possible to reduce the annual
energy use and the number of hours when given pollutants are
outside the recommended guidelines. Recirculation positively
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affected the otherwise very dry winter (low RH) indoor conditions
in Trondheim.

In Trondheim, the OA quality is excellent. Therefore, to test the
effect of the outdoor conditions, the same simulations were
repeated with the OA quality in Beijing to compare the recircula-
tion effect. In this case, using recirculation of return air also had
a protective effect on the indoor concentrations of PM2.5. When
recirculating the return air, a holistic approach to control the dif-
ferent IAQ parameters is recommended for a safe system that
avoids excessive values of the uncontrolled IAQ parameters. When
the control strategy has additional parameters, it is essential to use
simulation tools to determine how controlling one parameter can
affect several others.
Data availability

Data will be made available on request.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

The authors gratefully acknowledge the Research Council of
Norway (project no. 257660) and several partners through the
Research Centre on Zero Emission Neighborhoods in Smart Cities
(FME ZEN). Halvor Hauvik, Inge Håvard Rekstad, and Sondre Hoel-
stad Nubdal from NTNU EPT were crucial in making the lab set-up
a reality, and their help is gratefully acknowledged.

References

[1] A. Moum, Å. Hauge, J. Thomsen, Four norwegian zero emission pilot buildings,
Build. Process User Eval. (2017).

[2] European Commission, Directive 2010/31/EU of the European Parliament and
of the Council of 19 May 2010 on the energy performance of buildings (recast),
2010. https://doi.org/doi:10.3000/17252555.L_2010.153.eng.

[3] M. Mysen, S. Berntsen, P. Nafstad, P.G. Schild, Occupancy density and benefits
of demand-controlled ventilation in Norwegian primary schools, Energy Build.
(2005), https://doi.org/10.1016/j.enbuild.2005.01.003.

[4] J.E. Seem, J.M. House, G.E. Kelly, C.J. Klaassen, A damper control system for
preventing reverse airflow through the exhaust air damper of variable-air-
volume air-handling units, ASHRAE Trans. 106 (2000), https://doi.org/10.1080/
10789669.2000.10391254.

[5] W.W. Nazaroff, Exploring the consequences of climate change for indoor air
quality, Environ. Res. Lett. (2013), https://doi.org/10.1088/1748-9326/8/1/
015022.

[6] W.J. Fisk, D. Black, G. Brunner, Changing ventilation rates in U.S. offices:
Implications for health, work performance, energy, and associated economics,
Build. Environ. (2012), https://doi.org/10.1016/j.buildenv.2011.07.001.

[7] DIBK, Byggteknisk forskrift (TEK17), 2017.
[8] M. Justo Alonso, W.S. Dols, H.M. Mathisen, Using Co-simulation between

EnergyPlus and CONTAM to Evaluate Recirculation-based, Demand-controlled
Ventilation Strategies in an Office Building, Build. Environ. (2022). https://doi.
org/10.1016/j.buildenv.2021.108737.

[9] L.E. Ekberg, Outdoor air contaminants and indoor air quality under transient
conditions, Indoor Air. 4 (1994) 189–196. https://doi.org/10.1111/j.1600-
0668.1994.t01-1-00007.x.

[10] WHO, WHO global air quality guidelines, 2021.
[11] EC, Agreed EU-LCI values Formaldehyde, (2014).
[12] N. Ma, D. Aviv, H. Guo, W.W. Braham, Measuring the right factors: A review of

variables and models for thermal comfort and indoor air quality, Renew.
Sustain. Energy Rev. 135 (2021). https://doi.org/10.1016/j.rser.2020.110436.

[13] J. Saini, M. Dutta, G. Marques, Indoor air quality prediction systems for smart
environments: A systematic review, J. Ambient Intell. Smart Environ. (2020),
https://doi.org/10.3233/AIS-200574.

[14] M. Ródenas García, A. Spinazzé, P.T.B.S. Branco, F. Borghi, G. Villena, A.
Cattaneo, A. Di Gilio, V.G. Mihucz, E. Gómez Álvarez, S.I. Lopes, B. Bergmans, C.
Orłowski, K. Karatzas, G. Marques, J. Saffell, S.I.V. Sousa, Review of low-cost
sensors for indoor air quality: Features and applications, Appl. Spectrosc. Rev.
(2022) 1–33, https://doi.org/10.1080/05704928.2022.2085734.
15
[15] M. Justo Alonso, H. Madsen, P. Liu, R.B. Jørgensen, T.B. Jørgensen, E.J.
Christiansen, O.A. Myrvang, D. Bastien, H.M. Mathisen, Evaluation of low-
cost formaldehyde sensors calibration, Build. Environ. 222 (2022). https://doi.
org/10.1016/j.buildenv.2022.109380.

[16] S.S. Shrestha, G.M. Maxwell, An experimental evaluation of HVAC-grade
carbon-dioxide sensors - Part 2: Performance test results, in, ASHRAE Trans.
(2010).

[17] J. Berquist, C. Banister, Feasibility of low-cost CO2 sensors for demand-
controlled Ventilation—Laboratory chamber testing, in, ASHRAE Trans. (2020).

[18] G. Chiesa, S. Cesari, M. Garcia, M. Issa, S. Li, Multisensor IoT platform for
optimising IAQ levels in buildings through a smart ventilation system, Sustain.
(2019), https://doi.org/10.3390/su11205777.

[19] A.A. Borg, The environmental impact of ventilation systems in a norwegian
office building from a life cycle, Perspective (2016).

[20] T. Kumar, M. Mani, Life cycle assessment (LCA) to assess energy neutrality in
occupancy sensors, Smart Innov. Syst. Technol. (2017), https://doi.org/
10.1007/978-981-10-3521-0_9.

[21] L. Morawska, J. Allen, W. Bahnfleth, P.M. Bluyssen, A. Boerstra, G. Buonanno, J.
Cao, S.J. Dancer, A. Floto, F. Franchimon, T. Greenhalgh, C. Haworth, J. Hogeling,
C. Isaxon, J.L. Jimenez, J. Kurnitski, Y. Li, M. Loomans, G. Marks, L.C. Marr, L.
Mazzarella, A.K. Melikov, S. Miller, D.K. Milton, W. Nazaroff, P.V. Nielsen, C.
Noakes, J. Peccia, K. Prather, X. Querol, C. Sekhar, O. Seppänen, S.I. Tanabe, J.W.
Tang, R. Tellier, K.W. Tham, P. Wargocki, A. Wierzbicka, M. Yao, A paradigm
shift to combat indoor respiratory infection, Science 80 (2021), https://doi.org/
10.1126/science.abg2025.

[22] P.O. Fanger, Introduction of the olf and the decipol units to quantify air
pollution perceived by humans indoors and outdoors, Energy Build. 12 (1988)
1–6, https://doi.org/10.1016/0378-7788(88)90051-5.

[23] C. Dimitroulopoulou, M.R. Ashmore, M.T.R. Hill, M.A. Byrne, R. Kinnersley,
INDAIR: A probabilistic model of indoor air pollution in UK homes, Atmos.
Environ. 40 (2006) 6362–6379. https://doi.org/10.1016/j.atmosenv.2006.05.
047.

[24] F.D.A. Gonzalo, M. Griffin, J. Laskosky, P. Yost, R.A. González-lezcano,
Assessment of indoor air quality in residential buildings of new england
through actual data, Sustain. 14 (2022) 739–755, https://doi.org/
10.3390/su14020739.

[25] O. Ramalho, G. Wyart, C. Mandin, P. Blondeau, P.A. Cabanes, N. Leclerc, J.U.
Mullot, G. Boulanger, M. Redaelli, Association of carbon dioxide with indoor air
pollutants and exceedance of health guideline values, Build. Environ. 93 (2015)
115–124, https://doi.org/10.1016/j.buildenv.2015.03.018.

[26] E. Majd, M. McCormack, M. Davis, F. Curriero, J. Berman, F. Connolly, P. Leaf, A.
Rule, T. Green, D. Clemons-Erby, C. Gummerson, K. Koehler, Indoor air quality
in inner-city schools and its associations with building characteristics and
environmental factors, Environ. Res. (2019), https://doi.org/10.1016/j.
envres.2018.12.012.

[27] Y. Choe, J. Shup Shin, J. Park, E. Kim, N. Oh, K. Min, D. Kim, K. Sung, M. Cho, W.
Yang, Inadequacy of air purifier for indoor air quality improvement in
classrooms without external ventilation, Build. Environ. (2022), https://doi.
org/10.1016/j.buildenv.2021.108450.

[28] P. Wu, Z. Fang, H. Luo, Z. Zheng, K. Zhu, Y. Yang, X. Zhou, Comparative analysis
of indoor air quality in green office buildings of varying star levels based on the
grey method, Build. Environ. (2021), https://doi.org/10.1016/j.
buildenv.2021.107690.

[29] R. Maddalena, M.J. Mendell, K. Eliseeva, W.R. Chan, D.P. Sullivan, M. Russell, U.
Satish, W.J. Fisk, Effects of ventilation rate per person and per floor area on
perceived air quality, sick building syndrome symptoms, and decision-making,
Indoor Air. (2015), https://doi.org/10.1111/ina.12149.

[30] W.J. Fisk, How home ventilation rates affect health: A literature review, Indoor
Air. (2018), https://doi.org/10.1111/ina.12469.

[31] P. Carrer, P. Wargocki, A. Fanetti, W. Bischof, E. De Oliveira Fernandes, T.
Hartmann, S. Kephalopoulos, S. Palkonen, O. Seppänen, What does the
scientific literature tell us about the ventilation-health relationship in public
and residential buildings?, Build Environ. 94 (2015) 273–286, https://doi.org/
10.1016/j.buildenv.2015.08.011.

[32] K.W. Tham, Indoor air quality and its effects on humans—A review of
challenges and developments in the last 30 years, Energy Build. 130 (2016)
637–650, https://doi.org/10.1016/j.enbuild.2016.08.071.

[33] ASHRAE Board of Directors, ASHRAE Position Document on Indoor Carbon
Dioxide, (2022) 17. https://www.ashrae.org/file library/about/position
documents/pd_indoorcarbondioxide_2022.pdf.

[34] J. Laverge, I. Pollet, S. Spruytte, F. Losfeld, A. Vens, VOC or CO2: Are they
interchangeable as sensors for demand control?, Heal Build. Eur. (2015, 2015:)
8.

[35] G. Guyot, M. Sherman, I. Walker, J.D. Clark, Residential smart ventilation : a
review, 2017. https://doi.org/LBNL-2001056.

[36] H.D. Goodfellow, Y.B.T.-I.V.D.G., in: Second E. Wang (Ed.), Chapter 6 -
Commissioning, Control, and Maintenance of Ventilation Systems, Academic
Press, in, 2021, pp. 373–433.

[37] ASHRAE, GUIDELINE 36-2021 – High performance sequences of operation for
HVAC systems, 2021.

[38] K. Zhang, D. Blum, H. Cheng, G. Paliaga, M. Wetter, J. Granderson, Estimating
ASHRAE Guideline 36 energy savings for multi-zone variable air volume
systems using Spawn of EnergyPlus, J. Build. Perform. Simul. (2022), https://
doi.org/10.1080/19401493.2021.2021286.

[39] Z. Afroz, G. Higgins, G.M. Shafiullah, T. Urmee, Evaluation of real-life demand-
controlled ventilation from the perception of indoor air quality with probable

http://refhub.elsevier.com/S0378-7788(22)00863-5/h0005
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0005
https://doi.org/10.1016/j.enbuild.2005.01.003
https://doi.org/10.1080/10789669.2000.10391254
https://doi.org/10.1080/10789669.2000.10391254
https://doi.org/10.1088/1748-9326/8/1/015022
https://doi.org/10.1088/1748-9326/8/1/015022
https://doi.org/10.1016/j.buildenv.2011.07.001
https://doi.org/10.1016/j.buildenv.2021.108737
https://doi.org/10.1016/j.buildenv.2021.108737
https://doi.org/10.1111/j.1600-0668.1994.t01-1-00007.x
https://doi.org/10.1111/j.1600-0668.1994.t01-1-00007.x
https://doi.org/10.1016/j.rser.2020.110436
https://doi.org/10.3233/AIS-200574
https://doi.org/10.1080/05704928.2022.2085734
https://doi.org/10.1016/j.buildenv.2022.109380
https://doi.org/10.1016/j.buildenv.2022.109380
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0080
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0080
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0080
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0085
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0085
https://doi.org/10.3390/su11205777
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0095
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0095
https://doi.org/10.1007/978-981-10-3521-0_9
https://doi.org/10.1007/978-981-10-3521-0_9
https://doi.org/10.1126/science.abg2025
https://doi.org/10.1126/science.abg2025
https://doi.org/10.1016/0378-7788(88)90051-5
https://doi.org/10.1016/j.atmosenv.2006.05.047
https://doi.org/10.1016/j.atmosenv.2006.05.047
https://doi.org/10.3390/su14020739
https://doi.org/10.3390/su14020739
https://doi.org/10.1016/j.buildenv.2015.03.018
https://doi.org/10.1016/j.envres.2018.12.012
https://doi.org/10.1016/j.envres.2018.12.012
https://doi.org/10.1016/j.buildenv.2021.108450
https://doi.org/10.1016/j.buildenv.2021.108450
https://doi.org/10.1016/j.buildenv.2021.107690
https://doi.org/10.1016/j.buildenv.2021.107690
https://doi.org/10.1111/ina.12149
https://doi.org/10.1111/ina.12469
https://doi.org/10.1016/j.buildenv.2015.08.011
https://doi.org/10.1016/j.buildenv.2015.08.011
https://doi.org/10.1016/j.enbuild.2016.08.071
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0170
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0170
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0170
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0180
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0180
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0180
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0180
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0180
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0180
https://doi.org/10.1080/19401493.2021.2021286
https://doi.org/10.1080/19401493.2021.2021286


M. Justo Alonso, P. Liu, S.F. Marman et al. Energy & Buildings 279 (2023) 112692
implications, Energy Build. 219 (2020). https://doi.org/10.1016/j.enbuild.
2020.110018.

[40] J. Kallio, J. Tervonen, P. Räsänen, R. Mäkynen, J. Koivusaari, J. Peltola,
Forecasting office indoor CO2 concentration using machine learning with a
one-year dataset, Build. Environ. 187 (2021). https://doi.org/10.1016/j.
buildenv.2020.107409.

[41] X. Lü, T. Lu, M. Viljanen, C.J. Kibert, A new method for controlling CO2 in
buildings with unscheduled opening hours, Energy Build. 59 (2013) 161–170,
https://doi.org/10.1016/j.enbuild.2012.12.024.

[42] S. Zhang, Z. Ai, Z. Lin, Novel demand-controlled optimization of constant-air-
volume mechanical ventilation for indoor air quality, durability and energy
saving, Appl. Energy. 293 (2021). https://doi.org/10.1016/j.apenergy.2021.
116954.

[43] B. Chenari, F.B. Lamas, A.R. Gaspar, M.G. Da Silva, Simulation of occupancy and
CO2-based demand-controlled mechanical ventilation strategies in an office
room using EnergyPlus, Energy Procedia. 113 (2017) 51–57, https://doi.org/
10.1016/j.egypro.2017.04.013.

[44] W.S. Dols, S.J. Emmerich, B.J. Polidoro, Using coupled energy, airflow and
indoor air quality software (TRNSYS/CONTAM) to evaluate building ventilation
strategies, Build. Serv. Eng. Res. Technol. (2016), https://doi.org/10.1177/
0143624415619464.

[45] K. Heimar Andersen, S.B. Holøs, A. Yang, K. Thunshelle, Ø. Fjellheim, R. Lund
Jensen, Impact of Typical Faults Occurring in Demand-controlled Ventilation
on Energy and Indoor Environment in a Nordic Climate, in: E3S Web Conf.,
2020. https://doi.org/10.1051/e3sconf/202017209006.

[46] W. Wang, X. Shan, S.A. Hussain, C. Wang, Y. Ji, Comparison of multi-control
strategies for the control of indoor air temperature and co2 with openmodelica
modeling, Energies. (2020), https://doi.org/10.3390/en13174425.

[47] M. Justo Alonso, S. Wolf, R.B. Jørgensen, H. Madsen, H.M. Mathisen, A
methodology for the selection of pollutants for ensuring good indoor air
quality using the de-trended cross-correlation function, Build. Environ. 209
(2022). https://doi.org/10.1016/j.buildenv.2021.108668.

[48] H.W. Davies, J.J. Vlaanderen, S.B. Henderson, M. Brauer, Correlation between
co-exposures to noise and air pollution from traffic sources, Occup. Environ.
Med. (2009), https://doi.org/10.1136/oem.2008.041764.

[49] Y.H. Dai, W.X. Zhou, Temporal and spatial correlation patterns of air pollutants
in Chinese cities, PLoS One. (2017), https://doi.org/10.1371/journal.
pone.0182724.

[50] Z. Andualem, Z. Gizaw, L. Bogale, H. Dagne, Indoor bacterial load and its
correlation to physical indoor air quality parameters in public primary schools,
Multidiscip. Respir. Med. (2019), https://doi.org/10.1186/s40248-018-0167-y.

[51] J. Taylor, C. Shrubsole, P. Symonds, I. Mackenzie, M. Davies, Application of an
indoor air pollution metamodel to a spatially-distributed housing stock, Sci.
Total Environ. (2019), https://doi.org/10.1016/j.scitotenv.2019.02.341.

[52] W. Liang, B. Zhao, J. Liu, J. Pei, Can carbon dioxide be a good indicator for
formaldehyde in residences?—Monte Carlo modeling for a whole year, Sci.
Technol. Built Environ. (2020), https://doi.org/10.1080/23744731.2020.1726698.

[53] B. Paolo, D. Matteo, F. Roberto, Demand-controlled ventilation through a
decentralized mechanical ventilation unit for office buildings, Simul. Ser.
(2018). https://doi.org/10.22360/simaud.2018.simaud.012.

[54] X. Lu, T. Yang, Z. O’Neill, X. Zhou, Z. Pang, Energy and ventilation performance
analysis for CO2-based demand-controlled ventilation in multiple-zone VAV
systems with fan-powered terminal units (ASHRAE RP-1819), Sci. Technol.
Built Environ. (2020), https://doi.org/10.1080/23744731.2020.1831318.

[55] S.J. Emmerich, A.K. Persily, Effectiveness of a Heat Recovery Ventilator, an
Outdoor Air Intake Damper and an Electrostatic Particulate Filter at Controlling
Indoor Air Quality in Residential Buildings, in: 16th AIVC Conf., 1995: p. 263.

[56] P. Hua, T. Zhao, W. Dai, J. Zhang, Trial-and-Error Method for Variable Outdoor
Air Volume Setpoint of VAV System Based on Outdoor Air Damper Static
Pressure Difference Control, in: Int. Symp. Heating, Vent. Air Cond., Springer,
2019: pp. 737–746.

[57] T. Zhao, P. Hua, W. Dai, J. Zhang, L. Ma, An optimal control method for discrete
variable outdoor air volume setpoint determination in variable air volume
systems, Build. Environ. 167 (2020). https://doi.org/10.1016/j.buildenv.2019.
106444.

[58] T. Zhao, J. Wang, C. Liu, P. Hua, Y. Zhou, Y. Zhao, Comparative study of outdoor
airflow requirement and distribution in multi-zone VAV system with different
control strategies, Sci. Technol. Built Environ. 27 (2020) 489–508. https://doi.
org/10.1080/23744731.2020.1865778.

[59] M. Justo Alonso, R.B. Jørgensen, H. Madsen, H.M. Mathisen, Performance
assessment of low-cost sensors under representative indoor air conditions, in:
Indoor Air 2022 Conf., June 12th to 16th Kuopio, Finland, 2022.

[60] TroxAuranor,, Orion-LØV with Sirius Comfort 1 (2018). https://www.trox.no/
en/swirl-diffusers–-fixed/orion-løv-with-sirius-comfort-
8acd519c05f43705#downloads.
16
[61] TroxAuranor, LVC Variable volume flow control VAV terminal units, (2021) 1–
15. https://www.trox.no/en/downloads/083f98a00518df7d/
LVC_PD_2021_11_05_DE_enpdf.pdf?type=product_info.

[62] TroxAuranor, Leo LØV-R, (n.d.). https://www.trox.no/en/downloads/
9eb3bbdb9b1fd3da/GB0814_Leo.pdf?type=product_info.

[63] I.P. Belimo, Range Belimo (2017) 1–6. https://www.belimo.com/mam/
americas/technical_documents/application_programs_and_plug-ins/modbus-
register.pdf.

[64] Flexit, Uni 3 Air handling unit, (2017). https://www.flexit.
no/globalassets/catalog/documents/db_116334en_4560.pdf.

[65] Flexit, Modbus adapter CI66 Flexit, (n.d.). https://www.flexit.no/en/products/
related/modbus_adapter_ci66_k2-c2-uni/.

[66] Sensirion, SCD30 - Sensor Module for HVAC and Indoor Air Quality
Applications, (2020). https://www.sensirion.com/en/environmental-
sensors/carbon-dioxide-sensors/carbon-dioxide-sensors-co2/ (accessed
December 15, 2020).

[67] Dart, Dart Sensors WZ-S formaldehyde module Operation Manual, 2019.
https://www.dart-sensors.com/product-category/sensors/formaldehyde-
sensors/ (accessed December 15, 2020).

[68] M. Höhener, H. Multi-Gas, T. Module, SVM30 (NRND, Sensirion,, 1–3 accessed
December 15, 2020 https://www.sensirion.com/en/environmental-
sensors/gas-sensors/multi-gas-humidity-temperature-module-svm30/, 2019.

[69] Sensirion, Particulate Matter Sensor SPS30, (2018). https://www.
sensirion.com/en/environmental-sensors/particulate-matter-sensors-pm25/
(accessed December 15, 2020).

[70] W.S. Dols, S.J. Emmerich, B.J. Polidoro, Coupling the multizone airflow and
contaminant transport software CONTAM with EnergyPlus using co-
simulation, Build. Simul. 9 (2016) 469–479, https://doi.org/10.1007/s12273-
016-0279-2.

[71] B.J. Polidoro, W.S. Dols, S.J. Emmerich, Contam 3D Exporter, (2018).
[72] P. Liu, M. Justo Alonso, H.M. Mathisen, Development and optimization of

highly efficient heat recoveries for low carbon residential buildings, Energy
Build. 286 (2022).

[73] M. Casini, Chapter 10 - Building automation systems, in: . M.B.T.-C. 4. Casini,
(Ed.), Woodhead Publ. Ser. Civ. Struct, Eng., Woodhead Publishing, 2022, pp.
525–581.

[74] B. Gucyeter, Calibration of a building energy performance simulation model
via monitoring data, ASHRAE IBPSA-USA Build. Simul. Conf, in, 2018.

[75] G.R. Ruiz, C.F. Bandera, Validation of calibrated energy models: Common
errors, Energies. 10 (2017), https://doi.org/10.3390/en10101587.

[76] ANSI/ASHRAE, ASHRAE Guideline 14-2002 Measurement of Energy and
Demand Savings, Ashrae. (2002).

[77] M. Pettenkofer, Über den Luftwechsel in Wohngebäuden, (1858).
[78] B. Berglund, A. Hoglund, H. Esfandabad, A bisensory method for odor and

irritation detection of formaldehyde and pyridine, Chem. Percept. 5 (2012)
146–157.

[79] Y. Geng, W. Ji, B. Lin, Y. Zhu, The impact of thermal environment on occupant
IEQ perception and productivity, Build. Environ. 121 (2017) 158–167, https://
doi.org/10.1016/j.buildenv.2017.05.022.

[80] M.M. Derby, M. Hamehkasi, S. Eckels, G.M. Hwang, B. Jones, R. Maghirang, D.
Shulan, Update of the scientific evidence for specifying lower limit relative
humidity levels for comfort, health, and indoor environmental quality in
occupied spaces (RP-1630), Sci. Technol. Built Environ. 23 (2017) 30–45,
https://doi.org/10.1080/23744731.2016.1206430.

[81] ASHRAE, Standard 160: Criteria for Moisture-Control Design Analysis in
Buildings, 2016.

[82] A.K. Persily, L. de Jonge, Carbon dioxide generation rates for building
occupants, Indoor Air. 27 (2017) 868–879. https://doi.org/10.1111/ina.12383.

[83] ASHRAE, 2013 ASHRAE Handbook - Fundamentals (SI Edition), 2013 ASHRAE
Handbook—Fundamentals. (2013).

[84] L.C. Ng, S. Zimmerman, J. Good, B. Toll, S.J. Emmerich, A.K. Persily, Estimating
real-time infiltration for use in residential ventilation control, Indoor Built
Environ. (2020), https://doi.org/10.1177/1420326X19870229.

[85] S.F. Marman, Development of Control Strategies for Demand Controlled
Ventilation using IoT, NTNU, 2022.

[86] F.W.H. Yik, P.S.K. Sat, J.L. Niu, Moisture Generation through Chinese Household
Activities, Indoor Built Environ (2004).

[87] S. Norge, NS 3031: 2014 - Calculation of energy performance of buildings -,
Method and data (2014).

[88] DIBK, Veiledning TEK 2017 Byggeteknisk forskrift, 2017.
[89] ASHRAE, ANSI/ASHRAE Standard 55-2017 : Thermal Environmental Conditions

for Human Occupancy, ASHRAE Inc. (2017).

https://doi.org/10.1016/j.enbuild.2020.110018
https://doi.org/10.1016/j.enbuild.2020.110018
https://doi.org/10.1016/j.buildenv.2020.107409
https://doi.org/10.1016/j.buildenv.2020.107409
https://doi.org/10.1016/j.enbuild.2012.12.024
https://doi.org/10.1016/j.apenergy.2021.116954
https://doi.org/10.1016/j.apenergy.2021.116954
https://doi.org/10.1016/j.egypro.2017.04.013
https://doi.org/10.1016/j.egypro.2017.04.013
https://doi.org/10.1177/0143624415619464
https://doi.org/10.1177/0143624415619464
https://doi.org/10.3390/en13174425
https://doi.org/10.1016/j.buildenv.2021.108668
https://doi.org/10.1136/oem.2008.041764
https://doi.org/10.1371/journal.pone.0182724
https://doi.org/10.1371/journal.pone.0182724
https://doi.org/10.1186/s40248-018-0167-y
https://doi.org/10.1016/j.scitotenv.2019.02.341
https://doi.org/10.1080/23744731.2020.1726698
https://doi.org/10.22360/simaud.2018.simaud.012
https://doi.org/10.1080/23744731.2020.1831318
https://doi.org/10.1016/j.buildenv.2019.106444
https://doi.org/10.1016/j.buildenv.2019.106444
https://doi.org/10.1080/23744731.2020.1865778
https://doi.org/10.1080/23744731.2020.1865778
https://www.trox.no/en/swirl-diffusers%e2%80%93-fixed/orion-l%c3%b8v-with-sirius-comfort-8acd519c05f43705%23downloads
https://www.trox.no/en/swirl-diffusers%e2%80%93-fixed/orion-l%c3%b8v-with-sirius-comfort-8acd519c05f43705%23downloads
https://www.trox.no/en/swirl-diffusers%e2%80%93-fixed/orion-l%c3%b8v-with-sirius-comfort-8acd519c05f43705%23downloads
https://www.trox.no/en/swirl-diffusers%e2%80%93-fixed/orion-l%c3%b8v-with-sirius-comfort-8acd519c05f43705%23downloads
https://www.belimo.com/mam/americas/technical_documents/application_programs_and_plug-ins/modbus-register.pdf
https://www.belimo.com/mam/americas/technical_documents/application_programs_and_plug-ins/modbus-register.pdf
https://www.belimo.com/mam/americas/technical_documents/application_programs_and_plug-ins/modbus-register.pdf
https://www.sensirion.com/en/environmental-sensors/gas-sensors/multi-gas-humidity-temperature-module-svm30/
https://www.sensirion.com/en/environmental-sensors/gas-sensors/multi-gas-humidity-temperature-module-svm30/
https://doi.org/10.1007/s12273-016-0279-2
https://doi.org/10.1007/s12273-016-0279-2
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0360
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0360
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0360
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0365
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0365
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0365
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0365
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0365
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0370
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0370
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0370
https://doi.org/10.3390/en10101587
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0390
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0390
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0390
https://doi.org/10.1016/j.buildenv.2017.05.022
https://doi.org/10.1016/j.buildenv.2017.05.022
https://doi.org/10.1080/23744731.2016.1206430
http://dx.doi.org/10.1111/ina.12383
https://doi.org/10.1177/1420326X19870229
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0430
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0430
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0435
http://refhub.elsevier.com/S0378-7788(22)00863-5/h0435

	Holistic methodology to reduce energy use and improve indoor air quality for demand-controlled ventilation
	1 Introduction
	2 Methods
	2.1 Case study: Measurements in the laboratory
	2.1.1 Conducted tests in the rooms

	2.2 Simulation environment
	2.3 Simulation validation
	2.4 Methodology for the analysis of pollutant selection
	2.5 Ventilation control strategies

	3 Results and discussion
	3.1 Measurements in the laboratory: Tests with students
	3.2 Model validation
	3.3 Pollutant selection
	3.4 Tuning of the ventilation control strategy by simulations
	3.4.1 Simulated cases
	3.4.2 Results without recirculation of return air in Trondheim
	3.4.3 Results without recirculation of return air in Trondheim with the outdoor air pollutants of Beijing
	3.4.4 Results with recirculation of return air in Trondheim
	3.4.5 Results with recirculation of return air in Trondheim and outdoor air pollutants in Beijing


	4 Discussion
	5 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	References


