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ABSTRACT 

The building sector is responsible for a large part of the world’s total energy use. In many 

developed countries, the energy used for heating, ventilation, and air conditioning in residential 

and commercial buildings represents about half the total energy used in buildings [1]. Buildings 

have become more airtight and insulated over the last few years––a response to the acute need 

to reduce building energy demands. Reducing uncontrolled leaks has had a positive effect on 

reducing heating needs in cold climates. However, this has also brought increased attention to 

the need for ventilation systems that ensure the satisfactory renewal of the air, and thus a 

satisfactory indoor air quality (IAQ) that does not lead to other problems. Mechanical 

ventilation is customarily selected to ensure ventilation rates that satisfy building-code 

requirements. In offices, demand-controlled ventilation (DCV) reduces energy needs. With 

DCV, the airflow rates depend on the concentration of one or more indicators of building 

occupancy. The ventilation rates are maximized at the room/zone level during periods of full 

occupancy and reduced to minimum levels when the room/zone is vacant. The occupancy is 

measured as the increase of a selected parameter––usually, carbon dioxide (CO2) and/or 

temperature. One of the challenges of choosing a single indicator, such as CO2, is that, despite 

CO2 being a proven indicator of bioeffluents, it is doubtful that it is an appropriate indicator 

for pollutants that are not directly connected to room occupancy.  

Therefore, the main aim of this PhD study was to explore and develop a holistic methodology 

for improving ventilation control in order to reduce energy use and improve IAQ. 

This work can be summarized as a step-by-step study aimed at addressing the following 

questions: 

1. Why is DCV, as performed today, not good enough? Literature reviews and an analysis 

of correlations with pollutants have revealed that CO2 and temperature are crucial 

factors in accounting for room occupancy, but they are not satisfactory for addressing 

the pollutants that occupants do not directly produce, such as particulate matter (PM). 

Thus, CO2 and temperature alone cannot answer whether there is a satisfactory IAQ. 

Therefore, additional pollutants need to be measured, and some should be used to 

control ventilation. 

2. What should be measured to improve DCV? To qualitatively and quantitatively 

evaluate the existing pollutants in rooms, a literature review on the typical pollutants 
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found in offices was carried out in order to map the existing prevailing challenges. 

Measurements were collected from three offices, four schools, and 21 home offices in 

order to verify the literature findings and corroborate their application in Norwegian 

cases.  

3. How can these extra parameters be measured affordably? CO2 and temperature have 

commonly been measured because they represent occupancy, and sensors for other 

parameters have been expensive up to now. With the development of low-cost sensors 

(LCSs), the possibility to affordably measure several extra parameters has opened up. 

In this work, a cap of €200 per sensing point was set on the price of the sensing 

equipment. The reasoning behind this amount was to be able to provide a solution that 

could be realistically deployed. However, LCSs suffer from accuracy, precision, and 

bias problems. Thus, calibrating these sensors had to be performed in a thorough 

manner. A calibration methodology was developed to handle the data collected, with 

the calibration experiments designed to allow for autocorrelation of the data.  

4. Which parameters should be used to improve the controls logics? Which are the most 

significant indicators? In this work, CO2, temperature, relative humidity, PM2.5, total 

volatile organic compounds, and formaldehyde were measured. These parameters were 

selected because they have been previously reported as common office challenges and 

could be measured using LCSs. In ventilation control, it is important to use all the 

significant parameters, but every extra parameter adds a layer of complexity to the 

control. Therefore, two methodologies were used to select the significant parameters:  

 On one hand, cross-correlation functions (CCFs) with de-trended time series 

and indoor/outdoor ratios were used to evaluate the correlations between 

parameters. Uncorrelated room parameters (e.g., CO2 and PM2.5) needed to be 

introduced into the control strategies for the supply airflow rate to the 

zone/room. Correlated parameters between the indoor and outdoor air (OA) 

(e.g., PM2.5 indoor and outdoor) were used to select the OA fraction.  

 On the other hand, to account for the influence of the building’s characteristics 

on the pollutant concentrations, considering the correlations derived from 

samples collected from the same households (i.e., clusters), the generalized 

estimation equation method was used.  

5. When are the control strategies better? How can these be evaluated? Simulation and 

measurements were used to evaluate the effects of the different control logics. Co-



ABSTRACT 

ix 

simulation between CONTAM and EnergyPlus softwares was the platform selected 

because these simulation programs simultaneously enabled energy use and IAQ 

analysis. The models developed were validated using measurements from a three-office 

setup in the laboratory and an eight-office corridor. Improved controls on supply 

airflow rates and the share of recirculated returned air were evaluated. The annual 

simulation results were analyzed by looking at annual energy use and key performance 

indicators, defined as the share of the simulated time during which a parameter was 

below or within a defined range.  

In addressing these questions, a holistic approach to improving DCV control logic was 

developed. This methodology can be used in simple to more-complex cases. Most of the 

individual questions were answered in journal articles devoted to this. Each step and the entire 

methodology were validated using measurements.  

In conclusion, the findings of this study provide an applicable solution to the need to improve 

ventilation control logic in order to consider the contradictory requirements of improving IAQ 

while reducing energy usage. The findings may contribute to the deployment of more-advanced 

sensing technologies, thereby ensuring healthier and productivity-promoting indoor 

environments that use less energy.  
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1.  INTRODUCTION 

In this chapter, the research context for this study is laid out. The aim of the study, addressed 

through answering research questions to fill knowledge gaps, is presented.  

1.1  Research background and motivation 

Reduced energy consumption in buildings has been one of the prime motivations behind 

developing the latest European building regulations and standards [2]. The building sector 

accounts for about 40% of the global energy use [3], and energy consumption for heating, 

ventilation, and air conditioning (HVAC) potentially accounts for 30–40% of the overall energy 

consumption and about 40–60% of the total electricity used in buildings in cold climates [4,5]. 

Efficient buildings, such as passive houses [6] or zero-emissions buildings [7], are required to 

demonstrate a significant decrease in energy use. This is achieved primarily through reduced 

heat loss [8] (i.e., tighter building envelopes and reduced uncontrolled air leakage). Ventilation 

may account for more than 50% of the total energy loss from these buildings if no heat recovery 

is used [9]. Heat recovery can reduce these energy demands by 80–90%, according to several 

studies on cold climates [10,11]. Additionally, demand-controlled variation (DCV) is a very 

energy-efficient measure for when occupancy varies throughout the day––in Norway, the 

typical design occupancy is around 50% at maximum [12]. Thus, DCV can significantly reduce 

ventilation energy use by 30–60%, compared to constant air volume controls (CAV) [13,14]. 

Pollutants can infiltrate from outdoors or be generated indoors by different indoor activities 

[15]. Because the infiltration of outdoor air (OA) is reduced in tighter envelopes, ventilation 

becomes necessary in order to dilute interior pollutants. The indoor environment is one of the 

essential factors in a person’s cumulative air-pollutant intake [16]. Thus, to ensure healthy 

indoor environments that provide comfort and encourage productivity, natural or mechanical 

ventilation is needed to remove adverse airborne pollutants and thus ensure a good indoor air 

quality (IAQ). Heat/energy recovery and DCV are usually proposed as energy-efficiency 

measures for cold-climate offices [10,17–19]. Mechanical ventilation with heat recovery and a 

heat coil reduces the risk of draughts and the infiltration of outdoor pollutants compared to the 

supply of unconditioned and unfiltered OA through vents or openings. With DCV, the 

ventilation airflow rates depend on the concentration of a selected airborne contaminant or an 

indicator for occupancy. During periods of full occupancy, the airflow rate is maximized, and 
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when the room is vacant, the airflow rate is minimized. In this way, the energy consumed by 

ventilation and heating is reduced.  

Selection of the parameter to use to control the ventilation is not trivial. Carbon dioxide (CO2) 

and temperature are the typical occupancy indicators [20]. Temperature is also often an 

indicator of several other heat loads, such as sunlight. However, other airborne contaminants 

should always be ventilated and do not necessarily correlate with occupancy. Temperature is 

not a pollutant, but rather an environmental parameter that affects the perception of the IAQ 

because it affects both the relative humidity (RH), to which it is correlated, and the degassing 

of indoor materials. Common OA pollutants, such as particulate matter (PM), total volatile 

organic compounds (TVOCs), carbon monoxide (CO), ozone (O3), and nitrogen oxides, can 

infiltrate into the indoor environment. Formaldehyde (CH2O) may be found/produced indoors 

and is related to building materials, cleaning agents, paints, adhesives, cooking fumes, wood 

smoke, biological pollutants, among several other things [21–23]. Exposure to pollutants over 

the short and long term has been linked to deleterious health outcomes, varying from minor 

upper respiratory irritation to chronic respiratory and heart disease, acute respiratory infections 

in children, and chronic bronchitis in adults, as well as aggravating pre-existing heart and lung 

conditions and prompting asthmatic attacks [24], potentially leading to premature mortality and 

reduced life expectancy [25].  

Indoor air RH is essential due to its associated comfort and health effects [26]. Relative 

humidity affects the rate of degassing of CH2O and volatile organic compounds (VOCs) from 

indoor materials [27], and has been correlated to the perception of IAQ [28], the formation of 

molds and allergens [29], and the survival of pathogens [26]. Ventilation or air conditioning 

should keep the RH below mold or mite growth thresholds [30]. The survival rate and 

transmission efficiency of the influenza virus has been proven to increase at low RHs [26,31]. 

Contrarily, RHs over 40% can dramatically reduce the infectivity of certain other viruses [32]. 

Coronavirus infectivity, for instance, seems to decay faster at close to 60% RH than at other 

levels [33]. Recent research by Aganovic et al. [34] found that, for non-enveloped viruses, such 

as adenovirus and rhinovirus, increasing the RH would increase the probability of infection, 

whereas for enveloped viruses, such as SARS-CoV-2 or influenza, an increased RH would 

decrease the probability of infection. From their data, increasing ventilation always resulted in 

reduced infection risk, regardless of virus type [34]. In the winter in cold climates, the problems 
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associated with RH are related to the excessively dry conditions [26]. In these cases, strategies 

for humidification are seldom recommended [35], primarily because of the risk of mold. 

Some authors have concluded that there is a need to take CO2 as both an IAQ indicator and a 

pollutant that impacts health and cognitive functions [36,37], even at concentrations below 

1,000 ppm [38]. Other authors have suggested controlling other parameters [39–42] in addition 

to CO2 and temperature. Morawaska et al. [43], for instance, confirmed that there are no 

ventilation guidelines to precisely control the concentration of viruses, benzene, CO, CH2O, 

and other chemicals, indoors [43]. 

The World Health Organization (WHO) has defined threshold concentrations for various 

contaminants based on their effects on human health [44], but the list does not include all 

possible airborne pollutants that can cause health effects. Still, many of the recommended 

parameters with thresholds are not typically measured. Logue [45] determined that, in the 

United States (US) and countries with similar lifestyles, air pollutant concentrations in 

residences often exceed health-based standards for chronic and acute exposure. The WHO 

concluded that about 3.8 million deaths can be linked to household air pollution, annually [46]. 

The coronavirus pandemic brought attention to the effect of ventilation on the spread of 

sickness. Aganovic et al. [47] concluded that increased ventilation rates always reduce infection 

risk, independently of virus type. Morawaska et al. [43] asked for a paradigm shift in ventilation 

control to address the transmission of respiratory infections in order to avoid suffering and to 

protect against economic losses.  

How to measure these parameters reliably and cost-effectively is an important question. There 

is a growing interest in monitoring using low-cost sensors (LCSs). However, their accuracy, 

drift, and reliability are still in question, with preliminary tests [48–53] having suggested their 

poor to uncertain reliability. A recent literature-review analysis of 112 studies on LCSs [54] 

concluded that only a few studies followed the US Environmental Protection Agency’s (EPA’s) 

sensor performance guidelines [55]. 

Low-cost sensors can provide continuous measurements that can be integrated to control 

actuators [56]. Guyot et al. [57] reviewed the existing smart residential ventilation and found 

that the most advanced ventilation control used CO2, temperature, RH, and TVOCs (mostly in 

bathrooms). Chiesa [56] developed an Internet of Things (IoT) application that used CO2, 

VOCs, atmospheric pressure, RH, and temperature to control ventilation. They concluded that 

the proposed IoT application defined airflow rates that maintained IAQ indices [58].  
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In Norway, the building codes [59] advise against recirculating return air unless the room is 

vacant. Recirculating extracted air is not advisable for avoiding IAQ problems due to previous 

experiences with lousy control of the IAQ while using recirculation. In other countries, such as 

the US, China, and Canada, this is an accepted general procedure for reducing energy use for 

heating, cooling, and dehumidification. However, challenges with RH and temperature, high 

CO2, and other indoor airborne pollutant concentrations, or increased fan energy, may arise 

depending on the fraction of OA. 

Control studies on DCV have focused on scattered parts of its optimization, such as forecasting 

pollutants [60], evaluating the reallife performance of DCV solutions [61], optimizing the 

ventilation control [62,63], the pollutants used in the control [57], and the simulation strategies 

employed [64–70]. 

1.2 Research questions and research tasks 

This work aimed to find a holistic method for improving DCV control in commercial buildings 

using (or not) the recirculation of return air to improve the ventilation control logic, bearing in 

mind reduced energy use, CO2, temperature, several other airborne pollutants, and RH. 

The research questions described below prompted the main activities described in Figure 

1-1. The answers to these questions provided the main contributions (see Section 5.2) to this 

PhD thesis.

Figure 1-1. Main activities undertaken to achieve the overarching aim of this study.
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The following research questions (RQs) and tasks were proposed, representing a step-by-step 

approach to achieving the aim of this study.  

RQ 1: Can CO2 be a proxy for all other indoor air pollutants? How can the correlation 

between pollutants be studied? 

 Task 1.1: Literature review. 

 Task 1.2: Develop a methodology to accomplish correlation studies.  

 Task 1.3: Test the methodology using measurements from different types of buildings 

with different types of use. 

RQ 2: How do the selected low-cost IAQ sensors perform? 

 Task 2.1: Develop an IAQ station comprising LCSs for measurements of CO2, 

temperature, RH, CH2O, TVOCs, and PM2.5.  

 Task 2.2: Establish a methodology for calibrating a low-cost CH2O sensor given 

autocorrelated data and test CH2O sensor performance. 

 Task 2.3: Evaluate the performance of PM2.5, CO2, RH, and temperature sensors based 

on the previous methodology. 

RQ 3: Can energy use be reduced while maintaining good IAQ? 

 Task 3.1: Propose simulation software that can simulate the effect of different DCV 

control logics in energy use and IAQ. 

 Task 3.2: Build validated models for individual case studies in order to analyze different 

strategies to control supply-air delivery and return-air recirculation rates, including the 

use of DCV strategies, and perform yearly simulations. 

 Task 3.3: Improve ventilation control strategies based on their effect on the 

concentrations of pollutants and annual energy use. 

RQ 4: What is the status of the IAQ in home offices and schools in Trondheim? 

 Task 4.1: Measure the IAQ in 21 home offices and four Trondheim schools. 
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 Task 4.2: Examine whether CO2-based DCV in schools is satisfactory for maintaining 

the other measured indoor air parameters within the range of, or below, a defined health-

based threshold. 

 Task 4.3: Determine which building characteristics can be used as significant predictors 

for reducing pollutant concentrations. 

RQ 5: Can an office ventilation control be improved using a multiparameter-based DCV 

controlled by LCSs? 

 Task 5.1: Set up a demonstration of three full-scale cell offices in the laboratory. 

 Task 5.2: Validate a simulation model of the setup. 

 Task 5.3: Evaluate the performance of different control systems using a key 

performance indicator (KPI) for annual energy use and IAQ KPIs. 

The questions described in the abstract are simplified didactic versions of the RQs given in 

more detail in this chapter. Figure 1-2 shows the logical connections between the RQs and the 

defined tasks and the articles and papers that provided answers to these questions and the 

research method employed. Figure 1-3 additionally shows a timeline overview, where the 

milestones of the PhD are organized by topic. The candidate took a net time of four years, 

working 75% of the time at the Norwegian University of Science and Technology (NTNU), to 

develop this PhD work, with the remaining 25% being spent at SINTEF Community, where she 

worked as a scientific researcher. 
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2. AIRBORNE POLLUTANTS, LCSs, AND THEIR 
CALIBRATION

The purpose of this chapter is to present a description of the journey towards developing low 

cost sensing stations and their calibration. The chapter begins with a description of the data 

collected in the author’s office that motivated the start of this PhD work. A limited literature 

review was used to justify why using CO2 and temperature as the control parameters for the 

DCV was insufficient. This review targeted RQ 1. The chapter proceeds with RQ 2, with a 

description of selected airborne contaminants and parameters that may affect health and 

comfort, which could be measured during the PhD work using LCSs. The chapter finishes with 

a presentation of the selected LCSs and their calibration. This section corresponds to RQ 1, 

Task 1.1 and RQ 2, Tasks 2.1, 2.2, and 2.3, and the work has been presented in Paper 3 and 

Conference Paper iv.

2.1 Background to this thesis: Measurements from the university office

The PM2.5 , CO2, RH, and temperature levels were measured in a 42m2 office at the NTNU in 
3Trondheim, dimensioned for six occupants and with a constant supply airflow rate of 350 m /h. 

Concentration measurements were collected over the course of a week, but activity logging 

data were only collected for one day. During measurement collection, the windows were kept 

constantly closed and the room’s door was only opened to access the room. On the activity 

logging day, four to five occupants were in the office from 9:00 to 19:00. At 15:00, 16 people 

entered the room and stayed inside until 15:08. Figure 21 presents an overview of selected 

pollutants as a function of time. 

From these measurements, the CO2 levels were found to be mainly below 750 ppm. Only 

during the visit by 16 students did the CO2 rise to close to 850 ppm. This level was just a peak, 

as the students came in for only a short visit. In the office, a large amount of OA is supplied 

per person, explaining why the concentration of CO2 was low, to the extent that a DCV control 

would reduce the supplied airflow rates and thus reduce the energy use. Although the CO2 was 
3far below 1,000 ppm, the daily mean of PM2.5 was 19 μg/m 

daily recommendation of 15 µg/m3 [71]. Reducing the supplied air may have been beneficial 

if the pollutants came from outdoors through the ventilation system and the filter. However, 

the PM2.5 concentrations in the supply air were not monitored. City measurements taken close 

to the office did not correlate with the indoor measurements. In this case, deciding on a supplied

. This value exceeds the Norwegian
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airflow rate based only on the CO2, while not knowing the origin of the PM2.5, would not be 

robust. 

 

Figure 2-1. Measurements of CO2 concentration, PM2.5, temperature, and RH taken over the 

course of a single day in the studied office at the NTNU in Trondheim. 

The general assumption in any room is that the PM2.5 infiltrates from outdoors and that reducing 

supplied airflow rates would be beneficial in controlling that. However, there were three 

prominent peaks of PM2.5 in the measurements from the office, the first relating to lunch being 

eaten in the room, the second relating to the entrance of the 16 students, and the third relating 

to vehicular traffic. Thus, reducing the airflow rate would have been beneficial only in relation 

to the last peak. Reducing airflow rates would encourage higher PM2.5 concentrations for the 

lunch and student-visit peaks. Monitoring the room and supply-air values was hypothesized as 

being more suitable for discerning the origin of pollutants. However, the only standard 

measurements taken in most buildings are CO2 and the temperature in the room. 

The occupants of the office, when questioned, answered that their performance was low due to 

“heavy air and high temperature.” The temperature was constantly below 24°C. Seppänen et 

al. [72] recommended temperatures below 23°C to increase office performance, whereas 

Chenari et al. [73] recommended keeping temperatures below 22°C to reduce sick building 

syndrome (SBS) symptoms. In this case, the heating was not monitored, but if the radiators 

were off, increasing the supply of air (the OA was at 19°C) could have been beneficial by 

reducing the temperature in the room. 

The RH was never below 32%. A reduction in airflow rate would have increased the RH. 
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The most important lesson to be gleaned from Figure 2-1 is that the PM2.5, RH, and temperature 

peaks did not necessarily occur simultaneously with peaks in CO2. Using CO2 as a marker for 

PM2.5 is not satisfactory, given the peaks were not simultaneous and, in this case, the origin of 

the PM2.5 did not even seem to be constant. The constant high ventilation rates per person 

ensured low CO2 concentrations, but it could not keep the particle levels low. In this case, it 

may even be that the high ventilation rate increased the PM2.5 concentrations and, in colder 

periods, the high airflow rates may explain the low RH in the room. However, from these 

measurements, increased airflow rates would be beneficial in reducing the indoor temperature 

because the OA was colder than the indoor air. 

These measurements were an eye-opener and became the founding stone of this PhD work. 

2.2  Why are CO2 and temperature not sufficient indicators of the IAQ 
and thus insufficient control parameters for DCV 

In standard office work, humans produce CO2 proportional to their body mass and metabolic 

rate [74]. Because of this known production, CO2 levels are often understood to be an indicator 

of the number of people in relation to the ventilation [75,76]. Carbon dioxide concentrations 

are related to the perception of human bioeffluents and the level of human-related odors 

[77,78]. Limits for CO2 have existed for more than 150 years [79]. However, many have used 

the 1,000 ppm value from Pettenkofer[79], not understanding that its basis is the perception of 

the human body odor of building occupants. Using CO2 as an indicator of OA ventilation 

requirements must adapt to the fact that ventilation requirements should depend on the type of 

space being ventilated, the occupant density, and the occupants’ characteristics and activities 

[78]. Such adaptation is not frequent. The CO2 concentration should not be used to regulate 

ventilation rates because the same concentration could be too little for a gym and too much for 

a church in terms of body odor, for example. 

There is still some discussion on the actual threshold that should be maintained. The literature 

on its direct effect on health, well-being, and work performance is inconsistent [78]. Indoor 

concentrations of CO2 greater than 1,000 ppm have been associated with SBS symptoms [80]. 

However, much of the background research has been done using observations that did not 

control other contaminants or environmental parameters [78] additional to the CO2. Several 

groups have recently explored the cognitive effects of short-term exposure (2–8 h) to pure CO2 

(in a controlled environment with no significant concentrations of other pollutants) at 

concentrations of 600 and 5,000 ppm [81–83]. The results are inconsistent. There have been 
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several reported associations between CO2 and decreased cognitive performance at 

concentrations close to 1,000 ppm [36,37,84,85], with a further one being ambiguous [86].  

It is relatively easy to measure CO2, the most-common type of sensors being nondispersive 

infrared (NDIR), which calculate gas concentrations by measuring absorbed infrared rays. This 

technology is very accurate and selective, as the detection occurs in a narrow wavelength band 

[87]. However, it is generally accepted that, in a closed space, its concentration varies with the 

location (horizontally and vertically) and that this can represent a risk for the representativeness 

of a single-point measurement [88], and thus for it being a proxy for changes in the air if there 

is no knowledge about the airflow distribution. For this reason, Carrer et al. [39] questioned 

using CO2 to measure the ability of ventilation to dilute and remove pollutants. Also, a constant 

generation of CO2 by humans cannot be ensured if humans change their current (or prior) 

activity level. However, the differences between indoor and outdoor CO2 concentrations are 

often used to evaluate ventilation rates and air distribution [78].  

Carbon dioxide does not provide an overall indication of IAQ; for example, traffic emissions 

infiltrating the room from outdoors and emissions from building materials do not correlate with 

human presence. Ramalho et al. [40] investigated correlations between CO2 concentrations and 

selected indoor pollutants (CH2O, acetaldehyde, benzene, PM2.5, PM10) in 567 dwellings and 

310 educational buildings (nurseries, kindergartens, and schools). They concluded that the 

correlations between CO2 and pollutant concentrations were weak or very weak. Choe et al. 

[89] found that air cleaners could reduce PM concentrations while CO2 concentrations 

remained high. Wu et al. [90] presented measurements from green buildings in which the CO2 

and PM were lower than in ordinary buildings, but VOCs were higher. Therefore, some authors 

have specified that CO2 should only be used to signal occupant-related pollutants [42,91]. Most 

authors agree that CO2 can be helpful in IAQ assessment, an example being how it is used to 

control DCV [78].  

The American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) 

has recommended studying Strategies for DCV using CO2 and other indicators of occupancy 

that overcome limitations of current approaches and control contaminants that are not 

linked to occupancy [78]. This PhD study was aimed precisely at this target. 
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2.3  Other selected parameters that can and should be measured using 
LCSs 

In this section, the parameters measured for this PhD study, additional to CO2 and temperature, 

are described. Section 2.3 starts with an elaboration of which parameters should/can be 

measured to describe the air quality and evaluate their health effects. This is followed with how 

the parameters can be measured using LCSs. 

Coarse, fine, and ultrafine particles (i.e., PM) can infiltrate indoor air via leakages [92], 

openings, and ventilation (mechanical or natural). Filters can significantly reduce infiltration 

via mechanical ventilation [93]. Because of these, mechanical ventilation is often considered 

to carry less PM than natural ventilation when the OA has high PM concentrations [94]. 

However, having a filter does not mean that no particles will infiltrate because the effectiveness 

of the filters will also depend on the size of the particles, the filter rating, the precision of the 

mounting, the humidity, and the filter condition [95]. Chen and Zhao [96] also pointed out the 

importance of the geometry of building envelope cracks and air exchange rates regarding PM 

infiltration. However, PM is also produced indoors via human activities and skin and hair 

[97],96]. Morawska et al. [99] assessed that 10–30% of the total disease burden from PM 

exposure was due to indoor-generated particles.  

The health effects of indoor PM are often extrapolated from outdoor PM studies because the 

relationship between indoor PM and health is less understood [100,101]. The effect of PM on 

health depends on the chemical composition, size, shape, deposition, resuspension, and 

hygroscopic growth of the particles. These latter three factors appear to depend very much on 

the RH [102]. Several studies have related PM to cardiovascular disease [101]. Chronic PM2.5 

exposure affects the respiratory and cardiovascular systems [103]. Chronic bronchitis, stroke, 

heart disease, the thickening of arterial walls, diabetes, and reduced lung function have also 

been connected to PM2.5 exposure [104–106]. In addition, PM may also be a carrier of viruses, 

such as influenza [26]. 

Currently, several LCS manufacturers claim to be able to measure PM, with a coefficient of 

determination (R2) of up to 0.99 between calibrated and measured values for sensors calibrated 

in the operative environment, but as low as 0.5 otherwise [107]. The sensors’ accuracies depend 

on the measuring principle, the measured particles’ size distribution, and how close these are 

to the calibrated spectrum and the RH level [108]. Particulate-matter sensors are often 

calibrated in the factory using the same test aerosol, yielding identical detection ranges for the 

different size bins [109]. 
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Most of the available LCSs are optical sensors in which the measuring principle is based on 

measuring the shadows of passing particles [110]. Thus, these sensors can be quite accurate for 

smaller PM fractions (e.g., PM1.0), but less accurate the larger the size of the particles, such as 

PM10 [109]. However, the health guidelines focus on PM2.5 and PM10 [111]. Most available PM 

LCSs compensate for temperature and RH effects and have low intramodel variability [109].  

Formaldehyde is widely deployed in products used for manufacturing building materials, 

furniture, and numerous household and cleaning products [112]. Formaldehyde is a byproduct 

of combustion from candles, incense sticks, mosquito coils, cigarettes, and wood-burning 

fireplaces [113] and is used as a preservative in some food packaging [114]. Air-cleaning 

devices, textiles, cooking, carpets and surface coatings, plywood, and medium-density 

fiberboard (MDF) are also sources of CH2O [113]. Salthamer et al. [115] claimed that CH2O 

and benzene are common issues in offices, and they are generally reported for causing sensory 

irritation before they are smelled. Formaldehyde has been classed as a potential human 

carcinogen by the US EPA, and as a Group 1 carcinogen by the International Agency for 

Research on Cancer, as well as a sensitizing agent that can cause an immune system response 

and sensory irritation [112]. 

The WHO has recommended a threshold of 100 µg/m3 for an average of 30 min for CH2O [44]. 

This threshold is, however, seldom measured due to the high cost of accurate assessments.  

There are very few LCSs that claim to measure CH2O. Most (low-cost) measurements of CH2O 

use colorimetry, infrared absorption, or sensors incorporating semiconductor metal oxide 

(MOx) thin films, MOx films, or MOx nanoparticles [116]. However, these technologies at 

low concentrations (<0.1 ppm) suffer strong cross-sensitivities to alcohols and other 

interferents [116]. 

Volatile organic compounds represent a wide variety of organic substances. Sources of VOCs 

in indoor air can include building materials, furnishings, cooking, household products, cleaning 

products, and products used for personal hygiene, for example, and they are often connected to 

smells. Indoor VOC concentrations generally fall below threshold levels for sensory irritation 

of the eyes and airways, but above odor thresholds [108]. Even though there has been 

confirmation of the various dangerous effects linked to individual VOCs, established scientific 

knowledge concerning their direct health risks is absent [117]. In the LCS industry, sensors 

measure an agglomerated value of all the existing VOCs––known as TVOCs. Relevant indoor-
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limit values exist for only a few of these VOCs, making it challenging to use a single TVOC 

as a useful marker for IAQ in all public buildings. 

Although TVOCs sensors have been progressively presented as a cheap and energy-efficient 

alternative to CO2 sensors in DCV [118], they do not react to CO2 peaks, and there is no 

established correlation between TVOCs concentrations and perceived air quality [118] or 

health effects. Because TVOCs measurements are non-specific, they react to all pollutant 

sources, which would make them very sensitive in DCV systems [118]. 

Many TVOCs sensors use heated film or MOx nanoparticles. These are based on the reaction 

of oxygen adsorbing onto the MOx particles, producing a change in the measured electrical 

resistance [119]. This measurement principle is very similar to that used in CH2O 

measurements, and so the data from these two types of sensors often produce correlations.  

The RH is often monitored, but is seldom used to control ventilation in cold climates, except 

for swimming pools and bathrooms in residential buildings. In cold climates, OA with a very 

low absolute humidity content results in very low humidity levels during winter.  

Gładyszewska-Fiedoruk et al. [120] claimed that, if humans are the most significant 

contributors to moisture generation, CO2 and RH should be highly correlated, at least in 

naturally ventilated buildings. However, correlations cannot be determined for mechanical 

ventilation where the air is cooled or dehumidified [121].  

A common complaint in response to cold-climate office-environment IAQ questionnaires is 

perceived dry air. Some questionnaires have revealed relationships between low RH (5–30%) 

and an increased prevalence of complaints about perceived dry and stuffy air, as well as sensory 

irritation of the eyes and upper airways [26]. The perception of dry air can be connected to 

mucous membrane irritation of the eyes and upper airways in the presence of sensory irritants 

[122]. Additionally, the reported “stuffy or dry air” may be affected by the alteration of the 

dynamics, composition, deposition, and resuspension of the inhaled particles, possibly in 

concert with sensitive eyes or mucus membranes in the upper airways at low RHs [26].  

Air quality is perceived as stuffier and increasingly more unsatisfactory in rooms with 

increasing enthalpy (RH and temperature) [123], a perception that may be linked to increased 

VOC emissions [124]. Emission profiles of VOCs from building materials are not constant 

with RH, and VOC emissions also depend on temperature and water solubility [125]. The 

perception of odor and stuffy air may increase with increasing RH in a room. The perceived 

stuffiness can derive from altered VOC emission profiles due to thermodynamic effects [26]. 



AIRBORNE POLLUTANTS, LCSS, AND THEIR CALIBRATION 

16 

Most guidelines recommend keeping RH levels at between 40 and 60%.  

Capacitive sensors are commonly used to measure RH. The capacitive measurements are based 

on changes in the MOx electrical capacity with RH. The performance of RH LCSs is often 

deemed satisfactory [126]. 

Temperature is often measured simultaneously with CO2. Measurements of temperature using 

LCSs are widespread and often very accurate, using either band gap or thermistor methods. 

Low and high temperatures can be risk factors for human health [127]. The WHO has 

recommended the temperature to be above 18°C due to health risks, but there is no equivalent 

value for excessively high temperature thresholds due to the limited number of studies [128]. 

Temperatures above 26°C are linked to an increased risk of acute symptoms, including thinking 

difficulties, poor concentration, fatigue, and depression [129]. 

2.4  Development of a IAQ station 

Based on the need to measure extra parameters, as explained in Sections 2.2 and 2.3, a IAQ 

station was built for this study. The cap price for the station was set at €200 based on the 2018 

market costs and availability. This cap included the sensors, an Arduino board, and a Raspberry 

Pi in order to develop/test a solution that could be used outside the research world. This cap 

was chosen after contacting several consultants and asking for the typical cost of a single sensor 

and its cabling connections.  

LCS selection and connection 

The LCSs were Arduino sensors and were connected via a customized shield card. Arduinos 

are open-source hardware and software, often used for prototyping. They are expected to 

develop significantly over the coming years. This is why they were chosen to demonstrate their 

suitability. However, the capacity of Arduino boards is limited, and communication protocols 

seldom warn of problems with capacity. To avoid this limitation, the Arduino board was only 

used to collect the data sent to the Raspberry Pi. The Raspberry Pi was in charge of processing 

the data and sending feedback to the actuators. The logged values were sent to the Raspberry 

Pi via USB cable and stored in text files. Introducing the Raspberry Pi meant higher current 

needs than using only the Arduino, but this solution was chosen due to its robustness. The 

power adapter for the Raspberry Pi can power the Arduino from a USB port. Several examples 

of such architecture [130] served as inspiration.  
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The LCSs were selected based on user friendliness (there was information available on the 

internet regarding mounting) and pre-calibration from the factory (according to the producers, 

they should not need any pre-use calibration). The existence of positive evaluations in the 

scientific literature was also a strength, although this was available for only a very few sensors 

due to their novelty. Table 2-1 provides information on the selected LCS collected from their 

manufacturers’ datasheets and Figure 2-2 shows the IAQ station. 

The results of a joint study performed by the EPA and the US South Coast Air Quality 

Management District [100] were used to choose the PM LCS [101]. The selected sensor was 

the Sensirion SPS30 due to its low cost and relatively high R2 (0.83) for PM2.5. However, only 

recently was it made clear that this sensor’s valid detection range was approximately 0.7–

1.3 µm (i.e., PM1) [98]. The measurements of PM in fractions larger than PM2.5 were discarded 

after the first comparisons with reference sensors due to their poor accuracy. They are not 

included in this thesis due to the severity of data misinterpretation when a sensor is extended 

to cover particle sizes that it cannot actually observe [98]. 

Regarding the CH2O sensor, only one LCS was found. At the time of sensor selection, no peer-

reviewed information regarding the selected Dart WZ-S was found. Nevertheless, it was 

deemed worthy of testing and evaluating, and introducing into the ventilation control logic. 

Air temperature and RH were measured using a SHTC1 from Sensirion, and the TVOCs using 

a SGP30 from Sensirion. The sensors SGP30 and SHTC1 were integrated into an Arduino 

Shield SGP30_SHTC1 from Sensirion. Temperature and RH were used to correct the TVOCs 

measurements in this case. Recently, Demanega et al. [131] proved a strong correlation 

between this TVOCs sensor and professional-grade monitors, but there was only poor 

quantitative agreement. 

Table 2-1. Properties of the LCSs used, with data retrieved from the producers’ datasheets 

Sensor name Parameter Sensor type Accuracy Measurement 
range 

Sensirion SPS30 
[132] 

Particles 
concentration 

Optical 0 to 100μg/m3 => ±10 
µg/m3  

100 to 1,000 μg/m3 => 
±10% 

Resolution 
1µg/m3 

DART WZ-S 
CH2O module 
[133] 

CH2O  Electrochemical 
MOS 

≤0.02 ppm CH2O 
equivalent  

<±2% repeatability 

0.03–2 ppm  
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Sensirion 
SCD30 [134] 

RH  Capacitive ±3% RH at 25°C 0–100 % 

Sensirion 
SCD30 [134] 

CO2  NDIR ±30 ppm ± 3% (500–1,500 
ppm) 

400–10,000 ppm  

Sensirion 
SCD30 [134] 

Temperature  10K NTC 
thermistor 

±(0.4°C + 0.023 x [T°C –
25°C]) 

-40–+70°C 

SHTC1_RH 
[135] 

RH Capacitive ±3% RH at 25°C 0–100% RH 

SHTC1_Tempe
rature [135] 

Temperature Band gap 
temperature 

±0.3°C -30–+100°C 

Sensirion 
SVM30 [135] 

TVOC Multi-pixel MOx  15% of MV 1 0–60,000 ppb 

Note: 1Typically, 1.3% accuracy drift per year. 

Temperature and RH were also measured to compensate for the CO2 measurement using the 

SCD30. No information was available about this sensor because it was only launched in 2018, 

just two months before it was purchased. In this case, the company’s reputation was used as 

the basis for selection.  

The individual prices of the sensors in 2018 were as follows: €47 for the SCD30, €29 for the 

Arduino Shield SGP30_SHT1, €39 for the SPS30, €15 for the Dart WZ-S CH2O module, and 

€72 for the Raspberry Pi. Today, these prices would be higher because prices for electronics 

have risen significantly in the last 12 months due to post-COVID and war distribution 

problems. 

The codes for most of the sensors were Arduino codes on GitHub. The codes for the Raspberry 

Pi were developed and adapted for this work. The available codes were examples of how the 

sensors could be used and were adapted to communicate with all the sensors simultaneously 

on both platforms. 

The Arduino Shield SGP30_SHTC1 was connected using a code from Adafruit [136] and 

Sensirion AG [137], both available on GitHub. The SPS30 sensor communicated using codes 

[138,139], while the code available at Sparkfun [138] was used for the CO2 SCD30 sensor for 

inspiration.  
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Figure 2-2. IAQ station connected to the Raspberry Pi. Photo: Lars Bang 

Steps in the development of the IAQ stations 

 

Figure 2-3. Steps in the development of the IAQ station. 
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Figure 23 shows the steps followed in the development of the IAQ stations. Step 1 (Task 2.1 

of this PhD study) concluded with selecting and mounting the sensors, as shown in Figure 22. 

Tasks 2.2 and 2.3 in the RQs correspond to Step 2. These two tasks focused on the evaluation 

of the performance of the sensors under representative conditions. The evaluation of the sensors 

took almost two years, as the drift and changes in their precision or possible bias with time 

were evaluated. Paper 3 provides a detailed overview of the analysis of the CH2O sensor, 

whereas Paper iv gives information about the calibration of the PM2.5 , CO2, temperature,and 

RH. 

Calibration chamber setup

Papers 3 and iv provide information about the calibration of eight identical IAQ stations 

using measurements from a laboratorybased 1.5m3 mini Plexiglas environmental 

chamber at NTNU. Figure 24 shows the layout of the calibration chamber .

Figure 2-4. Image showing the experimental setup, with the formalin source at the center and 

the eight equal IAQ stations and the Graywolf reference CH2O sensor arranged in a circle 

equidistantly from the source. Image taken from Paper 3 [140].

The sensors were exposed to the same CH2 O, CO2, temperature, and humidity sources as the 

laboratorygrade equipment. The TVOCs sensor was not calibrated because no reference 

sensor was available, but measurements were collected in order to evaluate the intraunit 

consistency. Some of the experiments were repeated after one year. The data obtained by the
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low-cost and professional-grade sensors were compared so as to establish a model representing 

the sensor behavior from which to estimate the residuals (i.e., the error in the model-based 

predictions). The measurements were heterogeneous in length. The data were collected every 

minute, and averaged in the case of the CH2O LCS to 30 min. 

Analysis of the experimental data 

Typically, a calibration process would include steady-state exposures to different levels of 

sufficiently distinct concentrations. However, even experiments conducted in a randomized 

sequence with otherwise steady-state conditions will often lead to some autocorrelation. 

Autocorrelation happens even in steady-state measurements where some manipulable 

explanatory variables are selected, and the experiments are organized so the explanatory 

variables can be randomized. In most cases, some other variables are not 

considered/manipulable (e.g., the TVOCs in the CH2O calibration), and such variables might 

also have an effect. Some experimental conditions are difficult to control or are not recognized, 

which may lead to some autocorrelation, particularly in experiments where the samples are 

taken at a high sampling rate. For instance, if the sensor presents a bias, this can lead to 

autocorrelations. Therefore, there is always a risk of having autocorrelations, which need to be 

accounted for.  

In the case of this PhD work, the sensors, as well as the reference instrument, were exposed to 

rather heterogeneous “real-life” conditions. The measurements comprised time series of data, 

and the calibration focused on establishing a model for the relationship between the different 

factors describing these conditions. A calibration model is a regression model developed from 

the response of a sensor to known sources (customarily measured using a reference sensor). A 

good calibration model does not need a good fit of the measurements fed into it, but does need 

to precisely predict/estimate new/unseen measurements within the calibration range that will 

account for autocorrelations of the measurements.  

As explained in Paper 3, measurements had to be taken carefully in order to achieve a good 

calibration. For instance, if an additional measurement was taken only one second after the 

previous measurement, then the additional information provided by this new measurement 

would be limited. Two such measurements are said to be serially correlated, using statistical 

terminology, and such a correlation in time for the same phenomenon is often called an 

autocorrelation. 
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Most often, standard ordinary least squares (OLS) is used for analyzing data from calibration 

studies. OLS techniques assume that the measurements are independent and identically 

distributed (iid). The validity of using simple linear models or the effects of the experimental 

design are seldom discussed. Calibration quality is usually addressed as the R2 between the 

evaluated and reference instruments [54]. However, R2 should only be used if the residuals are 

iid (meaning not correlated) and evenly distributed. The iid status needs to be checked in every 

model fitting. During regular use of these sensors, it is common to measure “constantly” (i.e., 

measurements being taken within a very short interval), with the autocorrelation of the 

measurements being a real problem that the calibration needs to handle. Therefore, high 

autocorrelation must be considered in a proper data analysis in order to obtain reliable 

conclusions.  

In this PhD work, a procedure for estimating the autocorrelation weighting, based on the first-

order Markov, was created. To the authors’ knowledge, the method presented in Paper 3––

considering and weighting the autocorrelation using first-order Markov scaling––had not been 

used in the sensor-calibration field, and therefore this represents an essential contribution 

resulting from this PhD work. This method enables calibration using dynamically sampled data 

and data sampled from time to time at a high sampling rate. This method allows for the efficient 

use of samples and then takes care of the autocorrelation by the methods suggested in the paper 

[140]. 

This calibration development was necessary for evaluating the dynamics of the sensors when 

the sensors are used in real life. The final goal of the IAQ stations was to demonstrate the use 

of LCS in the control of ventilation, thus, calibration involving a more dynamic evaluation that 

considered the frequency of the sampling as well was needed.  

2.5  Calibration procedure and results 

The calibration procedure followed the steps described below, taken from Paper 3: 

1. Check that all sensors react similarly to exposure to the reference source. Before 

corrections can be studied, it must be ensured that all the units are responding similarly 

to the same events [110]. Malings [141] defined intra-unit consistency as the variability 

being less than 20% between equal units. 

2. Log transform the data to make it more normally distributed. 

3. Examine the calibration model most suitable to the available data––in this case, 

considering autocorrelated measurements and heterogeneous sampling lengths. The 
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model sought was fitted using maximum likelihood (ML) and the residual maximum 

likelihood (REML) method with all the measured variables. 

4. Repeat the fitting of the model with only the most significant variables, chosen using 

the Akaike information criterion. This criterion studies the model’s fit relative to using 

or not using extra parameters. It requires that the models are constructed using the same 

estimate principle. 

5. Evaluate the results based on the EPA’s suggested performance goals by applying the 

mean normalized bias (MNB) and coefficient of variation (CV), according to Williams 

[48]. This evaluation was performed according to the values described in Table 2-2. 

The EPA guidelines allow a common comparison guideline for the reliability of sensors 

based on the two statistical measures. 

Table 2-2. EPA’s suggested performance goals based on the application of the MNB and CV, 

according to Williams [48] 

 MNB range CV range 

Tier I: Education and 
information 

-0.5 < MNB < 0.5 CV < 0.5 for all pollutants 

Tier II: Hotspot 
identification and 
characterization 

-0.3 < MNB < 0.3 CV < 0.3 for all pollutants 

Tier III: Supplemental 
monitoring 

-0.2 < MNB < 0.2 CV < 0.2 for all pollutants 

Tier IV: Personal exposure -0.3 < MNB < 0.3  CV < 0.3 for all pollutants 

Tier V: Regulatory 
monitoring 

-0.07 < MNB < 0.07 CV < 0.07 for O3 

-0.1 < MNB < 0.1 CV < 0.1 for CO and PM2.5 

-0.15 < MNB < 0.15 CV < 0.15 for NO2 
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Figure 2-5. Prediction of calibrated values using ML and REML methods. Results grouped 

by test. See Paper 3 for more details about the tests [140].

Figure 25 (from Paper 3) shows that the CH2 O LCS reliably predicted the CH2O concentration 

trends. However, these sensors suffered from precision problems due to crosssensitivities with 

other gases. Drift may be another problem with these sensors. The calibration measurements 

were taken up to one year apart. In the interim, the sensors were exposed to different 

concentrations of CH2O during measurementtaking in schools and home offices. The results 

may represent drift due to the loss of baseline or the accumulation of material on the oxidizing 

membrane of the sensor. The CH2O sensor measurement principle relies on the diffusion 

principle. Clogging of the membrane may incur incorrect measurements or overpredictions. 

However, the sensors were seldom exposed to very high CH2O concentrations. After three 

years of using the sensors, two of the eight sensors had stopped working two years before the 

sensor’s expected fiveyear lifetime [133]. See Paper 3 for more details on the tests and results.

Paper iv includes a report on the performance of the IAQ stations using the same 

methodology used for measuring the temperature, PM 2.5, and CO 2. The main conclusions 

drawn from the results were that SCD30 performed better that SHT1 in measuring RH 

and temperature. However, the significant parameters for calibration of the RH and 

temperature models were not always the same. The author’s best guess for the different 

effects was the setup for the experiment––perhaps the air was not fully mixed or some IAQ 

stations shadowed others. These experiments need further study. 

Temperature and RH were significant additional parameters for the calibration model of 

some PM 2.5 sensors, but not consistently. The SPS30 was very accurate in tests where 

most of the PM was in the range of PM1. When larger PM fractions were generated, the 

sensor could not
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observe them, underestimating their presence, most likely due to particle loss in the path from 

the inlet to the light detector or decreases in the amount of light scattered over the angular 

detection range per unit mass [142]. Kuula et al. [109] concluded that the sensor would perform 

nearregulatory grade if limited to measurements in the range of <0.9 µm and PM1. The 

findings from this PhD work are in good agreement with those of Kuula et al. [109]. 

In the case of CO 2, environmental fluctuations influence the performance of NDIR sensors. 

Therefore, they are often studied in combination with temperature and RH [143]. This work 

has proved this to be wise because they are significant parameters for all tested sensors. All the 

sensors reacted very similarly to the exposures (see Paper iv for more details). 

The calibration estimates developed were used to correct the measurements presented in this 

PhD. The only sensor not calibrated against a laboratory reference sensor was for TVOCs, but 

all the TVOCs sensors presented good intraunit consistency.

2.6 Conclusions and main lessons learned from Chapter 2 

According to the literature review, several parameters additional to CO2 and temperature 

should be used to control ventilation, with LCSs enabling the creation of IAQ stations that can 

measure several additional parameters. However, the offtheshelf LCSs have little 

documentation and need further evaluations and calibration before they can be used. For this 

PhD work, IAQ stations were developed using LCSs available in 2018. These may be 

outperformed today, and some of the presented problems may already have been fixed, but the 

created solution remains a proof of concept. Calibration was essential to assess the reliability 

of the prototype.

The main highlights that can be drawn from Chapter 2 are:

• Measuring CO2 and temperature is not satisfactory for DCV when controlling contaminants 

not directly linked to room occupancy.

• LCSs were selected and tested for monitoring RH and nonoccupancylinked parameters, 

such as PM 2.5 , CH2O, and TVOCs.

• An IAQ station was developed, tested, and calibrated for this PhD work.

• The individual LCSs required calibration. The developed calibration procedure was needed 

to account for autocorrelations that the sensors were dealing with in regular use and as the 

calibration data were being collected. When sensors collect data continuously at a very high
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frequency, there is little difference between measurement and high autocorrelation. In such 

cases, OLS cannot be used, and models that consider autocorrelation are necessary. 

 Two alternative methods for evaluating the calibration were used––ML and REML. A 

procedure for estimating a weighting according to the autocorrelation based on a first-order 

Markov was created. The Akaike information criterion was used to select the most significant 

parameters.  
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In this chapter, measurements are used to describe the IAQ in 21 home offices and four schools 

in Trondheim using the IAQ stations described in Chapter 2. A methodology to study the 

correlation between parameters is demonstrated and applied to all these cases in order to 

analyze the correlations and determine the parameters that can be used to control ventilation 

logic. For the home offices, an additional study was performed to determine which building 

characteristics could significantly predict reductions in pollutant concentrations. The answers 

to RQ 1, Tasks 1.2 and 1.3 and RQ 4, Tasks 4.1, 4.2, and 4.3, which have been published in 

Papers 1, 4, and 5 and Conference Papers i, ii, iii, and iv, are presented in this chapter. 

3.1 Characterization of airborne pollutants and parameter levels in 21 
home offices and four schools 

Papers 4 and iv contain the main results of the homeoffice mapping study. The initial idea 

of this PhD work was to focus on offices. However, due to the COVID19 pandemic, using 

regular offices was advised against for two years. Therefore, the focus of the work 

changed to collecting data from home offices during the pandemic. The IAQ stations 

described in Chapter 2.4 were used for taking measurements in 21 home offices for at least a 

week during winter in Trondhein, Norway.Eleven of these were measured again for the same  

duration in summer. 
The IAQ measurements in these home offices were analyzed by cluster per house in order to 

quantify the fraction of time that healthbased recommendations were not met (see Paper 4 for 

more details). The working hours were defined based on feedback from the users concerning 

worked periods. Most measured cases had natural or hybrid ventilation with extract in the 

bathrooms and kitchens. The RH during winter was below 40% in most cases and, on average, 

almost 10% higher in houses with natural rather than mechanical ventilation. Note that the 

ventilation strategy was collected, but not the airflow rates supplied, creating a weakness in the 

analysis. The temperature was outside a range of 22–24°C for 80% of the working hours. This 

temperature range has been found to promote optimal productivity and learning conditions 

[142,143].
Formaldehyde, TVOCs, and CO 2 were also measured in these home offices. The CH2O was 

3higher than 100 µg/m over 30 min in 19 of the houses for less than 11% of the working hours. 

These values were slightly higher when only the winter measurements were collected. The
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measured concentrations surpassed the average values measured in a comparable study [144], 

probably because the building envelopes in Norway are tighter. The TVOCs were measured in 

the ranges defined by the WHO [144] as “greatly” and “significantly” increased 73% of the 

entire measured time. In the case of CO2, seven out of 21 cases registered above 1,000 ppm for 

more than 5% of the measured time, with 11 out of 21 cases registering above 1,000 ppm for 

more than 10% of the measured time during winter. This percentage increased if working hours 

were analyzed. These values are in line with those from other field studies in Norway. 

Paper i included the status of the IAQ in four schools that used CO2-based DCV. For this, at 

least two months’ of measurements were analyzed, and up to one year in one school. From 

these measurements, the CH2O levels were seen to be higher than in most measured home 

offices and higher than reported in previous works, such as Ribeiro et al. [145]. Two out of 

four schools turned the ventilation off outside school hours. Stopping ventilation during the 

night resulted in higher CH2O levels in this period, with peak concentrations at 6 am when the 

ventilation started at full power.  

The CO2 was mostly below 1,000 ppm, the temperatures usually between 20 and 23°C, the RH 

mostly below 30%, and the PM2.5 levels low (3 to 5 µg/m3). Considering the entire measured 

time, the RH was below 20% for 56% of the time that the CO2 was below 1,000 ppm. 

Formaldehyde was above 100 μg/m3 for 30% of the time CO2 was below 1,000 ppm, and PM2.5 

was above 15 μg/m3 for 2% of the time the CO2 was below 1,000 ppm. Looking at the period 

between 8 am and 4 pm, the RH was below 20% for 69% of the time, CH2O was above 100 

μg/m3 for 19% of the time, and PM2.5 was never above 15 μg/m3.  

In these schools, even at CO2 concentrations below 1,000 ppm: 1) the CH2O concentration 

surpassed the WHO recommendation 30% of the time; and 2) the RH was below 20% for 56% 

of the time. The CO2- and temperature-based DCV resulted in overlooking peaks of CH2O and 

maintaining RH levels below 20%.  

These two characterization works proved the need to control several parameters in addition to 

the customary CO2 and temperature. 

3.2  Methodology for the study of correlations between indoor air 
pollutants and parameters for selecting ventilation control parameters 

As explained in Sections 2.2 and 3.1, using only CO2 and temperature as control parameters is 

insufficient regarding other airborne pollutants that may promote more concerning health, 

comfort, or productivity effects. However, a selection protocol for the required pollutants was 
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needed due to there being limited experience in controlling ventilation based on several extra 

IAQ parameters. The ASHRAE guideline 36 [146] provided some deterministic sequences for 

DCV control, but in this PhD work, the focus was on a more probabilistic selection of pollutants 

to control in order to account for the analysis of the measured pollutant concentrations. For this 

probabilistic study, correlations among the pollutants were used. Correlations between the 

indoor parameters may indicate a common reason for the increases in the parameters, albeit not 

necessarily a causal link. In any case, the methodology proposed in Paper 1 suggests using one 

of the correlated parameters in the control logic to represent the other correlated parameter. If 

two parameters are correlated, there is a mathematical way to express the dependency, and thus 

control the supplied airflow rate, so that both correlated parameters are maintained within a 

given range or below a certain threshold. When one pollutant undergoes a change, the 

correlated one will react predictably in relation to that.  

Several studies have based their correlation analysis criteria on Pearson’s or Spearman’s 

analyses using non-pre-whitened time series [147–151]. However, these only look at 

simultaneous correlations, and if the analyzed time series were collected with sensors that had 

different time responses, the non-simultaneous correlation coefficients would be neglected.  

In Papers 1, 5, and iii, the recommended methodology calculated the correlation of two time 

series using linear correlation at different time lags [152]. The methodology is summarized in 

its entirety in figure 3-1. The correlation analysis uses the cross-correlation function (CCF) in 

de-trended time series. The CCF calculates the Pearson correlation coefficient for the 

simultaneous and “time-shifted” lag data. However, the correlations are not pure interseries 

correlations unless the time series are de-trended. They are affected by the autocorrelation of 

each of the two series (intraseries correlation) [153]. Unless studying de-trended correlations, 

nothing can be assured about the causal relationship between two time series. 

 

Figure 3-1. Summary of the methodology employed for selection of the pollutants to be used 

to control ventilation (from Paper 1 [154]). 
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The correlation coefficients between two time series following the same trend often suggest a 

higher correlation. However, these high correlation values may be due to autocorrelations in 

the respective time series rather than a real correlation between the two series [155]. Thus, it is 

helpful to de-trend the data. In this work, pre-whitening the data is recommended for de-

trending time series. De-trending data should always be done before deriving correlations in 

time series [156,157]. Considering two time series, x and y, of equal length, the following three 

pre-whitening steps are: 

1. Determine a time series model for x. An autoregressive integrated moving-average 

model (ARIMA) was used for trend removal [152], although other models could have 

been used. This step aimed to describe x up to the white noise residuals (e.g., a time 

series without autocorrelation). 

2. Transform (filter) y using the model for x (using the same coefficients).  

3. Calculate the CCF between the residuals from Step 1 and the filtered y-values from 

Step 2. 

The cross-correlation that was left in Step 3 corresponded to the correlation between the time 

series, and was proportional to the impulse response function between x and y.  

The methodology for analyzing the CCF among pollutants and parameters was used to decide 

which parameters to use in order to control the airflows supplied to the room and the OA 

fraction (also called the fraction of recirculation of return air).  

In the analysis of supply airflows, two highly and significantly correlated (different) parameters 

meant that one could be removed because the other would be a good proxy for the removed 

parameter. 

The recirculation airflow rates were analyzed between the same pollutant or parameter in the 

supplied air and the room air. If two pollutants correlate, the OA affects the concentration of 

pollutants in the room. Then, correlated parameters should be used in the control logic of the 

recirculation. If the pollutants are not correlated, they are probably either being filtered out by 

the filters or produced indoors, and so increasing the recirculation airflow rate would not be 

beneficial in diluting their concentrations. For example, if PM2.5 was correlated indoors and 

outdoors, it would mean a share of it could pass through the filter. In this case, increasing the 

recirculation (reducing the OA fraction) would have a protective effect because a lower mass 

of PM2.5 would be being introduced in the room.  
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Finally, to define the source of the parameter, indoor/outdoor (I/O) ratios have often been 

suggested [158]. An I/O ratio below one would mean that the main source of the pollutant was 

outside the room. With PM2.5 as an example, if the I/O ratio was below one, the PM2.5 source 

would be outdoors, probably traffic. In this case, increasing OA ventilation rates would not be 

beneficial in diluting the outdoors-generated pollutant because more PM would be brought it. 

This methodology was tested in the work for Paper 1, with measurements from a gym, an 

office, and a kitchen. For these three cases, at least one week of measured data was used to 

analyze the correlations. The airborne pollutants and parameters (CH2O, CO2, PM2.5, 

temperature, and RH) in the supply and room air were measured (except for the kitchen, where 

only the kitchen air was measured), and correlations were developed. Very different activities 

were performed in the three rooms. However, the three rooms had in common that: 1) the 

airflow supply was higher than the minimum Norwegian standard recommended [59] to reduce 

the high temperatures; 2) the occupancy was lower than designed for; and 3) there was no 

occupancy-related ventilation control. Thus, concentrations of CO2 were generally low for all 

three rooms. 

In most of the measured cases, the absolute humidity and temperature were correlated, neither 

CO2 nor temperature captured most of the peaks in PM2.5, and CH2O was correlated to 

temperature and CO2. If these measurements were used to make a demand-controlled airflow 

supply, CO2 and temperature would not be sufficient indicators because, at the least, PM2.5 

would need to be introduced into the control logic (see Paper 1 for more details). 

If the correlations were used to demand-control the recirculation of OA, the temperature, 

absolute humidity, and PM2.5 would need to be controlled in the office. However, only 

temperature and absolute humidity would need to be controlled in the gym because this 

basement room did not experience the infiltration of PM2.5. This room had no windows, and 

most of the PM2.5 was produced when the gym was in use. In the measured cases, most 

pollutants and parameter increases were related to indoor activities, as the I/O ratios show. 

Therefore, increasing the supply of OA would be favorable for diluting pollutants or reducing 

RH and temperature in this room.  

In Paper 1, it was stated that one of the study limitations was that the analysis of the 

measurements was based on a one-week measurement period during summer during which the 

rooms had very low occupancy. The study behind Paper iii was conceived in order to analyze 

up to one whole year of measurements in four schools using the same methodology. In the 
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school where one whole year of data was analyzed, it was found that the correlations may have 

been more affected by the specific happenings in the rooms and the seasonal effects when using 

shorter datasets of measurements. Reducing the dataset from one year to two months did not 

yield changes in the parameter's correlation or significance. Using one random week of 

measurements from every season (not presented in the article) yielded results comparable to 

the one-year measurements. This approach may ease the data collection procedure.  

3.3  Study of the potential predictor variables for the home office 
measurements 

Once the concentrations were mapped in the 21 home offices (see Paper 4), the aim was to find 

potentially explanatory variables whose control could help keep airborne pollutant levels low. 

Because data collected from the same household was likely to be correlated, the generalized 

estimation equation (GEE) method was used. The GEE is a population-level approach based 

on a quasi-likelihood function, and it allows correlations within clusters of responses on the 

dependent variable to be accounted for while assuming no between-cluster correlations exist. 

The TVOCs, CH2O, and CO2 were selected as continuous dependent variables and analyzed in 

separate models in order to identify each pollutant’s specific determinants (independent 

variable). Continuous predictors included in the models were RH (in %) and air temperature 

(°C). Categorical predictors were seasons (winter/summer), trickle vent status (open/closed), 

ventilation strategy (natural/hybrid/mechanical), pets (yes/no), wood stove (yes/no), floor 

material (carpet/wooden flooring or cork/parquet/carpets and wooden flooring), building 

location (city centre/suburban non-forested area/suburban forested area), house type (single-

family house/semi-detached house/apartment/multifamily house), and main room (home 

office/bedroom/living room/open kitchen).   

The status of the trickle vent, the air temperature, and the RH were important predictor 

variables for the CH2O and TVOCs concentrations. Regarding CO2, the difference among the 

seasons was statically significant, but no statistical difference was observed between the 

different ventilation strategies.  

These findings suggest that RH and air temperature significantly predict CH2O, TVOCs, and 

CO2 indoor concentrations. These two parameters were probably related to changes in the 

ventilation (although ventilation airflow rates were not measured). The trickle vent status was 

a significant predictor of CH2O and TVOCs, and although it was not significant in predicting 

CO2, higher levels were measured when this vent was closed. Having a wood stove was 
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significant and positively related to CH2O concentrations, whereas, although TVOCs were also 

measured as higher, on average, in cases with a wood stove, this was not a significant predictor. 

Finally, measurements in winter resulted in higher values for the three pollutants, but the season 

was only a significant predictor of CO2 and CH2O.  

These results were mostly in agreement with those in the existing literature concerning the 

explanatory variables. The reader is referred to Paper 4 for more details. 

These results also show that controlling the concentration of CO2 may not be sufficient to 

provide for healthy IAQ because high TVOCs or CH2O occurrences happen simultaneously 

with concentrations of CO2 below 1,000 ppm. 

3.4  Conclusions and main lessons learned from Chapter 3 

The two characterization works on home offices and schools proved the need to control several 

parameters in addition to the customary CO2 and temperature. In the presented measurements, 

peaks of other pollutants occurred simultaneously with concentrations of CO2 below 1,000 ppm 

and temperatures within a range of 22–24°C, showing that maintaining these within these 

ranges was not sufficient for ensuring a good IAQ. 

Correlations between the parameters indoors may indicate a common reason for the increase 

in the parameters, albeit not necessarily a causal link. If two parameters are correlated, there is 

a mathematical way to express the dependency and thus simplify the number of control 

variables. Using one correlated variable allowed the supplied airflow rate to be controlled in 

order to maintain both correlated parameters within a given range or below a threshold. 

Analysis of the CCF in de-trended time series among the pollutants and parameters was 

employed to decide which parameters to use to control the airflows supplied to the room. In 

the analysis of supply airflows, two highly and significantly correlated (different) parameters 

meant that one could be removed because the other would be a good proxy for the removed 

parameter. The same CCF analysis was performed on the same pollutant or parameter in the 

supplied air and the room air in order to control the recirculation airflow rates. It was concluded 

that, if two pollutants correlate, the OA affects the concentration of pollutants in the room. In 

that case, the correlated parameters should be used in the control logic of the recirculation. 

Finally, to define the source of the parameter, I/O ratios were suggested. An I/O ratio below 

one indicated that the primary source of the pollutant was outside of the room. 
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A second study proposed for this thesis was the analysis of potential predictor variables. 

Potential explanatory variables would offer a control to keep airborne pollutant levels low. In 

this case, a GEE analysis was performed on clusters of the 21 home offices. The GEE allowed 

for the accounting of correlations within clusters of responses on the dependent variable, while 

assuming no between-cluster correlations existed. Continuous and categorical predictors 

allowed the study of TVOCs, CH2O, and CO2 as continuous dependent variables. Maintaining 

the significant predictor variables at high or low values allowed the continuous dependent 

variables to be kept low. 

The main highlights that can be taken from Chapter 3 are:  

 A methodology to analyze the correlation among pollutants using a CCF and pre-

whitened data was demonstrated in order to select the pollutants that could be used in 

controlling room supply air and recirculation air. 

 The de-trended CCF method was used in four kinds of rooms––an office, an industrial 

kitchen, a gym, and a school. The measurements from the school demonstrated that 

using one week of measurements in summer and winter was sufficient to be able use 

this method, but that the longer the collected data was collected for, the more robust the 

method was. 

 The determination of pollutant origins via the I/O concentration ratio was demonstrated. 

 The parameters significant in controlling pollutants can be determined using GEEs.  

 A study of IAQ in 21 home offices during the COVID-19 pandemic was used to 

examine the frequency of pollutant health thresholds passed and the significant 

predictor variables. 
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4 STUDY OF FULL-SCALE AND SIMULATED DCV 
CONTROL STRATEGIES 

In this chapter, the methodology used to improve the ventilation control logics is presented. 

The chapter starts with a summary of how the simulation program used was chosen, followed 

by a description of the simulation cases and their validations, and the methodology for selecting 

the most beneficial improvements for the ventilation logic based on energy use and IAQ. 

This chapter contains answers to RQ 3, Tasks 3.1, 3.2, and 3.3, and RQ 5, Tasks 5.1, 5.2, and 

5.3, which have been published in Paper 2 and Paper 5 under revision.  

4.1  Selection of the simulation software to be used 

Up to this point, all the presented work has focused on considering several extra parameters for 

ventilation control. However, introducing these new parameters into ventilation control 

strategies may be cumbersome because parameters with different origins and emission profiles 

may send contradictory control feedback. Therefore, the first step presented in the thesis was 

reducing the number of extra parameters to only the essential ones by looking at their 

correlations. The next step involved a search for simulation software for handling the 

ventilation’s main parameters––energy use and IAQ control. This has been presented in Papers 

2 and 5. Validated simulations can help in the safe and rapid trial-and-error improvement of 

ventilation control.  

Many programs are used today to simulate control strategies for DCV, such as EnergyPlus 

[64], IDA ICE [65], TRNSYS [66], CONTAM [67], and Modelica [68]. However, these 

simulation programs either simulate energy and not pollutants (in addition to CO2/temperature) 

in detail, or vice versa. Co-simulation has been proposed as a solution in this PhD work. 

CONTAM–EnergyPlus [69] or CONTAM–TRNSYS [70] are often used when both parameters 

need to be evaluated. For this PhD work, the first was selected, as both software packages were 

open-source, and co-simulation IAQ and energy use could be studied. However, although the 

tools for IAQ and energy simulation were available, previously published works had not 

focused on the simultaneous effects of extended IAQ and energy use while using DCV and 

recirculating return air.  
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CONTAM is a widely used program that can simulate multi-zonal whole-building airflow and 

contaminant transport [159]. EnergyPlus is a well-known software program that can be used to 

perform whole-building energy analyses [160].  

According to Paper 2, CONTAM can perform interzone and infiltration airflow calculations 

given the 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 simultaneously account for a wide variety and number of 

contaminants, indoor and outdoor pollutant sources, and contaminant removal mechanisms, 

including particle filtration and deposition. However, CONTAM does not perform heat transfer 

calculations, so indoor temperature schedules have to be user-defined. EnergyPlus can perform 

system sizing to determine the HVAC system requirements, including system airflow rates to 

meet thermal loads during runtime, and can calculate the indoor zone temperatures required by 

CONTAM. 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. Using co-simulation between CONTAM and EnergyPlus 

captures the interdependencies between airflow and heat transfer and allows for sharing these 

data between the two simulation tools [161]. 

Figure 4-1 summarizes the coupling between EnergyPlus and CONTAM. The NIST-developed 

Contam3DExporter tool reads in the CONTAM project (PRJ) file and creates an EnergyPlus 

input data file (IDF) [161]. More information about this process can be found in Paper 2 [69] 

or Dols et al. [161]. 

 

Figure 4-1. Schematic of the coupled building-model creation process [69]. 



STUDY OF FULL-SCALE AND SIMULATED DCV CONTROL STRATEGIES 

37 

4.2  Demonstration setup of three full-scale offices in the laboratory 

Three full-scale offices were designed and built inside a climate chamber in the Energy and 

Process Department laboratory at NTNU. The building of the laboratory setup was delayed and 

was only ready three months before the end of the PhD. Several reasons justified this delay, 

but the major ones were the laboratory lockdown due to COVID-19 and the communication 

problems between the IAQ stations, the dampers, and the air-handling unit (AHU). However, 

after tremendous efforts by the laboratory staff, the laboratory was ready to validate the 

simulation models, and this contribution was very important. 

The dimensions and layout of the three equal offices are marked in Figure 4-2. More 

information about the ventilation supply, exhaust terminals, and the AHU with rotary heat 

exchanger can be found in Paper 5. 

 

Figure 4-2. Sketch of the three offices showing their dimensions and placement of the LCSs 

and the ventilation [162]. 

All the offices had an independent supply air control (variable air volume (VAV)-units) based 

on the feedback from the IAQ stations placed on the wall behind the occupants, in the center 

of the wall, 1.12 m from each sidewall and 1.2 m high. The supply and exhaust airflow rates 

were always kept in balance. 

In this laboratory setup, recirculation of the return air was possible. Recirculation is not a 

standard solution in Norway, where the building codes do not recommend it [59]. However, 

recirculation of return air is a state-of-the-art practice in many other countries, such as China, 

Canada, and the USA. In these cases, the minimum OA fraction is influenced by the 

requirements to meet IAQ standards and the desire to reduce heating, cooling, and 

dehumidification demands from the AHU coils [163]. However, if the OA fractions fall too 
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low, airtight buildings may degrade the IAQ [164,165]. In certain situations, a combination of 

weak indoor sources, high outdoor concentrations, and indoor pollutant removal mechanisms 

can increase pollutants when using recirculation and some heat recovery ventilators [166]. 

However, as explained in Paper 2, well-controlled recirculation of a fraction of the return air 

can produce a protective effect against outdoor pollutants and reduce energy use [69]. This is 

mainly because the I/O pollutant concentration ratios depend on the OA supply and filters 

[167]. 

Figure 4-3 shows the control architecture. The IAQ station collected information about the 

concentrations of pollutants and sent it to the Raspberry Pi, which calculated the required 

airflows to the room. With the requirements of the individual rooms, the system also calculated 

the necessary supply for the AHU. The OA fraction was calculated based on the IAQ station 

measurements of the joint return air and the laboratory (OA) air. 

 

Figure 4-3. Overview of the developed control system [162]. 

4.3  Validated models and methodology for the simulation of supply air 
delivery and return air recirculation rates 

Two validated simulations were developed during this PhD work and are presented in Papers 

2 and 5.  
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The first model (presented in Paper 2) represented the simulation of an eight-office corridor 

located in the Energy and Process Department building at the NTNU. The thermal properties 

(U-values) of the corridor corresponded to Norwegian Building Code TEK 07 [34]––external 

wall 0.18 W/m2 K, roof 0.13 W/m2 K, floor 0.15 W/m2 K, windows 1.2 W/m2 K, and infiltration 

rate 50 Pa/1.5 h. The windows were in the north face, the total window area was 11.88 m2, and 

the gross window/wall ratio was 8.16%. Measurements of energy use for 2018 and pollutant 

concentrations measured over two weeks (April 16–30, 2018) were available. The co-

simulation model was compared to standardized values from Norwegian Building Code TEK 

07 [168]. The building model was used to simulate the same corridor using values for the 

ventilation airflow rates, occupancy, plug loads, etc. The simulated annual energy use and that 

required by TEK 07 were within 5% of each other. Thus, the model was considered valid for 

energy-use simulations. 

The second model has been presented in Paper 5, and represented the setup described in Section 

4.2. The model was validated for energy use and pollutant sources in this second case. Three 

types of tests were accomplished in the rooms: 1) calculation of the average production of 

pollutants (CO2, CH2O, PM2.5, and TVOCs), heat, and moisture by 24 students; 2) testing with 

pressurization to quantify leakages. In one test, all the offices had similar 50-Pa pressurization 

in the ambient laboratory. Three other tests involved pressurization of 5 Pa over that of the 

adjacent rooms; and 3) testing with thermal mannequins breathing at an average rate, calculated 

in the first test, following a predetermined schedule with a responsive DCV based on CO2 in 

order to test the simulation and the setup.  

In the second case, the U-values of the walls, roofs, and floors were estimated to be 0.1 W/(m2 

K). The external doors were simulated with a U-value ≤ 0.8 W/(m2 K). There were no windows. 

The internal walls were constructed of polystyrene panel insulation with a U-value of 0.15 

W/(m2 K). The internal door was a standard door with a U-value ≤ 1.2 W/(m2 K). The heat 

recovery of the ventilation was simulated using a sensible efficiency of 78% and 40% of latent 

efficiency. The filters were F7 ePM2.5 65 to 80% for the supply air and F9 ePM2.5 > 95% for 

the recirculated air.  

The second model’s normalized mean bias error (NMBE) and CV–root-mean-square error 

(RMSE) for the different IAQ parameters are presented in Table 4-1. These are below the 

values recommended by ASHRAE 14 [169] and, therefore, considered validated. The energy 

use was validated using the results from the test with mannequins. The NMBE of the validated 
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simulation was 2% and the CV–RMSE was 1.7%. Thus, the energy simulation was also 

considered validated. 

Table 4-1. Summary of the NMBE and CV–RMSE of the validation simulation  

 Temperature RH PM2.5 CO2   CH2O 

 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 

Once the simulation software was validated, the control strategy focused on improving the 

control of the supplied air to every room and the control of the OA fraction.  

In Paper 2, control sequences were developed for the supply airflow and the recirculation ratio, 

and then all the possible combinations of both strategies were tested (not presented in Paper 2). 

The selection of pollutants that could be used was based on common sense. In Paper 5, selection 

of the ventilation logics was based on the methodology of pollutant selection based on the 

correlations described in Section 3.2 in this thesis. In this way, the non-correlated pollutants 

were used to control the supply, and then the thresholds and the airflow response were 

improved. For control of the OA fraction, only the best control logic of the supply air control 

was combined with the proposed recirculation control logics, thereby reducing the number of 

simulations and only focusing on the parameters where supply and room air were correlated, 

as explained previously. 

Additionally, more-advanced optimization strategies could have been used. However, the focus 

of this thesis work was to develop relatively simplified strategies so that the solutions could be 

used in real life. The selection of correlated parameters may have been more complicated, but 

the statistical knowledge required was reduced using R scripts to analyze the measured data.  

4.4  Methodology for evaluating the performance of different control 
logics using KPIs for annual energy use and IAQ  

To evaluate the best-performing logics, two main parameters were considered––energy use and 

IAQ.  
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The energy use was compared annually, the goal being to use the smallest amount of 

kWh/m2/yr. Two levels of IAQ KPIs were developed. An IAQ KPI is an overarching parameter 

that considers all measured parameters simultaneously. It calculates the fraction of time 

elapsing when all measured airborne pollutants are below the defined thresholds, or when 

temperature and RH are inside the ranges defined in Table 4-2. This parameter provides an 

overview of the IAQ, but is not helpful in making any improvement in the control logics 

because it is not explicitly referred to any parameter. 

Table 4-2. Summary of pollutant target thresholds––CO2, CH2O, PM2.5, and the 
recommended range for the parameters temperature and RH 

Parameter Limit Reference 

CO2  1,000 ppm [170] 

CH2O 110 µg/m3 in 1 min [171] 

PM2.5  15 µg/m3 in 1 min [111] defined over 24 h, but 1 

min was used here 

Temperature 22–24°C [172] 

RH 30–60% [31,173] 

The KPI IAQ was determined according to Eq. (1) by adding together all the time steps when 

all the thresholds/ranges from Table 4-2 were met simultaneously in the studied rooms, then 

dividing this by the total number of time steps. The parentheses in Eq. (1) show a logical 

evaluation of the three rooms simultaneously. If the conditions were met simultaneously for all 

the rooms, the result for the current time step would be 1. If one of the rooms did not satisfy a 

single criterion, the solution to the equation would be 0. The value of the KPI ranged between 

0 and 100%. The sub-index R in the equation represents the evaluation performed 

simultaneously for all the rooms, and WSP represents the whole simulated period. 

 𝐾𝑃𝐼 =
∑  ( _  &  &  & _  &  &  & . _ )

    
∗ 100  (1) 

The remaining KPIs were calculated following Eqs. (2)–(6) for each time step, using the same 

logic as for the IAQ KPI, but for a single parameter/pollutant. These provide the possibility to 

make improvements in the control, as they refer to a single parameter. However, using these in 

combination with the IAQ KPI was beneficial because the modifications in a single parameter 

may have had a global effect, which is what the IAQ KPI is for. The PM2.5 limit, defined 

according to WHO [111], was based on 24-h averages, although 1-min averages were used in 

the calculations in Paper 5 because this was the time step in the control model. This may have 
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overweighted the PM2.5 effect. However, in the absence of a 1-min guideline, this was used as 

the control feedback and sent every minute. Given a 1-min value, this threshold must be 

changed. The KPIs defined in Eqs. (2)–(6) represent the thresholds of the pollutants that were 

not surpassed, or the parameters that were within the recommended range. A perfect control 

would score 100% in all these KPIs.  

𝐾𝑃𝐼 =  
∑  ( _ , )

    
∗ 100        (2) 

𝐾𝑃𝐼 =
∑  ( )

    
∗ 100       (3) 

𝐾𝑃𝐼 . =  
∑  ( . _ )

    
∗ 100       (4) 

𝐾𝑃𝐼 =
∑  (       &      )

    
∗ 100 (5) 

𝐾𝑃𝐼 =
∑  (       &      )

    
*100    (6) 

By analyzing the results for energy use and the different KPIs simultaneously, the individual 

effects of controlling the airflow rates or increasing or decreasing the OA fraction can be easily 

studied.  

In the case described in Paper 5, improvements in the ventilation control from CAV to the best 

DCV with recirculation resulted in a reduction in energy use of 7.6 kWh/m2 annually and an 

increase in the IAQ KPI of 45.6%. Most of the improvements happened in these simulations in 

the temperature KPI. The same simulations in Paper 5 were repeated using Beijing’s OA 

quality and Trondheim’s weather files. In this case, the most significant improvements were 

accomplished in the PM2.5_KPI. 

The results of Paper 2 showed that all the simulated DCV strategies yielded reductions in 

energy use compared to a baseline, schedule-based strategy. Using CO2-based DCV may result 

in increased levels of indoor particulate (PM2.5) from outdoors but using PM2.5 monitoring in 

the ventilation control strategies reduced indoor concentration of PM2.5 and energy usage. The 

simulation case of Beijing revealed that the indoor levels of PM2.5 can be reduced below the 

World Health Organization requirement while keeping CO2 levels acceptable. These results 

are in line with those in Paper 5. Paper 5 revealed that the model successfully developed control 

sequences that simultaneously reduced annual energy use and the number of hours outside the 

recommended IAQ guidelines compared to the baselines. In cold cities as Trondheim with 
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excellent outdoor air quality recirculation could reduce energy use and increase the RH in 

winter. Assuming low outdoor air quality, simulations demonstrated that the use of 

recirculation had a protective effect on the indoor concentrations of PM2.5. However, when 

using recirculation, it is essential to control the IAQ to avoid excessive pollutants, RH, and 

temperatures.  

The methodology in its entirety proposes a stepwise approach to reducing the occurrence of 

certain airborne pollutants over a given threshold and some indoor air parameters outside their 

recommended ranges while incurring no increase in energy use. 

This methodology has the benefit of having been built in a stepwise fashion: 1) the selection 

of parameters for ventilation control was probabilistic. The pollutants in the control were 

selected for each case. These were not deterministically CO2 or temperature; on the contrary, 

they were selected in each case based on what was needed from the measurements, focusing 

on CCF results and looking at correlated and non-correlated parameters, so that the important 

parameters were present in the simulation; and 2) the simulation provided feedback on the IAQ, 

and this the energy parameters and a simple control sequence could be developed (as presented 

in this work), and can be further developed using the simulation capabilities of EnergyPlus and 

CONTAM. 

4.5  Conclusions and the main lessons learned from Chapter 4 

Introducing the newly identified parameters into ventilation control strategies may be 

cumbersome and sometimes contradictory because parameters with different origins and 

emission profiles may send contradictory control feedback. Therefore, the first step presented 

in the introduction to this thesis involved reducing the number of extra parameters to the 

essential ones by looking at correlations. CONTAM–EnergyPlus handled the ventilation’s 

main parameters, energy use, and IAQ control, and thus was selected for simulating different 

ventilation control strategies of the supplied and recirculated air. The simulation models were 

validated using a purpose-built three-office laboratory setup. This additionally used the IAQ 

stations discussed in Chapter 2. 

The validated models allowed different control strategies to be tested using a tailor-made KPI 

analysis. This KPI analysis was used to choose the best control strategies based on the IAQ and 

energy use. 

The main highlights that can be taken from Chapter 4 are:  
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 The co-simulation between EnergyPlus and CONTAM allowed the study of indoor 

pollutant levels and energy savings when using DCV and air recirculation. 

 Co-simulation allowed the demonstration of ventilation control schemes that can 

account for IAQ and energy savings. 

 Measurements with LCSs were used to validate the co-simulation model. The 

significant parameters for the ventilation control were chosen based on CCFs. The 

ventilation control addressed the airflow supply and recirculation of return air. 

 A methodology for improving ventilation control by reducing energy use and 

increasing the IAQ KPI. 
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5 CONCLUSIONS 

5.1  Main conclusions 

This PhD study began with the realization that IAQ cannot be monitored and controlled only 

by looking at concentrations of CO2 and temperature. It became clear that controls on DCV 

that were based only on these two parameters were unsatisfactory regarding other parameters 

that affected health and performance. Thus, the need to measure other parameters and handle 

collected data to make it useful for use in DCV control was clear. This was the motivation for 

starting this PhD work. A position was created in the Research Centre on Zero-Emission 

Neighbourhoods (ZEN) in Smart Cities that enabled the founding of a study to improve DCV 

and reduce energy use and improve IAQ. 

After five years of work, LCS IAQ technologies have significantly improved. Each year/month, 

new sensors with new capabilities are being released on the market, enabling more reliable 

measurements of different airborne pollutants in the indoor air and OA. The LCSs used in this 

PhD work were selected from among those available four years ago. A literature review of 

airborne pollutants was undertaken in order to characterize the common pollutants in indoor 

air, and then a market analysis was performed to find out which parameters were possible to 

measure, given that the IAQ station was given a cap price of €200.  

Much work was devoted to the calibration and evaluation of these sensors. Based on the results 

of this study, it can be concluded that the selected sensors can be used after thorough 

calibration. The out-of-the-box measurements suffered from bias that it was not possible to 

entirely correct, even after calibration (e.g., for the CH2O sensors). The PM sensor performed 

accurately for PM1 and PM2.5, although slightly less accurately for the latter. The sensor was 

unreliable for larger fractions, and for this use, it would not be recommended. For RH, 

temperature, and CO2, the sensors performed very reliably up to Tier V, according to the EPA 

classification [48]. The TVOCs sensor could not be calibrated due to the lack of reference 

measurements, and the only conclusion that can be drawn from this is that the eight sensors 

have good intra-unit consistency. The calibration procedure and data handling were the main 

contributions from this PhD work and will be further discussed in Section 5.2. 

Once the sensors started collecting data, the next step was to select the main contributors that 

would help achieve a satisfactory IAQ. A methodology for analyzing the correlations was 

selected. This methodology used the CCF on de-trended time series. The CCF calculated the 
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Pearson correlation coefficient for the simultaneous and “time-shifted” lags. In this way, 

possible differential time responses between the different sensors, or release speeds of different 

pollutants, would also be captured. To have pure inter-pollutant or inter-parameter correlation, 

it was necessary to de-trend the data. For this study, pre-whitening was the strategy selected 

for de-trending the time series. De-trending data should always be performed to ensure the 

correlations are proportional to the impulse response function between the two time series 

before deriving the correlations. However, it is common in the IAQ literature to use Pearson 

correlations directly, thus the importance of raising this point in the methodology was clear. 

The methodology for selecting pollutants itself is also considered to be one of the main 

contributions of this work, and is further described in Section 5.2. 

A second process applied to the data involved an analysis of the predictor variables. In this 

case, the data processing was different. Because data from the same households were assumed 

to be correlated, the GEE method was used to account for this correlation. The GEE is a 

population-level approach, based on a quasi-likelihood function, that allows an accounting of 

responses on the dependent variable for correlations within clusters, while assuming no 

between-cluster correlations exist. This way, the predictor variables for having high or low 

concentrations of selected continuous dependent variables can be selected. For instance, it was 

concluded that the status of the trickle vent, the air temperature, and the RH were important 

predictor variables for CH2O concentrations. Thus, to reduce CH2O concentrations, with the 

trickle vent open, a low temperature or low RH were significant measures. 

The simulation was seen as the simplest way to test different control strategies. However, the 

building of the laboratory setup was greatly delayed, and was only ready three months before 

the end of the PhD, as previously discussed. 

The simulations were performed using a co-simulation between CONTAM and EnergyPlus. 

Together, these two programs have proved to be an efficient tool for analyzing energy use and 

IAQ––two interdependent ventilation characteristics that can be simultaneously improved.  

Finally, in order to develop clear indicators and comparison points, KPIs were developed. 

Many KPIs have been highlighted in the literature, but the ones proposed here were easy to 

understand, calculate, and use in practice, following the methodology proposed in the thesis. 

Based on the published results, this methodology is helpful because it resulted in significant 

improvements in the IAQ and a reduction in energy use.  
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5.2  Main contributions of this PhD work 

Calibration methodology 

For sensors that measure with a very frequent interval, it is typical that the measurements will 

have autocorrelations. The autocorrelations, in this case, were important because they showed 

how the sensor performed when data was collected very often. Frequent data collection is often 

presented as one of the strengths of LCSs. Thus, it needs to be considered in calibrations. Rather 

than making steady-state measurements in this work, measurements corresponding to more-

common measurements with different sampling periods were used. This was commonly done 

in the published literature, with the authors commonly using OLS to develop the correlation 

parameters. However, OLS and R2 should only be used if a model’s residuals are iid, (not 

correlated) and evenly distributed. In this PhD work, a procedure for estimating a weighting 

based on the autocorrelation and a first-order Markov was created. To the authors’ knowledge, 

the method presented in Paper 3––considering and weighting the autocorrelation using a first-

order Markov scaling––has not previously been used in the sensor-calibration field, and it is 

thus an essential contribution of this PhD work. This method enables calibration using 

dynamical data and data sampled from time to time or at a high sampling rate. It also allows 

for the efficient use of samples and then takes care of the autocorrelation via the MLE and 

REML methods suggested in Paper 3. The final goal of the IAQ stations was to demonstrate 

their utility in the control of ventilation, and thus a more dynamic evaluation was needed. 

This calibration development was necessary for evaluating the dynamics of the sensors when 

the sensors were used as in real life. But the same strategy can be used with any other type of 

sensor. Even in cases with experiments conducted in a randomized sequence with otherwise 

steady-state conditions, there is a risk of having autocorrelations. There will always be 

explanatory variables that can be manipulable; however, in most cases, there are other variables 

that cannot be manipulated (an example could be the TVOCs in Paper 3), and such variables 

might also have an effect. Typically, some experimental conditions are difficult to control or 

are not recognized, and such conditions may lead to some degree of autocorrelation, 

particularly in experiments where the samples are taken at a high sampling rate. If the sensor 

presents a bias, this can also lead to autocorrelations.  

Selection of significant pollutants 

Two steps were considered in choosing the pollutants/parameters that could be introduced into 

the control strategies.  
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 How could the supply of airflow to the rooms be controlled? This analysis was based 

on correlations between different parameters in the supply and room air. Two highly 

and significantly correlated parameters meant that one could be removed because the 

other would be a good proxy for that parameter. 

 How could the OA fraction be controlled? Where is the source of the pollutant? The 

analysis of recirculation airflow rates was performed between the same pollutant or 

parameter in the supplied air and the room air. If two pollutants correlated, the OA 

quality would affect the concentration of pollutants in the room and could be used in 

the control logic of the recirculation. If the pollutants were not correlated, they were 

probably either collected by the filters or produced indoors, and then increasing the 

recirculation airflow rate would not be beneficial in diluting their concentration.  

To determine a pollutant’s source, I/O ratios were suggested. An I/O ratio below 1 

would mean that the main source of the parameter was produced outside the room. 

When an I/O ratio is below one, increasing the OA ventilation rates would not be 

beneficial in diluting the outdoors-generated pollutant because more pollutants would 

be brought it. 

 

CONTAM–EnergyPlus co-simulation 

Through co-simulation, different control logics could be studied using the validated simulation 

of pollutant sources and infiltrations, and the AHU with heat recovery. Although not new, the 

use of this CONTAM–EnergyPlus co-simulation has been well accepted by the research 

community and, four months after the publication of Paper 2, it has already been cited seven 

times according to Google scholar.  

With co-simulation, a methodology using energy management systems (EMSs) in EnergyPlus 

allowed the control of supply to the room and the recirculation of fractions of return air. 

Simulation results were used to see which pollutants may have affected other 

pollutants/parameters, and whether all or just several of them could be used for the controls, 

clarifying the effects of interdependency and the simultaneous effect on energy use and IAQ. 

IAQ and energy-use KPIs  

In order to rapidly evaluate the effect of the different logics, KPIs were developed and used. 

Two overarching KPIs––for energy use and IAQ––provided a general summary of the 

performance of the control logic. Then, for IAQ, this value was split into five, considering the 
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five measurements taken with calibrated sensors. The IAQ KPI could have been expanded to 

several parameters if more validated/calibrated measurements were available, as is expected in 

the future with the introduction to the market of different LCSs. The individual IAQ KPIs shed 

light on the parameters that would likely improve the general KPI. 

Holistic methodology for the improvement of the ventilation control logic 

Figure 5-1 illustrates the main contributions towards attaining the primary goal of the PhD 

work––to improve ventilation control strategies based on energy use and IAQ. 

Using calibrated LCS data, CCFs provide information about the parameters that could be used 

in the concrete control over ventilation. These were introduced into the validated co-simulation 

CONTAM–EnergyPlus and, utilizing the KPI analysis, the ventilation control was improved, 

resulting in healthier (based on a low concentrations of airborne pollutants) and more efficient 

ventilation systems.  

 

 

Figure 5-1. Sketch showing the main outcomes of this PhD work and how they contributed 

to the general goal of a holistic methodology for the improvement of ventilation control logic. 

5.3  Limitations 

 The quality of the sensors. Some sensors carried on having biases even after the 

calibration. However, these LCSs represented the state of the art at the time of purchase. 



CONCLUSIONS 

50 

A new round of calibration could be performed for the CH2O sensor using a reference 

sensor with fewer cross sensitivities, and other sources of CH2O could have been tested. 

In this work, the work done to improve their reliability has been presented and the 

expected improvements in LCSs have been provided. New tests should be performed. 

 Connecting the Raspberry Pi to the regular ventilation was not easy. There were several 

communication problems, and some commands in the AHU and the dampers could not 

be modified. The connection process was cumbersome, but we expect improved 

communication possibilities between LCSs (Arduino or Raspberry Pi) and standard 

ventilation systems. 

5.4  Further work 

 Validation of the improved ventilation systems is required. The last step to close the 

circle in Paper 5 could have been to test the improved ventilation strategies in the 

laboratory or at the Zero Emission Building (ZEB) Laboratory in Trondheim. 

 Further work could be done on optimizing the ventilation systems, using more advanced 

optimization methodologies, and on developing a methodology that could be deployed 

without a deep knowledge of optimization. 

 Novel LCSs should be tested so that more parameters can be introduced into the 

ventilation systems. 

 Simplified co-simulation possibilities could be developed for installation in the 

Raspberry Pi, so that simulations could be run on the fly, providing feedback to the 

control systems. Another possibility would be to set the co-simulation in the cloud and 

make the simulation in the cloud. For this, a digital twin may be needed.  

 With the newly changed energy pricing regulations that look more at the peak demand 

than the energy use, a second parameter that could have been studied is the peak power 

demand.  

 The solution could be tested at full scale/in a commercial building. This would require 

that the data from the LCS-station be included in a building management system, or at 

least that they would communicate. 
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A B S T R A C T   

CO2 is customarily used to control ventilation as it is a proxy for bio-effluents and pollutants related to the 
presence and activity of people in the room. However, CO2 could not be a satisfactory indicator for pollutants 
that do not have a metabolic origin, i.e., emissions from building materials or emissions from traffic. A meth-
odology to select pollutants besides or instead of CO2 is presented in this article. This methodology sets to study 
(i) the suitable location to measure air pollutants and (ii) which parameters to measure. The answers to these two 
questions are based on correlation analysis between pollutants and indoor/outdoor ratios. 

Measurements of CO2, air temperature, relative humidity, formaldehyde, and particulate matter have been 
taken in an office, an industrial kitchen, and a gym and are used to show how to apply the methodology. Cor-
relations were studied in detrended (pre-whitened) time series. Studying correlations in detrended time series via 
cross-correlation functions is recommended because correlation coefficients may be overestimated because of the 
trends in the time series. In contrast to Pearson’s correlation coefficient, the cross-correlation function studies the 
correlation between pollutants concurrently (as Pearson) but also at different time lags. 

From the measurements we can conclude on the need to measure at least one parameter representing: 1) 
pollutants related to human activities 2)pollutants that infiltrate from processes like combustion or traffic out-
doors, 3)pollutants related to combustion indoors, 4)pollutants related to degassing from building materials, 5) 
pollutants related to other “non-combustion-related activities” indoors and moisture loads.   

1. Introduction 

Buildings have evolved from having high rates of uncontrolled and 
unfiltered leakages to very tight envelopes with very reduced leakages to 
save energy [1–3]. Ventilation and filtering of air are necessary to secure 
the minimum requirements for indoor pollutants levels and thermal 
comfort in modern buildings [4,5]. The indoor environment is among 
the essential factors for a person’s cumulative air pollutant intake [6]. 
Outdoor air pollutants enter the indoor air via infiltrations and venti-
lation systems. Pollutants are generated also indoors as a result of 
different activities [7]. All adverse airborne pollutants, disregarding 
their origin, must be ventilated away to ensure good indoor air quality. 
The World Health Organization defines the maximum threshold con-
centrations for various contaminants based on health effects [8]. These 
guidelines intend to inform national policymakers on the selection of 

appropriate targets for healthy air quality. However, national thresholds 
vary among countries and standards define different requirements of 
VR. In the USA and many countries in Asia, HVAC system sizing and VR 
are chosen to provide comfort, not health, though ASHRAE Standard 
62.1 defined the acceptable indoor air quality to be without any known 
contaminants at harmful concentrations [4]. Logue [9] proved that in 
residences in the US and countries with similar lifestyles, air pollutant 
concentrations indoors exceed health-based standards for chronic and 
acute exposures in many measured cases. The WHO concluded that 
about 3.8 million people die annually due to household air pollution 
[10]. 

Thus there is a growing interest in monitoring IAQ by using low-cost 
sensors and developing platforms that can integrate sensing with actu-
ating at low cost [11]. Guyot et al. [12] analyzed literature related to 
smart residential ventilation. In their review, they refer to ventilation 
controls using CO2, temperature, relative humidity, and total volatile 
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organic compounds (mostly in bathrooms). Chiesa [11] developed an 
IoT application that controlled ventilation based on CO2, volatile 
organic compounds, atmospheric pressure, RH, and temperature. They 
concluded that the proposed system defined proper airflow rates so that 
IAQ indexes are maintained. This article builds upon the possibility of 
using several parameters for ventilation control and develops a method 
that will be helpful to unveil correlations among pollutants to choose 
which ones are necessary and which ones are “nice to have”. The same 
methodology can also be used to know where sensors should be placed 
so that they are useful for a ventilation control. 

1.1. CO2 as a marker for demand-controlled ventilation 

CO2 is often monitored as a proxy for occupancy in rooms [13,14]. 
People produce CO2 proportionally to their body mass and metabolic 
rate. CO2 concentrations are also understood as an indicator of the hy-
giene of the indoor air. 

DCV is a ubiquitous choice to save energy in buildings where the 
occupancy varies throughout the day, e.g., in office buildings. The de-
mand is defined from the level of one or several parameters. CO2-DCV 
targets keep CO2 below a set point concentration. If CO2 indoor levels 
are below the defined threshold, VR can be reduced [15]. The airflow 
rate decrease is the mechanism by which CO2-DCV realizes energy 
savings [16]. 

Carrer et al. [17] questioned using CO2 as a measure of the ventila-
tion’s ability to dilute and remove pollutants. More than 50% of the 
pollutants present in offices are not emitted by humans [18]. In addition, 
the air supplied to the room can be taken from outdoors (via mechanical 
ventilation plus filter or infiltrating via cracks), it can be recirculated 
from the extracted air or infiltrated from other rooms. Depending on the 
air’s origin or its pollutants concentration, it has different “dilution 
power”. 

Ramalho et al. [19] investigated correlations of CO2 concentrations 
and selected indoor pollutants (formaldehyde, acetaldehyde, benzene, 
PM2.5, PM10) in 567 dwellings and 310 educational buildings (nurseries, 
kindergartens, and schools). They concluded that the correlations be-
tween CO2 and pollutant concentrations were weak or very weak. Their 
study concluded that the probability of exceeding pollutant health 
guideline values correlates with high CO2 concentration, but the possi-
bility of exceedance is still high at low CO2 levels. Choe et al. [20] found 
that air cleaners could reduce PM concentrations while CO2 concen-
trations were still high. Wu et al. [21] presented measurements in green 
buildings with one-to three-star ratings. In their case, CO2 and PM where 
lower than in ordinary buildings but VOC was higher. Therefore, some 
authors specify that CO2 should only be used as a signal of 
occupant-related pollutants [22,23]. Others suggest that CO2 should be 
observed as an IAQ indicator and a pollutant impacting health and 

cognitive functions [24,25]. Some authors suggest also controlling other 
parameters [17,19,23,26]. However, to the knowledge of the authors, 
there is no clear guideline why or when several pollutants should be 
measured in addition to CO2 and temperature. Morawaska et al. confirm 
that there are no ventilation guidelines to specifically control the con-
centration of benzene, carbon monoxide, formaldehyde, and other 
chemicals, indoors [27] In this article we set the goal of developing a 
methodology to know which parameters should be measured in different 
types of rooms based on detrended correlation studies. Sun et al. [28] 
show the need of increasing the number of pollutants measured when 
correlating health outcomes and concentrations of pollutants. In their 
case they propose to use weights for the correlations. Here we propose a 
stepwise approach,1) measuring several pollutants, 2) study de-trended 
correlations and 3) Parameters that are correlated don’t need to be 
further measured as correlation equations can be deployed. Uncorre-
lated pollutants need to be continuously measured. In the next section, 
selected pollutants that can be measured with low-cost sensors will be 
discussed. 

1.2. Other (selected) indoor air pollutants: sources 

Fine particles and UFP (<0.1 μm) can infiltrate buildings through 
leakages [29] and ventilation (mechanical or natural) openings. Me-
chanical ventilation using filters can reduce the I/O of PM2.5 compared 
to natural ventilation [30]. The chosen filters in the HVAC systems, the 
precision of the mounting and their condition will also affect the I/O 
ratio. Chen & Zhao [31] concluded that the I/O varied importantly also 
due to the cracks geometry in building envelopes, and the air exchange 
rates. The principal indoor sources of PM2.5 are smoking, cooking, fuel 
combustion for heating, human activities, hair, skin, and burning in-
cense [32]. Indoor UFP can be generated from candles, cleaning and 
aerosol products, cooking, and other sources [33]. Morawska et al. [34] 
assessed that 10–30% of the total burden of disease from PM exposure 
was due to indoor-generated particles. 

Particle’s chemical composition, size, shape, deposition, and resus-
pension and hygroscopic growth appear to depend on RH [35]. RH af-
fects also the rate of degassing of formaldehyde and VOC from indoor 
materials [36], the formation of molds and allergens and pathogens 
[37]. Gładyszewska-Fiedoruk [38] claimed that if humans are the most 
significant contributors to moisture generation, CO2 and RH are also 
highly correlated, at least in naturally ventilated buildings. For air 
conditioning, where the air is cooled or dehumidified, correlations 
cannot be determined [38]. 

Salthammer summarized sources and intensity of formaldehyde in 
European housing [39] Formaldehyde is widely used in the manufacture 
of building materials and numerous household products. It is also a 
by-product of combustion from candles, incense sticks, mosquito coils, 

Nomenclature 

AR Autoregressive model 
ARIMA Autoregressive integrated moving average model 
ARMA Autoregressive moving average 
CAV Constant air volume 
CCF Cross-correlation function 
CO2 Carbon Dioxide 
DCV Demand-Controlled Ventilation 
HVAC Heating, ventilation, and air-conditioning 
HOCH Formaldehyde 
IAQ Indoor Air Quality 
I/O Ratio between indoor and outdoor pollutant 

concentrations 
IoT Internet of things 

MA Moving average model 
MET Metabolism 
NOx Nitrogen oxides 
O3 Ozone 
PCP Pentachlorophenol 
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PAH Polycyclic Aromatic Hydrocarbon 
RH Relative humidity 
SBS Sick Building Syndrome 
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UFP Ultrafine particles 
VR Ventilation Rate 
VOC Volatile organic compound 
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cigarettes, wood-burning fireplaces [39] and a preservative in some food 
packing [40]. Air cleaning devices, textiles, cooking, carpets and surface 
coatings, plywood, MDF are also sources for formaldehyde [39]. Huang 
et al. [41] concluded that formaldehyde, acetaldehyde, or benzene can 
be derived from cooking activities. 

Sources of VOC in indoor air could be building materials, furnishings, 
cooking, household products, cleaning products, products for personal 
hygiene, etc. [42]. 

Nitrogen oxides (NOx), Ozone (O3), Pentachlorophenol (PCP), 
Polycyclic Aromatic Hydrocarbon (PAH), bio effluents, tobacco smoke 
are also main indoor pollutant substances, but they will not be further 
studied in this article as low-cost sensors for measuring them were not 
found. 

Thus, additionally to occupancy measured by CO2, and thermal loads 
measured by temperature, the following parameters should be moni-
tored:1) pollutants that infiltrate from processes like combustion or 
traffic outdoors, 2) pollutants related to combustion indoors, 3) pollut-
ants related to degassing from building materials, 4) pollutants related 
to other “non-combustion-related activities” indoors and moisture loads 
so that the main sources for pollutants are covered. 

1.3. Other (selected) indoor air pollutants: main health effects 

Indoor air humidity, defined as the perceived dry air or dryness 
(usually of eyes, upper airways, mucosae, or skin), is essential due to the 
associated health effects [37]. Fewer tears are produced, and precorneal 
and epithelial damage has been observed at low RH [37]. Dry air 
perception can be connected to mucous membrane irritation of eyes and 
upper airways in the presence of sensory irritants [43]. The reported 
“stuffy or dry air” may be affected by alteration of the composition, 
dynamics, deposition and resuspension of inhaled particles, possibly in 
concert with sensitive eyes or mucous membranes in the upper airways 
at low RH [37]. Cain et al. [44] claimed that temperature and RH altered 
VOC emission profiles and this correlated to the perception of IAQ. 

Moisture and microbial contamination in the building structure and 
HVAC systems have adverse health effects [45]. The growth of micro-
organisms (fungi, bacteria, viruses) and the occurrence of allergens were 
linked to high RH [46]. Thus, indoor RH should be kept below 
mold-or-mites growth thresholds by ventilation or air conditioning [45]. 
However, too low indoor temperatures and low RH were associated with 
increased occurrence of respiratory tract infections. Influenza virus 
increased survival rate and transmission efficiency at low RH [37,47]. 
Contrarily, RH>40% dramatically reduced the infectivity of some other 
virus [48]. Coronavirus seemed to decay faster close to 60% RH than at 
other levels [49]. In general, there is a good agreement in the literature 
that many viruses decay faster in the range 40–60% [50–52]. 

Multiple studies with varying populations and regions showed 
consistent correlations between PM and cardiovascular problems. The 
data demonstrated a dose-dependent relationship between PM in 
ambient air and human disease [53]. Chronic PM2.5 exposure affects the 
respiratory and cardiovascular systems [54]. Chronic bronchitis, stroke, 
heart disease, and thickening of arterial walls, diabetes, and reduced 
lung function were also connected to PM2.5 exposures [55–57]. 

The relations between indoor particulate matter (PM10, PM2.5) and 
associated health risks are less known [53,58]. Venn et al. [59] proved 
an increasing risk of wheeze with increasing proximity for children 
living within 150 m of a main road. Peters et al. [60] concluded that 
decreases in peak expiratory flow, feeling ill during the day, and 
coughing were associated with the concentration of fine and UFP on 
asthmatics. PM impacts the IAQ and health, but may also be the carrier 
of viruses such as influenza [37]. 

According to the INDEX project results [61], the EU’s risk assessment 
of IAQ agrees on prioritizing: formaldehyde, carbon monoxide, nitrogen 
dioxide, benzene, and naphthalene. Formaldehydes exist in the indoor 
air at a concentration that is larger than the outdoor air [39]. Formal-
dehyde has been classified as a potential human carcinogen by the US 

EPA and International Agency for Research on Cancer as a Class 2A 
carcinogen. Also, it irritates humans mostly in the upper airways, 
mucosae, and eyes [62]. Formaldehyde is a sensitizing agent that can 
cause an immune system response and sensory irritation [63]. 

VOCs at typical indoor environment concentrations may yield 
adverse health effects, depending on their composition. VOC concen-
trations indoors are generally below thresholds for sensory irritation in 
eyes and airways, but above odor thresholds [64]. Even if there is 
confirmation of a variety of dangerous effects probably linked to VOC, 
established scientific knowledge about direct health risks of VOCs is 
absent [65]. 

To sum up, when it comes to health effects the following parameters 
should be measured as exposures as these pollutants have important 
health effects: 1) RH as it affects the perception of IAQ and mostly the 
survival of viruses, 2) PM as the exposure to them is connected to car-
diovascular and breathing problems and 3) formaldehyde as it is known 
as an irritant and a potential human carcinogen. 

1.4. Exposure vs. concentration measurements 

Most of the epidemiological studies discuss the relations between 
exposures and sickness. The NAS report [66] defines personal exposure 
as E = 1

T
∫

C(t)dt where E is personal exposure, C(t) is the time-variant 
concentration, and t is the time that the person experiences a specific 
concentration. Children and adults may be exposed differently as the 
particles have different spatial positions and particle size distribution 
[67–69]. Wilson & Suh [70] concluded that the relevant epidemiologic 
parameter was the concentration of the ambient particles that have 
penetrated the indoor microenvironment and remained suspended. The 
settling velocity is directly proportional to the particle diameter (to the 
square) and the density of the particle. Particles smaller than 10 μm can 
remain suspended for longer periods [71,72]. Guak & Lee [73] studied 
the relationship between personal exposure and ambient concentration 
of PM10 and PM2.5 for different time-activity patterns. They concluded 
that personal exposure and PM2.5 were highly correlated. 

Therefore, in this study, it is assumed that when measuring con-
centration, an imperfect indicator of exposures is obtained, but that 
there is a correlation between concentrations and exposures. 

1.5. Objectives of the study 

Today, DCV deploys CO2 and temperatures as control parameters as 
they are linked to comfort and productivity and sensors are highly 
available. From the conclusions of chapters 1.2 and 1.3 RH, PM2.5 and 
formaldehyde should be measured additionally to CO2 and temperature 
to account for the main pollutants from non-metabolic activities and 
their health effects. We hypothesize that the other pollutants may be at 
adversely high concentrations, despite CO2 and temperature values 
being below thresholds. 

The main objectives of this article were:  

1) Development of a methodology for selecting which pollutants to use 
as control parameters for flow rates and to control the share of out-
door air in the supplied air:  
a. A methodology to determine which pollutants can be proxy for 

others was deployed using CCF. With CCF the study can focus on 
the i) present time correlation: looking for a mutual relationship 
between two pollutants at the same point in time, and ii) deter-
mining the correlation between the variables at different time 
lags. The CCF pattern is affected by the underlying time series 
structures, by the autocorrelation or trends of each of the two 
variables. Thus, it is helpful to de-trend the data by pre-whitening.  

b. An I/O -study approach was used to allow a deeper insight into 
the origin of the pollutants (indoor or outdoor). Based on the 
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origin of the pollutant, increasing ventilation with outdoor air 
would be either beneficial or harmful for the IAQ.  

2) Examine the suitability of the methodology with 3 case studies. RH, PM2.5 
and formaldehyde have been measured for at least one week, addi-
tionally to CO2 and temperature in an office, a gym and a canteen/ 
kitchen. The results were used to evaluate the suitability of the 
method and not to do a thorough mapping of correlations for the 
studied types of rooms and situations. 

To the knowledge of the authors: i) pre-whitening of data for 
studying correlations in detrended time series has not been applied for 
selection of pollutants to control DCV before. ii) the same combination 
of pollutants has not been previously evaluated. 

2. Methods 

2.1. Methodology for data analysis 

Fig. 1 summarizes the methodology of this work. 
The data analysis focused on correlations between the selected pa-

rameters: CO2, RH, temperature, formaldehyde, and PM2.5, as well as 
between the location where parameters were measured: the corre-
sponding breathing height in each room (see Fig. 2) and the supply air 
terminals. 

Previous studies have based their criteria for correlation on Pearson’s 
analyzes with non-pre-whitened time series [74–78]. The correlation 
coefficient between two time series following the same trend often 
suggests a high correlation. However, the high value may be due to 
auto-correlation in the respective time series, rather than due to a real 
correlation between the two series [79]. The correlation patterns are 
affected by underlying time series structures of each of the two variables 
and the trends that each series has. Thus, it is helpful to de-trend the 
data. By pre-whitening data, detrended time series are attained. 
Pre-whitening of data should always be done before deriving correla-
tions in trended time series [80,81]. Unless studying de-trended corre-
lations, nothing can be assured about the causal relationship of these 
two-time series. 

In this article, the calculation of the correlation of two time series is 
expressed by the linear correlation of different time lags between the 
two series [82] via the cross-correlation function (CCF). The correlation 
that the CCF shows is not pure inter-series-correlation, it is also affected 
by the autocorrelation of each of the two series (intra--
series-correlation). By using CCF instead of simple Pearson coefficients, 
“time-shifted” correlations can be also studied. The Pearson correlation 
only studies the contemporaneous relationship between the two-time 
series and not how the variation of one parameter may affect another 
in time. Let’s consider formaldehyde, the emission of this pollutant can 
be affected by RH and temperature. If we only look at Pearson co-
efficients, there may be no relationship, but if we studied several lags of 
time an effect of the variation of RH may be a predecessor of a peak in 
formaldehyde. In addition, not all the sensors have the same response 
time, or not all the reactions happen equally fast, thus studying the 
cross-correlation function is more complete. 

One approach to isolate the correlation between the time series is to 
remove the autocorrelation, i.e., to detrend the series [83]. This 

approach is called pre-whitening. 
Considering two time series, x, and y, of equal length. The three steps 

of pre-whitening are:  

1. Determine a time series model for x, in this case, an Autoregressive 
Integrated Moving-Average Model (ARIMA) was used for trend 
removal [82]. The goal of this step is to describe x up to residuals that 
are white noise, e.g., a time series without autocorrelation.  

2. Transform (filter) y by using the model used for x (using the same 
coefficients).  

3. Calculate the CCF between the residuals from step 1 and the filtered 
y-values from step 2. 

The cross-correlation that is left in step 3 corresponds to the corre-
lation between the time series. It is proportional to the impulse response 
function between x and y. If pre-whitening was not done, then the CCF 
would have been affected by the autocorrelations in the signals. Y has 
(normally/always) autocorrelation, but this is not a problem if x is 
“white”. 

ARIMA models belong to the class of linear time series models. 
Hence, it was assumed that the concentration of all pollutants behaved 
linearly over time, i.e., each measurement could be represented as a 
linear combination of its past values. ARIMA models were chosen 
because they are the most general form of linear time series models, and 
they include simpler models such as AR (Auto-regressive), MA (moving 
average), or ARMA (autoregressive moving average) models. Note that 
it was not our foremost goal to identify a perfect model to describe the 
time series, but rather a model whose residuals are close to white noise, 
to remove autocorrelation from the series. 

Some pollutants were generated in the considered space and some 
infiltrated from outdoors. In a room with a high concentration of out-
door produced pollutants, increasing the airflow rate would not be 
beneficial for diluting their concentration. For example, in a room where 
the concentration of pollutants from traffic was too high, increasing the 
ventilation airflow rate from outdoors would further increase the con-
centration of these pollutants (supposing that these pollutants were not 
filtered. Filter efficiency plays a big role in the concentration of pollut-
ants). To define the best ventilation procedure to dilute measured pol-
lutants I/O has been evaluated. When an I/O was below one, it meant 
that the pollutant was produced outside the room. In this case, it would 
not be useful to increase outdoor air ventilation rates to dilute the out-
doors generated pollutant. For example, in a room where plastics and 
old papers are stored, the formaldehyde values can be high. In this case, 
the I/O of formaldehyde may be over 1 and increasing the ventilation 
rate of outdoor air would reduce the formaldehyde concentration. 

2.2. Measurement spaces 

The criteria for selecting the measured spaces were as follows:  

1) Similar exposure to outdoor pollutants as they were all placed in the 
same building. East-oriented with similar airtightness,  

2) Same ventilation solution, constant air volume (CAV) and equal 
ceiling-mounted diffuser whose jets generated strong mixing of the 
air in the room assumed to be, fully mixed 

Fig. 1. Summary of methodology for the selection of the pollutants to be used to control ventilation.  
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3) Different activities performed in the room and  
4) Connection to the same air handling unit (AHU). The AHU was East 

oriented, on the sixth floor, about 30 m away from the street 
measured in a straight line 

Owing to these criteria and to validate the Methodology for data 
analysis, measurements were performed at the supply terminal of an 
office and a gym and breathing height in an office, a canteen, a kitchen 
and a gym. All the measured spaces were in the same building in 
Trondheim, Norway less than 40 m away from the road (measured in a 
straight line). Fig. 2 shows the layout of the rooms and the placement of 
sensors. The red dots represent the location and height of the mea-
surement at “breathing height” in the three rooms and the blue dots 
represent the measurement at the supply air terminal. Table 1 summa-
rized the equipment and characteristics of the three measured locations. 

The 36 m2 office on the second floor was dimensioned for five oc-
cupants and had a constant airflow rate of 300 m3/h from 06:00 to 20:00 
during working days. Outside this period or during weekends, the 
ventilation was off. The measurements lasted three weeks during June. 
The room was renovated with new walls, painting, windows, and a 
ventilation system about one year before the measurements. 

Measurements in the 100 m2 canteen and the 15 m2 kitchen lasted 
one week. These two rooms were placed on the 6th floor. The kitchen 
was used by one cook that was responsible for baking bread, general 
cooking, and washing. The canteen was occupied from 11:30 to 13:30. 
Up to 50 people could be sitting at the most crowded periods. The 
canteen measurements were done close to the kitchen door. The supply 
and exhaust airflow rates were not measured, but the ventilation was 
constant during the same periods as the office. The canteen and kitchen 
had not been renovated in the last years. 

The 50 m2 gym was in the basement of the building. Measurements at 
the gym lasted twenty days. The occupancy was irregular from 15 
people to long-vacant periods (users reported use of the room in a diary). 
The supply and exhaust airflow rates were not measured, but they were 
constant from 06:00 to 20:00 during weekdays. This gym was open to a 

large corridor (no wall, see dashed line in Fig. 2). The gym was built one 
year before measurements, and the ventilation system was not 
upgraded. 

2.3. Equipment 

The activities in these rooms were very different and the pollutants 
produced were expected to be different in quantity and type. Table 2 
shows the expected contaminants based on the different types of 
activities. 

Fig. 3 shows pictures of the installation of the sensors. 
Measurements were done with low-cost sensors. Low-cost sensors 

were preferred as they could economically replace the “normal” CO2- 
temperature sensor typically installed in these types of rooms. Table 3 
summarizes the sensors, the accuracy, the measuring range, and the 
response time. More information about the calibration can be found in 
Ref. [84] (under publication). Demanega et al. discuss as well the per-
formance of the particle sensors Sensirion SPS30 [85], Tryner et al. 
discussed the use of SCD30 CO2 sensor [86] that measures as well hu-
midity and temperature. Measurements were taken every 1 min. 

In all measurements, the sensors were protected from direct contact 
with the users, direct disturbance from the ventilation supply air and 
solar irradiation. Measurements happened at a single point to mimic the 
normal measurement procedure when measuring CO2 and temperature. 
For the reduced size of the rooms (not applying for the canteen where 
the representativeness is more limited), we assume that the single 
measurement was representative for the occupied breathing zone as the 
ventilation was mixing air ventilation. 

3. Results 

3.1. Correlation between different variables in each room 

Correlations were sought for the whole measured period. 
The pre-whitening process and CCF described in section “Correla-

tions Analysis” were carried out to find correlations between two time 
series as described in the methodology chapter. In the plots of CCF, the 
x-axis (lag) represented the offset between both series, its sign deter-
mined in which direction the series were shifted. The y-axis showed the 
Pearson correlation coefficient of the two respective time lags. The 
larger the y-value, the larger was the correlation. The lag i value 
returned by CCF (x, y) estimates the correlation between x [t + i] and y 
[t] [87]. A negative correlation value CCF (x, y) < 0 meant that if one 
parameter increased, the other decreased. The lag times showed how 
long it took for one perturbance to propagate in the other series. A 
positive time index between two pollutants at lag i (i > 0) represented 
that the current value of a pollutant (current meaning at time [t]) was 
correlated with the future value of the other pollutant at time [t + i]. 
Equally, a negative value at lag i (i < 0) meant that the previous value of 

Fig. 2. Placement of measuring equipment. The blue dot shows the positioning in the supply air terminals and the red dots the positioning of the measurement 
equipment and the breathing height. Blue rectangles show the windows. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 

Table 1 
Description of equipment and parameters measured.   

Office Kitchen/ 
Canteen 

Training room 

Area (m2) 36 15 + 100 
(two rooms) 

50 

Occupants # 5 desks. 2–3 
occupants during 
measurements 

Variable, 
0–50 persons 

Variable, 0–8 persons 

Ventilation 
principle 

CAV mix ventilation 
350 m3/h 

CAV mix 
ventilation 

CAV mix ventilation 
+ one wall open to the 
lab 

Floor Second Sixth Underground − 1 
Duration Three weeks One week 20 days  
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one pollutant at time [t + i] was correlated with the present value of the 
other pollutants at time [t]. This can be read as one pollutant was a 
predecessor for the current value of the other. The dashed blue line 
represented the 95% confidence bound (blue dashed lines) for a signif-
icant correlation. 

3.1.1. Correlations between pollutants from the gym 
As shown in Fig. 4, both supply and room levels of absolute humidity 

and temperature followed similar trends. CO2 levels were mostly below 
700 ppm for the presented period. Mostly, one person trained at the 
time, and no group training was presented in Fig. 4. In general, during 
training activities, the MET increased, the temperature rose quickly, and 

Table 2 
Expected pollutants generated in the studied rooms based on the different activities.  

Type of room Type of 
activity 

Expected indoor air quality sources 

CO2 Air temperature Formaldehyde PM2.5 RH 

Office Sitting and 
PC working 

Breathing Heat gain from MET, sun and 
computers 

Beauty products, papers, 
wall painting furniture 

Infiltration MET 

Gym Physical 
activity 

Breathing: proportional to 
occupancy and activity: ↑ MET: 
↑exhalation 

Heat relative to occupancy and 
activity level: ↑ MET: ↑sweat and 
↑exhalation 

Apparels and carpets Infiltration 
Friction treadmill 
Climbing wall 
dust 

↑ MET: ↑sweat and 
↑exhalation 

Industrial 
kitchen 

Cooking Breathing limited to the chef Heat gain from cooking, oven, 
dishwasher, sun 

Trash and cleaning 
products 

From cooking, 
oven 

From cooking, 
oven, dishwasher 

Canteen Eating Breathing: proportional to 
occupancy 

Heat gain from ↑ occupancy short 
period, sun 

Food wrapping? ↑ occupancy +
food remaining 

↑ occupancy +
food vapor  

Fig. 3. Installations of measurement equipment: (A) in the office; (B), (C) and (D): in the gym; (E) in the kitchen; (F) in the canteen.  

Table 3 
Properties of deployed sensors.  

Parameter Sensor type Accuracy Measurement range Response time 

Relative humidity Capacitive ±3% at 25 ◦C 0–100% 8s 
CO2 Nondispersive infrared (NDIR) ±30 ppm ± 3% of reading (500–1500 ppm) 400–10000 ppm 20s 
Temperature 10K NTC Thermistor ±0.4 ◦C + 0.023 (t [◦C] - 25 ◦C) − 40 ◦C–70 ◦C >10s 
Particle concentration Optical sensor ±10 μg/m3 (0–100 μg/m3) 

±10% (100–1000 μg/m3) 
0–1000 μg/m3 20 ms 

Formaldehyde Electrochemical sensor (MOS) ≤0.02 ppm formaldehyde equivalent 
< ± 2% repeatability 

0.03–2 ppm <40S  
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the production of CO2 was much higher. Formaldehyde concentrations 
rose towards the end of the day while ventilation was shut down and 
decreased every morning when ventilation started. Formaldehyde levels 
also seem to rise together with the periods of training read as peaks of 
CO2. Regarding PM2.5, the level of particles was continuously very low, 
the levels only rose during climbing activities (read from gym diary). 

Fig. 5 shows the cross-correlation functions of the detrended time 
series of each two pollutants in the gym (room values). There were very 
few significant correlations between PM2.5 and temperature or absolute 
humidity or formaldehyde, and those that were over the 95% confidence 
bands are very small in value. There is a significant correlation between 
PM2.5 and CO2 probably corresponding to the particle creation by gym 
users. However, judging by the module of the correlation and the few 
time lags with significant correlations, CO2 does not seem to be 
describing PM2.5 concentrations unquestionably. There was a weak 
correlation between CO2 and temperature or absolute humidity in 
higher lags. The lags were related to the simultaneity, higher lags can be 
read as a delay in the effect. Occupants would come into the gym and 
CO2 will rise faster than temperature and absolute humidity or PM2.5. 
However, the absolute value of the correlation factors was still low, 
which meant a low effect. There was a strong correlation between 
temperature and absolute humidity at lag zero, i.e., simultaneously. 
Formaldehyde is correlated to CO2 and absolute humidity. Many points 
were over the 95% confidence bands, and even if they were small, a 
large number of smaller values will add up to a large total effect. Even if 
we cannot conclude on a causal relationship, we can conclude that using 

these two parameters is important to describe formaldehyde. That is 
exactly another strength of this method that describes the effects of 
several parameters. Formaldehyde values were correlated positively to 
temperature in lag zero. When the temperature rose, the formaldehyde 
also rose. 

The CCF when using non-detrended time series is presented in Fig. S1 
in the appendix. In the trended analysis, the correlations appeared to be 
stronger than the detrended and all variables are significant (outside the 
95% confidence interval). Mathematically, the assumptions to use 
covariance methods as Pearson’s are: 1) that the cases should be inde-
pendent to each other, 2) that the two variables should be linearly 
related to each other and 3) the residuals scatterplot should be roughly 
rectangular-shaped. This is not the case when using a non-de-trended 
time series. 

3.1.2. Correlations between pollutants from the office 
Occupants of the office reported that the door was only opened and 

closed to allow them to enter. They kept a diary of when they arrived 
and left the office, but they did not record short vacancies. Fig. 6 pre-
sents the room air and supply air concentrations of the five pollutants. 
The occupancy of the office was low, CO2 stayed mostly below 650 ppm. 
The ventilation of the office was dimensioned to constantly deliver 
100% design airflow rate for five persons from 06:00 to 20:00, but the 
maximum registered occupancy was 3 persons. CO2 peaks seem to be 
simultaneous to formaldehyde and PM2.5 peaks but not to the ones of 
temperature and absolute humidity. 

Fig. 4. Evolution of the concentration of different pollutants in the supply and room air in the gym. Training periods are shaded in orange. (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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The levels of formaldehyde in supply air were almost always below 
indoor levels. Formaldehyde is produced continuously in small amounts 
by occupants, paper, and many other sources [48]. The emissions from 
the furniture and paintings were very low in this case as the university 
confirmed using low emitting materials and paintings and the renova-
tion was done one year before the measurements. Most of the peaks 
happened while the ventilation was on, thus not necessarily because of 
the emission from materials but more related to occupants’ activities. 
Therefore, a correlation with CO2 could be justified. The same applies to 
PM2.5 given that the outdoor air is very little polluted. Road construction 
works were happening, and the traffic was limited. The concentration of 
PM2.5 in Trondheim’s air is generally low in June. The spring cleaning of 
the roadway finished in May, and the studded snow tires are no longer 
used [88]. 

Fig. 7 shows the results for the cross-correlation function of the de- 
trended data series. Only temperature and absolute humidity correlate 
at a high value. There is also a correlation between CO2 and temperature 
and CO2 and absolute humidity that happened at low lags. However, the 
values were very small in the range (ca. 0.075) and had few occurrences. 
The absolute value of the function may depend on the number of ob-
servations, and probably a more extended sample should be analyzed to 
have stronger conclusions. Formaldehyde correlated significantly with 
absolute humidity, temperature and CO2 at low lags, and these seem 
important as many different lags are significant. 

3.1.3. Correlations between pollutants from the kitchen 
Fig. 8 shows the development of the pollutants in the canteen and 

kitchen for three consecutive working days. In this case, due to the high 
temperature in the kitchen, the cook ran an additional personal air- 
cooling system. Besides, the kitchen had solar shading, which justifies 

the temperature difference with the canteen despite being both rooms 
connected. 

The absolute humidity in both rooms depended mostly on the ac-
tivities. During dishwashing, baking, or floor mopping, humidity levels 
rose. Regarding CO2, both rooms followed each other as they were 
communicating through a large opening. During busy periods, up to fifty 
people can sit for lunch. These high occupancies are followed by peaks of 
CO2. After 14:00, there was seldom anyone in the kitchen beside the 
cook that left around 15:00. 

The high concentration levels of formaldehyde after the room was 
vacant were probably connected to the trash bin being left open in the 
room (emptied every third day). Thus, the first two days had high 
concentrations from probably the trash bin, and the third did not show 
the same pattern. The door separating the canteen and kitchen was left 
open during the first night and closed during the second. 

PM2.5 levels were generally low during the measurement period. 
During the food preparation and bread baking, some PM2.5 spikes were 
recorded. Otherwise, the levels were almost consistently below 2.5 μg/ 
m3 despite the cooking activities. The kitchen was on the sixth floor thus, 
hardly exposed to traffic-related sources. 

Fig. 9 shows the CCF for the de-trended time series. In this case, only 
the measurements inside the kitchen were analyzed. There was a higher 
correlation in the low lags between absolute humidity and PM2.5 or 
formaldehyde. Formaldehyde and PM2.5 are also correlated in low lags. 
Baking and cooking yielded formaldehyde, PM2.5 and humidity. Abso-
lute humidity and temperature were also correlated in low lags. CO2 
correlated temperature and absolute humidity in low lags, but not with 
PM2.5 or formaldehyde. 

Fig. 5. Cross-correlation function between the different pollutants for the gym measurements (room measurements). The x-axis (lag) represents the offset between 
both series, its sign determines in which direction the series are shifted. The y-axis shows the Pearson correlation coefficient of the two respective time lags. 

M. Justo Alonso et al.                                                                                                                                                                                                                          



Building and Environment 209 (2022) 108668

9

3.1.4. Results using pearson correlations assessment 
The widely used procedure for analyzing correlation in measure-

ments of air pollutants is to use Pearson’s correlation. The Pearson co-
efficients are indicators of a linear correlation between two sets of data. 
The Pearson correlation has two assumptions: i) the two variables are 
normally distributed and ii) the relationship between the two variables 
is linear. 

However, if the time series show trends, it is crucial to remove these 
first to avoid autocorrelation interferences. A common way to de-trend 
is not to use the absolute values of the series but their relative changes 
over time. Hence, one applies Pearson’s correlation coefficient on the 
differenced time series [89]. In this case, the de-trend of the values was 
done using ARIMA models as explained in steps 1 and 2 of the chapter of 
methodology for data analysis. 

Fig. S2 to Fig. S7 presented in the Appendix show the correlation 
values for the pollutants in the three different rooms, first using the raw 
data and then using the de-trended time series. In the kitchen using the 
raw data would have induced us to conclude a correlation between 
absolute humidity and CO2 that is not confirmed when using the de- 
trended data. Looking at the de-trended values in the kitchen there is 
only a correlation between the absolute humidity and the PM2.5 or 
temperature. In the gym, there is a strong correlation between absolute 
humidity and temperature and a smaller correlation between absolute 
humidity and CO2. In the office, there is only a correlation between 
absolute humidity and temperature. Using de-trended values is neces-
sary to avoid overestimating correlations. 

Pearson’s correlations analyze correlation only the lag 0, whereas 
the cross-correlation functions analyze the whole time series. Thus, 
when using Pearson’s correlations delays in response from different 
sensors would not be reflected in the result. For instance, the correlation 
in the kitchen between absolute humidity and formaldehyde or PM2.5 
are neglected when only looking at lag zero as these happen at lag − 2 

and − 3. 

3.2. Correlation of the different pollutants between supply and breathed 
air 

This chapter presents the CCF between the same pollutants in the 
supplied air and breathed air and the I/O. No analysis of the kitchen/ 
canteen is presented as the measurements were not at supply and 
breathing height but only at breathing height. 

3.2.1. Correlation between room and supply air at the office 
There was a high correlation between the room and the supply air in 

the variables PM2.5, temperature, and absolute humidity in the office. 
Most of the particles in an office are derived from infiltrations from the 
outdoors. Thus, it was expected to see a correlation in PM2.5. For ab-
solute humidity and temperature, given that the measurements were 
taken under summer conditions for low occupancy periods, there were 
no large sources of moisture or heat, and correlation was expected. The 
CO2 levels of supply and breathed air correlate weakly, which was 
plausible, given that indoors the largest source of CO2 was human 
exhalation, but the ventilation rate is very high. Formaldehyde had a 
low correlation as most sources happened indoors. These findings 
agreed with the plots on Fig. S8 in the appendix. 

From chapter 3.1.2 it was concluded that control to modify the 
supply airflow rates in this office should use CO2 (representing tem-
perature and absolute humidity indoors), formaldehyde and PM2.5. 
Absolute humidity, temperature, formaldehyde and PM2.5 correlate 
between indoor and outdoor, thus in this case measuring only indoor 
should be sufficient. Fig. 10 right shows the I/O. For all the presented 
pollutants, the I/O is larger than one meaning that increasing ventilation 
to remove these pollutants is an effective solution. 

Fig. 6. Evolution of concentration of different pollutants in the office room.  
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3.2.2. Correlation between room and supply air at the gym 
The gym had no window to the road that could let in PM2.5 caused by 

traffic. PM2.5 was mostly brought to the room via activities such as 
climbing. Hence, correlations for PM2.5 deviate from the ones at the 
office as shown in Fig. S9 in the Appendix. Formaldehyde is brought to 
the room via the activities; thus, we do not see correlations with the 
supply air. The same applies to CO2. For absolute humidity and tem-
perature, as there is no heating of the air neither humidification there is 
a correlation between the supply and the room values. 

In this case, most of the I/O ratios are over one for PM2.5, formal-
dehyde and CO2 as shown in Fig. 11. For PM2.5, formaldehyde and CO2 it 
is efficient to increase the airflow rates. For absolute humidity and 
temperature increasing the ventilation (given that there is no cooling 
nor dehumidification) may not be a good way of reducing over-
temperature or too high absolute humidity. 

For absolute humidity and temperature, the values are correlated 
between room and supply, but as the values can be below 1, both indoor 
and outdoor should be measured. As the I/O ratios are over 1 for 
formaldehyde, PM2.5 and CO2, increasing ventilation airflow rates to 
remove the pollutants is a good measure. Given the lack of correlation 
between indoor and outdoor and that the I/O is over one for CO2, 
formaldehyde and PM2.5 probably measuring only indoors is enough. 
However, for more conclusions regarding the removal of sensors longer 
measurement periods are recommended. 

4. Discussion 

CCF in de-trended time series is more accurate than CCF in non- 
detrended time series as autocorrelation could suggest stronger corre-
lations [80,81]. The differences between Fig. 5 and Fig. S1 in the Ap-
pendix show the large effect of having trends in the data when analyzing 

with CCF. If only Fig. S1 in the Appendix was used for the analysis, 
overestimations of the correlations would be assumed. Using CCF 
instead of simple Pearson’s correlation at lag zero studies both the 
contemporaneous relationship and delayed correlations. Fig. S2-Fig. S7 
in the Appendix prove the need of expanding the analysis to CCF instead 
of only simultaneous correlations. When there is a risk for delayed ef-
fects, using Pearson would not suffice. 

In this article, ARIMA models have been used to remove the auto-
correlation. The assumption of linearity when using an ARIMA model 
has not been proven for these pollutants. However, in this work, we limit 
ourselves to linear models. With longer measurement periods the line-
arity could be tested as well. 

In general, due to health hazards and possibilities for energy savings 
connected to reductions of VR, measuring several parameters, and using 
them for control of ventilation is recommended. Formaldehyde, PM2.5, 
moisture and VOC were selected, additional to CO2, because they 
represent the most plausible sources of pollutants in the measured in-
door environment. Other pollutants, as ozone, bioaerosols, bacteria, 
NOx, or SOx could have been additionally measured but no available/ 
reliable low-cost sensors were found for them. 

The robustness of the conclusions from the measurements is limited, 
as the measurement campaign was too short and only in one season. 
Seasonal variations of outdoor-generated pollutants such as PM are ex-
pected. These are not reflected when measuring only for such a short 
period. For this methodology, the larger the data sample, the more 
robust conclusions. A one-week measurement period was sufficient only 
to demonstrate the methodology and this is how these results should be 
read. For the data presented for the rooms considered, the following can 
be concluded. 

Fig. 7. Cross-correlation function between the different pollutants for the office measurements (room measurements).  
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• For most of the measured cases, the absolute humidity and room 
temperature were correlated (see Fig. 5, Figs. 7 and 9). Conse-
quently, using only one to be representative of the other may be 
sufficient. Note that in these measurements, there were no large 
sources of humidity as it may happen in a bathroom.  

• CO2 did not capture most of the peaks in PM2.5 (Fig. 4, Figs. 6 and 8), 
for the three measured spaces CO2 and PM2.5 did not correlate (see 
Fig. 5, Figs. 7 and 9), thus using CO2 would not have been a good 
proxy to control PM2.5. PM2.5 was not strongly correlated to any of 
the other pollutants and should, therefore, be measured both in 
supply and room air. However, in the measurement period, the 
concentrations of PM2.5 were very low indoors and outdoors. More 
data would be required representing a period with higher occupancy 
and higher outdoor PM2.5 to have a better background. If the values 
were to be high and still not represented by the measurements of CO2 
as in the measurement period, they should be included in the 
ventilation control. 

• Formaldehyde measurements may be exacerbated due to cross sen-
sitivities. However, in some rooms such as the kitchen or gym where 
sources were available, it should at least be monitored to avoid 
surpassing safe limits. In the measured office and gym, formaldehyde 
was correlated to relative humidity, temperature, and CO2. 

These three cases show the need to measure PM2.5 additionally to 
temperature and CO2 to map all the different sources of pollutants. 
During the measurements in this article, the risk of exceedance of health 
guidelines was low as most of the rooms were ventilated with very high 
airflow rates. But the correlation between CO2 and PM2.5 was weak as 
for Ramalho et al. [19] measurements. 

The proposed methodology provides a reliable way to select which 
parameters to use in the ventilation control. Correlation between the 

parameters does not induce causation. Causal relationships between the 
parameters are not subject of this study. In this study, correlation is used 
to determine which parameters can serve as a proxy for others. In 
practice, the correlations between parameters should be considered in 
the logic of IAQ control, either by monitoring all the parameters or by 
developing correlation equations that would ensure maintaining non- 
measured pollutants within a satisfactory range. Even if parameters 
are correlated, their absolute values are still important. For instance, 
formaldehyde should be at least measured to develop correlation 
equations. Formaldehyde peaks may be described by measurements of 
CO2, temperature and absolute humidity. This is justified as in the 
measured cases; people and their activities are the largest reason for 
formaldehyde emissions. If we compare this methodology to the one 
proposed by Sun et al. [28], in their case, using weighting factors, would 
not allow for developing descriptive relations for the pollutants that are 
correlated. However, more measurements are needed as the ones pre-
sented here do not represent the design occupancy of the rooms or 
different seasons. The development of the control strategy must be 
case-and-space-dependent. An example of the protocol to formulate VR 
and a ventilation control based on the parameters that are not correlated 
in an office can be seen in the article from the authors [90] where a 
traffic pollutant and CO2 are used for control. 

Several reviews have studied existing knowledge about low-cost 
sensors. Coulby et al. [91] concluded on several sensor having varying 
accuracy compared to reference devices, but most of them responding 
similarly to environmental changes. Thus, several sensors were deemed 
to have high precision but reduced accuracy. In such cases, calibration 
can increase the accuracy [91]. However, Giordano et al. concluded that 
low cost sensors are subjected to the biases and calibration dependencies 
and the correction of such can range from simple linear regressions to 
very complex machine learning algorithms [92]. Therefore, low-cost 

Fig. 8. Evolution of the concentration of various pollutants in the industrial kitchen and canteen.  
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Fig. 9. Cross-correlation function between the different pollutants for the kitchen measurements.  

Fig. 10. I/O of pollutants measured in supply and room air at the office.  
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sensors seem to be acceptable for this kind of study, but they must be 
calibrated always. When used for control of air quality using changes in 
concentration may be more suitable than using absolute values. Un-
certainty of the measurements may jeopardize the selection of the main 
pollutants. 

4.1. Limitations  

• Short time measurements: The measurements in this study have been 
taken to map correlations between pollutants in different spaces. In 
observational studies like this, there is a potential for bias based on 
the representativeness and the short duration of the measurements. 
The difference in sampling duration is owed to the accessibility of the 
rooms. The presented measurements are in this case proof of concept 
of the methodology. Due to the small sample size and having only 
one room of each type, the representability of the results is limited. If 
these measurements would be used to develop a ventilation control, 
a longer measurement period would be needed to draw more robust 
conclusions. We would recommend having at least one week of 
measurements in every season at different occupancy levels so that 
the results are more representative. The results in this article should 
be read as the validation of the methodology. A generalization from 
the conclusions is not recommended.  

• In practice, the deployment of this methodology would be very labor- 
intensive as first many sensors would need to be installed leaving the 
building “free float” with constant ventilation, and then the venti-
lation control strategy would need to be developed. However, with 
the development of deep learning algorithms and with a collection of 
data from different buildings, it is expected that the load of work to 
migrate to such a more holistic control strategy would be mitigated.  

• Use of low-cost sensors: Manufacturers have started marketing low- 
cost air quality sensors to measure air pollution. The availability of 
such sensors will likely continue to grow [98]. Provided that they 
could produce reliable data, they could improve current ambient air 

monitoring. The providers of many of these sensors report limited 
information about sensor reliability and accuracy. Yet, due to their 
“low cost” and ease of use, they are used more and more. However, 
preliminary tests performed in the U.S. [99], [100] and in Europe 
[101], [102] suggest uncertain reliability, some do not perform well 
under ambient conditions, and do not correlate with data from 
“standard” measurement methods employed by regulatory agencies. 
They may also stop communicating with the system or may just have 
a shorter lifetime or show incorrect measurements Therefore, it is 
urgent to characterize the actual performance of IAQ sensors and to 
educate the public and users about the potential and limitations of 
these devices [98]. Drift was not followed up as calibration was done 
before the measurements, and the sampling duration was short. 
However, when using this methodology in practice, if low-cost sen-
sors are used, their correct performance should be followed up. 
Several authors recommend using differential rather than absolute 
values in control [92,93]. 

Placement of the sensor and using single point: With the universal-
ization of the use of low-cost sensors, better recommendations regarding 
placement should be delivered together with the sensor datasheets as the 
users are less expert on IAQ measurements. In this article, the placement 
of the sensor is the same as for the customarily CO2 - temperature sen-
sors. However, this affects, among others, the measurement of PM2.5, 
which depending on the size, may distribute differently, or the formal-
dehyde that is heavier than air. The discussion of the optimal placement 
of sensors in the different types of rooms (e.g., with different functions, 
areas, height, and sources) is not taken in this article. However, to follow 
“standard control strategies”, the sensor prototype measuring the five 
parameters at the same time is placed in breathing height (1.2 or 1.8 m 
high depending on the normal tasks of the occupants). The location of 
the sensor, low-cost or “standard”, is very important as this measure-
ment must be representative of the room. In the measured cases the air is 
provided via terminals that encourage full mixing. The placement of the 

Fig. 11. Left: CCF of supply and room air concentrations of pollutants at the gym, Right I/O of pollutants measured in supply and room air at the gym.  
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sensor was protected from direct disturbances such as sunlight, heat 
from radiators, close to a trash bin, etc. 

Using a single point to represent the whole occupied volume is a bold 
assumption. Even more in this case where we have not proven that the 
air is fully mixed. This is a practical and technical limitation related to 
the cost of sensors and the limitations on the disturbance to the users of 
the sampled rooms. We acknowledge that using one single point is an 
imperfect indicator of exposures and that it cannot provide high- 
resolution spatiotemporal data that would be important for an accu-
rate evaluation of a dynamic indoor environment. However, this is 
standard practice when measuring temperature and CO2 in DCV-systems 
and we have decided to follow it for practical reasons.  

• The formaldehyde sensor has known cross-sensitivity issues with 
methanol, ethanol, isopropanol, carbon monoxide, phenol, acetal-
dehyde H2, H2S, and SO2 [94]. Many low-cost PM2.5 sensors are 
affected by RH and temperature [95]. Additionally, converting the 
light spreading to concentrations of PM depends on chemical and 
physical properties, size, and shape of particles and others that are 
not measured. Also, the air intake affects the particles entering the 
equipment by entraining smaller particles along. In general, these 
sensors are recommended for cases where the particle types are 
known and remain unchanged [96] what may not be the case here. 

• Low concentration of pollutants: This building had very high venti-
lation rates per person during the measured period (due to vacancies 
as some measurements were done in summer periods). It would be 
very interesting to repeat the measurements when lower ventilation 
rates per person would be supplied. However, once again the mea-
surements here are to be seen as an illustration of the methodology. 

5. Conclusions 

This paper presented a methodology to select the pollutants that 
should be used to control ventilation. 

1. A methodology for the selection of pollutants to use as control pa-
rameters for supply flow rates and to control the share of outdoor air 
in the supplied air was developed. This is based on the study of CCF 
in pre-whitened data series. Additionally, an I/O -study approach 
was used to allow a deeper insight into the origin of the pollutants 
(indoor or outdoor). This methodology sets to study (i) Where to 
measure, supply, or/and breathing height and (ii) Which parameters 
to measure. The methodology should be used to give answers that are 
case-and-space-dependent.  

2. Time series were detrended and correlations due to autocorrelation 
were removed. Studying correlations in detrended (pre-whitened) 
time series instead of Pearson’s coefficients is superior as autocor-
relation on the time series could imply stronger correlations and 
using CCF allows for studying the correlations at different time lags.  

3. The methodology was studied with three case studies, an office, a 
gym and a kitchen. Measuring the five selected parameters (CO2, 
PM2.5, temperature, RH and formaldehyde) seems to give a more 
complete picture of the IAQ in the studied rooms than using only CO2 
and temperature. For most of the measured cases, the absolute hu-
midity and temperature were correlated; CO2 or temperature did not 
capture most of the peaks in PM2.5. and formaldehyde was correlated 
to temperature and CO2.  

4. From the measurements we can conclude on the need to measure at 
least one parameter representing: 1) pollutants related to human 
activities 2) pollutants that infiltrate from processes like combustion 
or traffic outdoors, 3) pollutants related to combustion indoors, 4) 
pollutants related to degassing from building materials, 5) pollutants 
related to other “non-combustion-related activities” indoors and 
moisture loads. These are not undoubtedly covered using only CO2 
and temperature.  

5. In conclusion, this is a promising methodology that should be used 
further. 
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A B S T R A C T   

A coupled energy, airflow, and contaminant transport building model was developed using co-simulation be-
tween EnergyPlus and CONTAM. The model was used to analyze different strategies to control supply air delivery 
and return air recirculation rates including the use of demand-controlled ventilation (DCV) strategies. Strategies 
were evaluated for their effects on indoor pollutant concentrations and energy use of an office building in 
Trondheim, Norway. Typically, office buildings in Norway employ 100% outdoor air ventilation systems. 
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 CO2-based DCV may result in increased 
levels of indoor particulate (PM2.5) from outdoors but using PM2.5 monitoring in the ventilation control strategies 
reduced indoor concentration of PM2.5 and energy usage. However, the low outdoor PM2.5 levels in Trondheim 
may not justify its use in this location. The Beijing case revealed that the indoor levels of PM2.5 can be reduced 
below the World Health Organization requirement of annual average of 10 μg/m3 using PM2.5 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.   

1. Introduction 

Systematically reducing outdoor airflow rates to buildings is a 
common strategy to limit energy use [1]. While reducing outdoor 
airflow rates may yield energy savings and lower operational costs, it 
can also lead to increased indoor contaminant levels for contaminants 
generated indoors. Low outdoor air intake rates, especially in airtight 
buildings, can degrade indoor air quality (IAQ) and increase sick 
building syndrome (SBS) symptoms [2,3]. There is a growing body of 
literature that recognizes the importance of ventilation in working and 
living environments, and minimum outdoor air (OA) intake rates are 
required by building standards and regulations to promote occupant 
health, well-being, and productivity. However, there are often trade-offs 
between increased amounts of outdoor air and increased energy con-
sumption and costs [4]. 

Reduced energy consumption is the prime motivation in developing 
the latest European regulations and standards [5]. Highly efficient 
buildings, such as Passive houses [6] or zero-emission buildings [7], 
require a significant decrease in energy use compared to current con-
struction. Heat/energy recovery and demand-controlled ventilation 
(DCV) are usually proposed to reduce energy use [8–11] as they reduce 
fan energy and ventilation air heating needs. In cold climates, the 
temperature difference between indoors and outdoors may be over 40 ◦C 
[12]. When ventilating with 100% OA, a common practice in Norway, 
the heating of this outdoor air may represent a considerable energy 
demand that can be reduced by heat recovery [8]. In warmer climates 
when using 100% OA, heating needs would increase in wintertime and 
in summer, cooling demand or dehumidification demands may appear. 

With DCV, the ventilation airflow rates depend on the concentration 
of one or more airborne contaminants or some other indicator of 
building occupancy. Typical strategies involve maximizing ventilation 

* Corresponding author. 
E-mail addresses: Maria.j.alonso@ntnu.no (M. Justo Alonso), william.dols@nist.gov (W.S. Dols), Hans.m.mathisen@ntnu.no (H.M. Mathisen).  

Contents lists available at ScienceDirect 

Building and Environment 

journal homepage: www.elsevier.com/locate/buildenv 

https://doi.org/10.1016/j.buildenv.2021.108737 
Received 13 September 2021; Received in revised form 18 November 2021; Accepted 26 December 2021   



Building and Environment 211 (2022) 108737

2

rates at room/zone level when there is full occupancy and reducing them 
to minimum levels when the room/zone is vacant. Carbon dioxide (CO2) 
is used as a marker for occupancy in CO2-based DCV [13]. Under 
occupied conditions, OA has a lower CO2 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 μm 
diameter or less (PM2.5) are often higher than those indoors, and may 
not necessarily track occupancy [15,16]. Using CO2 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 CO2, 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 
CO2 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, PM2.5 and CO2) 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 

Nomenclature 

AFR Air Flow Rate 
AHU Air Handling Unit 
C Concentration 
CAV Constant Air Volume 
CO2 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 
VOC Volatile Organic Compounds 
WH Working hours (Monday-Friday 0800-1600)  
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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.dll; 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/m2K, roof 0.13 W/m2K, floor 0.15 W/m2K, windows 1.2 W/m2K and 
envelope leakage rate of 1.5 h− 1 at 50 Pa. The case has a gross wall area 
of 145.6 m2, 57.85 m2 oriented towards the North and south and 14.95 
oriented towards the East and West. The windows are in the North face 

Fig. 1. Schematic of the coupled building model creation process.  

Fig. 2. Schematic of the information exchange during co-simulation between EnergyPlus and CONTAM.  
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having a total window area of 11.88 m2 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 m2 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 

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 cm2 

per m2 of exterior wall surface area and 10 cm2 per m2 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 CO2 was not measured but was assumed to be constant 
at 719 mg/m3 (393 ppm). Indoor CO2 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 PM2.5 
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− 1 [38]. It was assumed that 
there were no indoor sources of PM2.5. 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 
PM2.5 65%–80%) and MERV-15 (equivalent to F9, e PM2.5 > 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 

Table 1 
Weekday Occupancy Schedules (Vacant on Weekends). Values based on the two- 
weeks measurements.  

Room 
(occupants) 

102x 
(1) 

102y 
(1) 

102z 
(1) 

104 
(5) 

106 
(1) 

106a 
(1) 

108 
(4) 

Arrival 0800 0800 0800 0800 
to 
0930 

0800 0800 1000 
to 
1030 

Lunch break 1130 
to 
1200 

1130 
to 
1200 

1130 
to 
1200 

1130 
to 
1230 

1130 
to 
1200 

1130 
to 
1200 

1130 
to 
1230 

Departure 1600 1600 1600 1730 
to 
1835 

1600 1600 1730 
to 
1835 

Floor area 
(m2) 

8 6 5 36 14 22 23 

Supply 
airflow 
rate (m3/ 
h⋅person) 

60 60 60 66 126 224 76.5  

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

Fig. 4. Schematic of system airflows modeled in this analysis.  
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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 CO2 concentrations below 

1830 mg/m3 (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 CO2 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 CO2-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 CO2 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 CO2 
and PM2.5 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 m3/s. 

2.3.2. Ventilation control strategies 
In this article, multiple DCV strategies were simulated. Some stra-

tegies were meant to maintain CO2 below 1830 mg/m3 (1000 ppm). For 
the other strategies, CO2 was allowed to surpass 1830 mg/m3, but it was 
assumed that IAQ would be maintained by keeping CO2 below 2744 mg/ 
m3 (1500 ppm) (e.g., in schools as proposed by REHVA [47]) and PM2.5 
below 15 μg/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, 
CO2 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 (S0 – S3) and to control recirculation or fraction of OA intake (R0 – 
R5). Supply and recirculation control strategies were based on air tem-
perature and concentrations of CO2 and PM2.5 within individual rooms 

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%  

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

Fig. 6. Flowcharts for recirculation control (% Outdoor Air).  
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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 S0 case provides the maximum supply airflow rate to 
every room (Fmax) during the scheduled period (0600–1800); otherwise, 
the airflow rate is reduced to the minimum (0.10 Fmax). S1 and S2 
control the supply airflow rate to each room based on the CO2 concen-
trations and temperatures, and S3 utilizes the CO2 and temperature in 
the HVAC system return. S1 and S2 are very similar, but S2 allows for 
higher CO2 concentrations than S1. For cases, S1 and S3, the goal is to 
maintain CO2 below 1830 mg/m3 (1000 ppm) and temperature below 
25 ◦C. For case S2, the goal is to maintain CO2 below 2744 mg/m3 (1500 
ppm) and temperature below 25 ◦C. 

R0 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 
CO2 concentration. R3 sets the OA fraction in a stepwise fashion based 
on the concentration of CO2 or the temperature in the return air. R4 and 
R5 utilize PM2.5 instead of CO2. R4 provides 30% OA unless any room air 
PM2.5 concentration is above the threshold value and the outdoor air 
PM2.5 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: 
S0R0, S1R0, S1R1, S1R2, S1R3, S3R1 S2R4, and S2R5. S0R0 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 
m3/h per m2 and outside this period 2 m3/h per m2 (100% outdoor air), 
and thermal loads were based on NS 3031:2007 [50]: occupant-based to 
be 4 W/m2 and 15 m2 of floor area per person, lighting 8W/m2, and 
appliances 11 W/m2. 

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 façade 
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 PM2.5 
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. S0R0 is schedule-based, so it does not require sen-
sors. S3R1 requires CO2 sensors in every room and both temperature and 
CO2 sensors in the return. S1R0 requires temperature and CO2 sensors in 
every room. S1R1 requires a temperature sensor in the return in addition 
to the CO2 and temperature sensors in every room. S1R2 and S1R3 
require both temperature and CO2 sensors in the return in addition to the 
CO2 and temperature sensors in every room. S2R4 and S2R5 require 
three sensors in each room (temperature, CO2, and PM2.5) as well as 
temperature and PM2.5 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 
S0R0 system. The S2R4 and S2R5 strategies required the most sensors as 
these controls were based on temperature, CO2 and PM2.5. 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 CO2 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. 

Fig. 7. Distribution outdoor temperature and PM2.5 concentrations in the outdoor air in Trondheim and Beijing.  

M. Justo Alonso et al.                                                                                                                                                                                                                          



Building and Environment 211 (2022) 108737

7

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 CO2 and PM2.5 
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/m2. 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 S0R0 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 S0R0 simulations, rotating the building 180◦ yielded a 
total energy reduction of 13%. The S0R0 and S0R0_NTC were the same 
as neither strategy implemented temperature control. The S0R0 system 
in Beijing (S0R0_B) used 32% less energy than that in Norway. 

S1R2 was the same as S1R0 with the addition of CO2-based DCV used 
to control the OA fraction. The S1R0 consumed more energy because the 
OA must be heated as it enters the system. In fact, for all the building 
variations simulated, the S1R0 strategy consumed the most energy when 
compared to all other DCV strategies. When compared to the S1R0 
strategy, S1R2 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.  

• For the north-oriented case, S2R4 used 5% less energy than S1R2 
(25% less than S1R0). 

Fig. 8. Ventilation system schematics depicting the location of CO2 sensors and 
PM2.5 sensors and key for the symbols. 
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• For the south-oriented case, S2R4 used 4% less energy than S1R2 
(18% less than S1R0).  

• For the north oriented NTC case, S2R4 used 12% less energy than 
S1R2 (15% less than S1R0). 

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 S1R2_B and 13% less 
than S1R0_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 PM2.5 for all the 

cases simulated with Norwegian weather during WH. The concentra-
tions of PM2.5 are well below the Norwegian maximum annual con-
centration of 8 μg/m3 for all cases. PM2.5 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 PM2.5. The two typical Norwegian control strategies, 
namely S0R0 and S1R0 resulted on the highest concentration of PM2.5. 

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/m3 (1000 ppm). The cases for which the 
building was ventilated with consistently higher OA airflow rates 
resulted in the lowest CO2 concentrations. S1R1, S1R2, 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 

Table 3 
Summary of pollutants, sensors and dampers required for each system type.   

S0R0 S1R0 S1R1 S1R2 S1R3 S3R1 S2R4 S2R5 

Supply air control 
pollutants 

– Temperature and CO2 

OA fraction control 
pollutants 

– – Temperature and CO2 Temperature 
and PM2.5 

Sensors required 1 
timer 

1 Temperature and 1 CO2 

per room 
1 Temperature and 1 CO2 per room +1 

Temperature in return 
1 

Temperature 
and 1 CO2 per 

room +1 
Temperature 
and 1 CO2 in 

return 

1 CO2 per room +1 Temperature 
and 1 CO2 in return 

1 
Temperature, 
1 CO2, and 1 

PM2.5 per 
room +2 

PM2.5 (OA and 
return) 

Additional dampers 
S1R0 

– – 1 Recirculation damper  

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

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 

Fig. 10. Distribution of PM2.5, CO2, temperature, and RH during working hours (Monday to Friday from 0800 to 1600) aggregating all simulated rooms. Dashed line in the 
PM2.5 figure corresponds to the Norwegian annual threshold of 8 μg/m3 [53], dashed line in the CO2 figure 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 [54] and the dashed lines in the RH figure correspond to the 20% to 60% 
range recommended by the institute of public health [55]. 

Fig. 11. Fraction of WH of the temperatures relative to the thermal comfort range [54].  
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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 CO2 and PM2.5 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/m3 (1000 ppm). The S0R0 
strategy yielded lower CO2 concentrations in all rooms as it provided the 
highest outdoor airflow rates. S1R0 yielded lower median CO2 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 
PM2.5 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 CO2 in the rooms) had higher CO2 
concentrations in room 102x but were mostly below 2744 mg/m3 (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/m3 

(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 PM2.5 concentrations. In these sim-
ulations, PM2.5 only originated from the outdoors and the filter for 
recirculated return air removed PM2.5 15% more efficiently than the 
outdoor air filter. S0R0 resulted in the highest PM2.5 concentrations but 
were still below the annual Norwegian Public Health threshold of 8 μg/ 
m3 [48]. S1R0 resulted in the second-highest concentration of PM2.5. 
S2R4 and S2R5 resulted in the lowest concentrations closely followed by 
S1R2. The S2R4 strategy resulted in an annual median PM2.5 concen-
tration that was half that when using the S0R0 strategy. However, S0R0 
had an annual concentration of 2.3μg/m3 which was almost four times 
below the recommended threshold. Using PM2.5 in the control scheme 
would likely increase cost and system complexity that are difficult to 
justify, especially in Trondheim which has very low outdoor PM2.5 (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 PM2.5 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 

Fig. 12. Distribution of concentration of CO2 and PM2.5 for the different control strategies during working hours for rooms 102x, 108 and return air. The green dashed line in 
the CO2 graph shows the Norwegian recommendation of 1000 ppm and the red dashed line shows the REHVA recommendation of 1500 ppm [47]. In the PM2.5 graph, the red, 
blue, and green dashed lines show the PM2.5 recommendations: Norwegian daily of 15μg/m3 [44], the WHO annual of 10 μg/m3 [57], and Norwegian annual of 8 μg/m3 

[44]. (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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Monitoring Centre. 
Fig. 13 shows the concentrations of CO2 in rooms 102x, 108 and the 

return air. The CO2 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 CO2 concentration due to higher 
recirculation rates to control the PM2.5 concentration. S2R5 controlled 
the OA fraction based on the difference between outdoor and indoor 
PM2.5 levels OR the PM2.5 being below 15 μg/m3 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 
PM2.5 concentrations were not reduced compared to S0R0 or S1R0. For 
S2R4, lower levels of PM2.5 were attained in exchange for higher CO2. 
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 
PM2.5 levels did not increase as much. Only S2R4 managed to have an 
annual average concentration of PM2.5 during the working hours below 
10 μg/m3. S0R0 and S1R0 showed the downside of using 100% OA in 
cities with lower outdoor air quality, namely the highest PM2.5 con-
centrations. S1R2 was the second-best control strategy regarding PM2.5. 

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 PM2.5 during working hours. The annual average 
PM2.5 concentration for S2R4 was 8.1 μg/m3, which was below the 
maximum recommended by the WHO of 10 μg/m3 [57]. All the other 
control strategies resulted in median values above this threshold, and 
S0R0 resulted in the highest annual average of 23.4 μg/m3. 

Regarding CO2, as for Trondheim, the cases using more recirculation 
of extract air presented higher CO2 concentrations, but all the strategies 

yielded an annual average CO2 concentration below 1830 mg/m3 (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, CO2, tem-
perature, OA fraction, supply airflow rate, and PM2.5 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 PM2.5 by the end of the day was related to exceptionally 

high outdoor PM2.5 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 PM2.5 for control of OA 
fractions, S2R4 and S2R5 yield the lowest PM2.5 concentrations. Higher 
recirculation fractions had a protective effect regarding PM2.5 concen-
trations, even in Trondheim, where the outdoor concentrations were 

Fig. 13. Distribution of CO2 and PM2.5 concentrations of for the different control strategies during working hours for rooms 102x and 108 and return air. The green dashed line 
in the CO2 graph shows the Norwegian recommendation of 1000 ppm and the red line shows the REHVA recommendation of 1500 ppm. In the PM2.5 graph, the red dashed line 
shows the Norwegian daily recommendation of PM2.5 15μg/m3 [44]. the blue, the annual WHO’s recommendation of PM2.5 of 10 μg/m3 [57] and the green the Norwegian 
annual recommendation of PM2.5 of 8 μg/m3 [44]. (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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low. In this case, increasing ventilation to control an indoor source (CO2, 
in this case) can lead to increased levels of an outside source (PM2.5). 

The S0R0 strategy resulted in the lowest CO2 concentration because 
it utilized 100% OA and the supply was at the maximum level during 
occupied hours. S1R0 also provided 100% OA, but the supply airflow 
rates were reduced according to occupancy to save energy. The strate-
gies that did not use PM2.5 as the control parameter (S1R0, S1R1, S1R2 
and S1R3) proved to be effective at maintaining the CO2 levels below 
1830 mg/m3 (1000 ppm). CO2 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 CO2 
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 CO2 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, S1R3 (individual room control) reacted faster than S1R2 
(return air control). The control of the OA fraction of R3 was finer than 
for R2, so CO2 did not increase as much in S1R3 as it did in S1R2. 
Increasing the supply airflow did not dilute the CO2 concentration 
because return air had higher levels of CO2 than did the OA. The stra-
tegies S2R4 and S2R5 using PM2.5 to control the fraction of OA kept CO2 
below 2744 mg/m3 (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 

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 PM2.5 

levels in Beijing were about 20–50 times those used in the Trondheim 
simulations, leading to higher indoor PM2.5 results compared to 
Trondheim. S0R0 resulted in the highest levels of PM2.5 as previously 
noted in the annual distributions. The trends of PM2.5 concentration for 
S1R1, S1R3, S3R1 were similar to each other as they did not use PM2.5 
for control. S2R4 was most effective at controlling PM2.5. For June 22nd 
S2R4 had an average PM2.5 concentration of 11.8 μg/m3 versus (33.5, 
32.0, 31.1, 31.0, 31.1, 32.0, and 32.1) μg/m3 for S0R0, S1R0, S1R1, 
S1R2, S1R3, S2R5, and S3R1, respectively. For January 27th, S2R4 had 
an average of 11.7 μg/m3 vs. (34.2, 32.8, 20.5, 13.1, 19.5, 31.7, and 
18.9) μg/m3 for S0R0, S1R0, S1R1, S1R2, S1R3, S2R5, and S3R1 
respectively. 

The CO2 levels were similar to those obtained in the Norwegian case 
except for S2R5 where Beijing exhibited lower CO2 concentrations due 

Fig. 14. Distribution of PM2.5, CO2, temperature and RH during working hours (Monday to Friday from 0800 to 1600) aggregating all simulated rooms in Beijing. Dashed line 
in the PM2.5 figure corresponds to the annual WHO’s recommendation of PM2.5 of 10 μg/m3 [57], dashed line in the CO2 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]. 
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to larger OA fractions. The OA fraction was controlled by the difference 
between outdoor and indoor PM2.5 levels OR the PM2.5 being below 15 
μg/m3 in every room OR return temperature larger than 26 ◦C. As the 
room PM2.5 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 
PM2.5 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 

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, CO2 and PM2.5 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 PM2.5, 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 

Fig. 15. Hourly averaged relative humidity, CO2, temperature, OA fraction, supply airflow rate, and PM2.5 for room 102x in Norway.  
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simulated cases in Norway the PM2.5 concentration was so low that 
controls using PM2.5 may not be justified, due to increased complexity 
and cost of associated sensors. However, in locations with elevated 
outdoor PM2.5 concentrations, such as Beijing, the increased complexity 
and cost may be easily justified. 

Regarding CO2, the three best strategies were S0R0, S1R0 and S1R3 
for N and S strategies and S0R0, S1R0 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. S0R0, S1R0 and S1R1 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 

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. S0R0 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 S0R0 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). 

Fig. 16. Hourly averaged relative humidity, CO2, temperature, OA fraction, supply airflow rate, and PM2.5 for room 102x in Beijing.  
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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 (S0R0). When room CO2 
concentrations were used in the ventilation control strategy, the room 
level CO2 was maintained below the selected threshold. The control 
strategy that utilized only the return air CO2 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 PM2.5 concentrations or increasing RH in 
Norway during the dry winter months. On the other hand, using a 
contaminant of indoor origin, e.g., CO2, to control supply airflow and 
OA fraction may result in increased indoor levels of PM2.5 or other 
pollutants of outdoor origin. When the outdoor air concentrations of 
PM2.5 were as low as in Trondheim (the annual simulated average was 
6.2 μg/m3), 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 PM2.5- 
based control schemes might be justified. In this study, such control 
schemes reduced the annual average indoor PM2.5 concentration from 
23.4 μg/m3 to 8.1 μg/m3, which was just below the WHO recommen-
dation of 10 μg/m3. 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 PM2.5 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 CO2, 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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A B S T R A C T   

Low-cost sensors (LCS) are becoming ubiquitous in the market; however, calibration is needed before reliable 
use. An evaluation of the calibration of eight identical pre-calibrated formaldehyde LCS is presented here. The 
LCS and a reference instrument were exposed to a pollutant source(s) for the calibration measurements. After one 
year, some tests were repeated to check the drift and stability of calibration. 

This paper presents methodologies for calibration using data with significant autocorrelations. Autocorrelation 
in sensor measurements might be present when performing a frequent sampling. To obtain reliable results, sensor 
calibration methodologies must consider autocorrelation or serial correlation between subsequent measure-
ments. Experimental design can be used to reduce the risk of highly autocorrelated measurement. 

Ordinary Least Squares Estimations should not be used when measurements are autocorrelated, as their 
central assumption is that the residuals are independent and identically distributed. Two alternative methods 
considering autocorrelation using a first-order Markov scaling are proposed: Maximum Likelihood and Restricted 
Maximum Likelihood Estimation (REML). REML has better compensations for the estimated parameters and the 
scaling parameters. Akaike information criterion was used to select the most significant parameters resulting in 
formaldehyde and temperature. 

The results were presented for only one of the eight sensors. According to EPA’s recommendations, the tested 
formaldehyde LCSs were Tier III, supplementary monitoring. The LCS over-and under-estimated the values ob-
tained by the reference sensor, but they presented very similar dynamic responses, indicating that LCS could be 
used to detect concentration changes after calibration.   

1. Introduction 

Tightening building envelopes and using demand-controlled venti-
lation are commercial buildings’ most applied energy-saving strategies 
[1]. When reducing supply airflow or infiltration rates, pollutants that 
otherwise would be ventilated away may be present at higher and even 
harmful concentrations [2]. Without correct implementation, retrofits 
targeting energy efficiency can adversely affect health due to the lower 
air change rates [3,4]. 

Formaldehyde is one compound widely found in household materials 
[5]. It is also produced in cooking, wood burning, other domestic 

activities [5], and waterproofing coatings [6]. However, it is associated 
with health risks such as mucous irritation [7] and is carcinogenic 
(group 1) to humans, according to the International Agency of Research 
on Cancer (IARC) [8]. Wolkoff [9] concluded that formaldehyde and 
benzene are generally reported as sensory irritation even before being 
smelled. 

Norwegian indoor air quality should meet the air quality criteria 
based on health impacts defined in the building codes [10], the occu-
pational health codes [11], and the public health legislation [12]. 
However, several defined pollutants are rarely measured due to the high 
cost of reliable sensors. Traditionally, air pollutants were measured with 
complex, expensive, and massive equipment at fixed locations. Thus, 
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manufacturers have developed low-cost air quality sensors to measure 
air parameters and airborne pollutants. Technological advances in metal 
oxide semiconductors, for the detection of gaseous compounds [13] 
allowed the development of sensors with a much lower cost than the 
certified reference instruments. Typically, they are less accurate and 
suffer from cross-sensitivities with other pollutants. They are usually 
smaller sensors, measure constantly, provide real-time monitoring, and 
are easily deployed. They can send the information to IoT servers or 
record data in loggers. Thus, the availability of such sensors will likely 
continue to grow [14]. 

Current ambient air monitoring could be improved if LCS could 
produce reliable data under typical ambient conditions. However, pre-
liminary tests [15–20] suggest poor to uncertain reliability. Some do not 
perform well under typical ambient conditions or do not correlate with 
data from regulatory measurement equipment [20]. A recent analysis of 
112 studies on LCS [21] concluded that only a few studies followed US 
EPA guidelines [22] to examine performance. LCSs often suffer from 
errors due to internal causes (such as cross-sensitivities with other pol-
lutants, drift, bias …) and external causes (such as temperature and 
relative humidity) [23]. Therefore, it is urgent to characterize the actual 
performance of LCS and educate the users about the potential and lim-
itations of these sensors [14]. Understanding the sensors’ limitations is 
needed to interpret the data output and its weakness [24]. A poor un-
derstanding of flaws (problems with experimental design) and limita-
tions (factors that constrain the applicability of study findings) can lead 
to undesirable outcomes such as alarmistic behaviors. For some gaseous 
measurements, cross sensitivities to confounding compounds over-
predict the measured pollutant [25] precisely as drift may [26]. 

With the universalization of the use of LCSs, better recommendations 
regarding placement should be delivered together with the sensor 
datasheets as the users know less about IAQ measurements. This 
knowledge is even more critical when using these sensors to control 
ventilation. 

To compensate for their lower accuracy, dealing with the error is 
crucial no matter the accuracy required by the application of the sensor. 
Giordano et al. [27] revised the needs and challenges of achieving 
reliable data from particulate matter LCS. They summarized their 
knowledge on best practices in calibration considering data collection 
and model analysis, but they did not address the autocorrelation in the 
measurements. 

1.1. Objectives 

This study has two main objectives: 
1-Testing the performance of eight formaldehyde sensors in com-

parison to laboratory-grade equipment. The evaluation uses measure-
ments at the beginning of the sensors’ lives and after one year. 

2- Support that non-mathematician IAQ researchers can do a good 
calibration of LCS and that they are able to evaluate the results within 
the calibration range. The results of only one of these eight sensors are 
presented as the goal is to focus on the calibration procedure. For that, 
the article will address the following:  

• The challenge of having frequent sampling yielding autocorrelated 
measurements and tests taken with very heterogeneous data collec-
tion periods  

• Establish the best calibration estimation method that considers the 
autocorrelation of the calibration measurements and that the num-
ber of samples in the tests is not equal. The method must do a correct 
estimate of parameters and the uncertainties. 

Contrarily to most of the existing articles evaluating LCS, this article 
focuses on the evaluation of the calibration process, which would also 
apply to other sensors when the data sampling results are autocorre-
lated. In this article, the experimental design is thoroughly described, 
discussed, and evaluated. The common application of R2 evaluations to 
study correlations is confronted. It is mathematically wrong to use OLS 
when the residuals are not independent and identically distributed (iid). 
Thus, this article demonstrates an alternative methodology for this 
situation. 

2. Methodology 

In this study, eight identical Dart formaldehyde WZ-S LCS were 
calibrated using measurements in a laboratory’s small chamber. The 
sensors were exposed to the same formaldehyde sources as laboratory- 
grade equipment. Some of the experiments were repeated after one 
year. The data obtained by low-cost and professional-grade sensors were 
compared to establish a model representing the sensor behavior and 
then estimate the residuals, i.e., the error in the model-based pre-
dictions. This article has created a procedure for estimating a weighting 
according to the autocorrelation based on the first-order Markov. Then a 
simple method using this weighting was created. To the authors’ 
knowledge, the method presented here considering and weighting the 
autocorrelation using a first-order Markov scaling has not been used in 
the sensor calibration field. 

2.1. Measurement equipment 

2.1.1. Indoor air sensing stations and LSC sensors 
Eight equal in-house mounted IAQ stations were assembled 

comprising LCSs to measure formaldehyde, TVOC, temperature, and RH. 
The LCSs were selected based on user-friendliness (these sensors had 
available information on the internet regarding mounting) and pre- 
calibrated from the factory (according to the producers, they should 
not need any pre-use calibration). Table 1 summarizes the LCS’s model, 
type, and technical specifications. More information about the kit, the 
LCS not discussed in this article (commercial Sension LCS to measure 
particle matter SPS30, CO2 SCD30) and their calibration can be found in 
Ref. [30]. 

The Dart Sensor WZ-S is a micro fuel cell formaldehyde sensor. In 
addition to formaldehyde, the other parameters were studied to see if 
they were confounding parameters. Air temperature and RH were 
measured with SHTC1 from Sensirion and TVOC with SGP30 from 
Sensirion. Sensors SGP30 and SHTC1 were integrated into the Arduino 
Shield SGP30_SHTC1 from Sensirion. 

All the sensors were connected to an Arduino via a customized shield 

Nomenclature 

CO2 Carbon Dioxide 
CH2O Formaldehyde 
CV Coefficient of variation 
HVAC Heating, ventilation, and air-conditioning 
IAQ Indoor Air Quality 
LCS Low-cost sensor 
MAE Mean absolute error 
ML Maximum likelihood 
MV Measured value 
NMB Mean Normalized Bias 
OLS Ordinary Least Squares 
PCC Pearson Correlation Coefficient 
PM Particulate matter 
RH Relative humidity 
REML Residual maximum likelihood estimates 
RMSE Root mean squared error 
TVOC Total volatile organic compound  
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card. The logged values were sent to a Raspberry Pi via USB cable. The 
Dart Sensors WZ-S were connected using a custom-written code. The 
complete code for Arduino and Raspberry Pi was available on GitHub. 
LCS collected data every 5 min, and measurements were converted to 30 
min averages. The Arduino Shield SGP30_SHTC1 was connected using 
code from Adafruit [31] and Sensirion AG [32], available on GitHub. 
This sensor needs a pre-calibration file based on 12 h of calibration in the 
air. This pre-calibration is done because when the sensor is exposed 
(measuring or not) to conditions (RH and temperature) outside the 
recommendations, the RH signal may offset. After being in normal 
temperature and humidity, the sensor will slowly return to standard 
specifications [33] (removing the offset). The resulting calibration files 
to standard specifications were stored in the Raspberry Pi. This cali-
bration to standard specifications was done previously to the one 
explained in the remaining of the article and should be done each time 
the sensors are used so that the following calibration makes sense. The 
data processing and further analysis were done with R software [34]. 

2.1.2. Reference monitoring equipment 
Graywolf FM-801 was deployed as the reference instrument for 

formaldehyde measurements, and it was calibrated before the experi-
ments. The Graywolf sensor uses photoelectric absorptiometry to read 
the sensor’s absorbance change that formaldehyde induces. A small 
colorimetric sensor cartridge is used for passive diffusion sampling. 
Graywolf FM-801 measures the absorption change between each 30-min 
interval and then calculates the difference. The value reported by the 
unit represents the average of over 30 min. The sensor has a detection 
range from 25 μg/m3 to 1230 μg/m3 and an accuracy of ±10% for 
readings larger than 48 μg/m3 [28]. The sensor suffers from 
cross-sensitivity to methanol, ethanol, isopropanol, carbon monoxide, 
phenol, acetaldehyde H2, chloroform, limonene, styrene, acetaldehyde, 
ozone, H2S, and SO2, among others [28]. Pegasor AQTM Indoor was 
deployed for measuring RH and temperature [29]. RH range: 0–100%; 
producer-reported accuracy ±1.5% within 0–90%. Temperature range: 
40 - 80 ◦C; producer-reported accuracy ±0.2 ◦C in the range 0–40 ◦C. 

2.2. The chamber setup 

The calibration evaluation of the formaldehyde LCS was conducted 
in the 1.5 m3 plexiglas mini environmental chamber in Trondheim, 
Norway showed in Fig. 1. The chamber is equipped with dedicated 
ventilation, heating, and humidification systems run as the tests 
required. The HVAC system consists of extract and supply fans to control 
the ventilation rate and a small computer fan for mixing the chamber’s 
air, a radiator, and a humidifier. 

The sensors were launched at least 2 h before introducing the air 
pollution source. All the ventilation supply was turned off at the 
beginning of each experiment, right before the start of pollutant gen-
eration and monitoring. The background concentrations of formalde-
hyde were negligible at the start of the experiments. The air exchange 
was reduced to infiltration, which was minimized by blocking the 
openings with duct tape. Each experiment was monitored with both the 
LCS and the reference sensor continuously. In some cases, the sensors 
measured at least 1 h after the pollutant source was stopped/removed. 

The eight IAQ stations and the reference sensor stood in a circle 
around the pollutant source during the experiments, as shown in Fig. 1. 
For the experiments with chipboards, these were placed along the walls 
of the mini chamber. 

2.3. Experiment description 

The performance evaluation was done by comparing formaldehyde 
measurements with the eight equal LCSs and the reference sensor. 

The calibration-tests details are summarized in Table 2. Test A was 
conducted under uncontrolled ambient temperature and RH in the 
chamber, thus, representing typical temperatures and RH in the labo-
ratory in a Norwegian winter. In tests B, C, D, E, and F, a heater and a 
humidifier were run to control the temperatures and relative humidity. 
Tests with wood chipboards were repeated after one year, as Table 2 
specifies, to study the repeatability of the results and drift of the 
equipment. 

When wet, wood chipboards produce formaldehyde and TVOC at a 
higher range than under normal conditions. Formalin is a source of 
formaldehyde and methanol. 

It was expected that in one year, the aging of the LCS would be 
negligible [27]; however, at the same time, problems with drift or 
problems with singular defective units would be identified. In-between 
calibrations, the sensors were used for routine measurements in 
schools. Effects of a differential exposure history during this period were 
considered by studying the recorded measurements. The recorded 
measurements were compared. In this case, the maximum measured 
concentrations did not differ by more than 9 %, and the effect of dif-
ferential exposure history was assumed negligible. 

2.4. Use of correlated data in calibrations 

A calibration model is a regression model developed from the 
response of a sensor to known sources (customarily measured with a 

Table 1 
Technical specification LCSs data retrieved from, SVM30 [33], Dart WZ-S [35].  

Sensor name Parameter Sensor 
type 

Measurement range/size 
range 

Accuracy collected from 
datasheets 

Single unit price when bought 
in NOK 

Dart Sensors WZ-S Formaldehyde MOS 0,03 - 2 ppm ≤0.001 ppm 148 
Sensirion Arduino Shield 

SGP30_SHTC1a 
TVOC 
Air Temperature Relative 
humidity 

MOx 
CMOS 

0–60′000 ppb 
− 30 ◦C–100 ◦C 
0%–100% RH 

1 ppb or 6 ppbb 

±0.3 ◦C 
±3% RH 

190  

a This sensor uses SHTC1 for measuring T/RH and SGP30 for measuring TVOC. Sensirion does not recommend the use of this sensor for new designs anymore: 
https://www.sensirion.com/en/environmental-sensors/gas-sensors/multi-gas-humidity-temperature-module-svm30/. 

b 1 ppb from 0 ppb to 2008 ppb, and 6 ppb from 2008 ppb to 11110 ppb. 

Fig. 1. Picture of the experimental setup with the formalin source in the center. 
The eight equal IAQ stations and the reference sensor in a circle equidistantly to 
the source. 
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reference sensor). To have a good calibration model is not so important 
to have a good fit of the measurements fed but to precisely predict/es-
timate new/unseen measurements within the calibration range. 

Measurements have to be taken carefully to do a good calibration. 
For instance, if an additional measurement were taken only 1 s after the 
previous measurement, then the additional information of this new 
measurement would be limited. These two measurements are said to be 
serially correlated using statistical terminology, and such correlation in 
time for the same phenomena is often called autocorrelation. 

Most often, standard OLS is used for analyzing data from calibration 
studies. OLS techniques assume that the measurements are independent 
and identically distributed (iid). Often this can be assured by an 
experimental design where the time distance between samples is large 
and constant. 

However, the measurements might have been obtained in a more 
heterogeneous setting in some cases. An example could be that for some 
tests, several measurements might have been obtained during a few 
hours at that test, whereas sometimes, just a single measurement is 
conducted on other tests. Measurements within a single test can often be 
highly correlated in time. A high autocorrelation must be considered in a 
proper data analysis to obtain reliable conclusions. 

The validity of using simple linear models or the effects of the 
experimental design are seldom discussed. Calibration quality is usually 
addressed as the coefficient of determination (R2) between the evaluated 
and the reference instruments [21]. However, R2 should only be used if 
the measurements are independent (not correlated) and evenly distrib-
uted. In the actual study, the lag-1 autocorrelation is 0.972, which is a 
high autocorrelation; thus, it has to be taken into account. This paper 
describes methodologies for conducting proper calibration analysis 
given such highly correlated data. 

To understand the problem, let an extreme case be considered. It is 
assumed that the correlation between measurements taken on the same 
day was 1, whereas the correlation between measurements taken on two 
different days was 0. For simplicity, it will be assumed that 1000 mea-
surements were obtained for one day, whereas for nine days, a single 
measurement was obtained for each day. Since the correlation was 1 
within the same day, a single measurement contains all relevant infor-
mation, and the 999 remaining measurements do not provide further 
information. 

Using OLS, all measurements will have the same weight. The cali-
bration line would be very close to the perfectly correlated observations 
on the day with 1000 measurements, and the influence from the nine 
other measurements will be minor. The resulting calibration line will 
thus be highly biased towards the line through the 1000 measurements. 
Using OLS, it is (wrongly) assumed that there are N = 1009 observa-
tions, and consequently, the uncertainty of the parameter estimates will 
be very low (proportionally to 1/N = 1/1009). Finally, R2 will be very 
high (close to 1), and the Residual Standard Error will be very low, 

which does not reflect reality. 
A proper weighting of the measurements is needed to do the correct 

analysis. Since the correlation was one within the same day, the 1000 
measurements should effectively count only as one measurement. Since 
the correlation was assumed to be zero between days, the best calibra-
tion can be found using a weighting where the 1000 measurements were 
treated as a single measurement, and consequently, there are effectively 
only N = 10 observations. The uncertainty of the parameter estimates of 
the best calibration will be much higher (proportional to 1/10), and the 
Residual Standard Error will be much higher, but it would reflect the 
true calibration error needed if the calibrated sensor is expected to be 
used on a day in future. 

This paper describes methods for calibration which take the actual 
autocorrelation into account and provide proper calibration curves and 
uncertainty estimates no matter how the measurements are taken. To 
the authors’ knowledge, the suggested approach for handling auto-
correlated measurements using a first-order Markov scaling has not been 
used to calibrate LCS. 

2.4.1. Regression models used for calibration 
The classical regression model is a statical relationship between a 

dependent variable Yt and p independent variables X1t, X2t, …, Xpt. For 
these sensor calibration experiments, the observations occur succes-
sively in time; therefore, an index t is introduced to denote the mea-
surements at time t. In the calibration, the p independent (or 
explanatory) variables imply that adjusting for experimental conditions, 
like temperature and moisture, is possible. 

A nonlinear function for the calibration curve can be used if a linear 
calibration curve does not fit the experimental data well for some cali-
bration experiments. Thus, the general regression model will be intro-
duced 

Yt = f (Xt, t; θ) + εt (1)  

where θ = (θ1θ2,…θm)
T is a vector of the m unknown parameters, f is a 

known function of the p + 1 independent variables Xt =

(X1t ,X2t ,….,Xpt)
T and t. 

The error term εt is assumed to be a random variable with a mean 
zero (E[εt] = 0), and the variance Var[εt ] = σ2

t , is assumed to depend on 
the time t. Furthermore, it is assumed that the residuals are correlated in 
time: 

Cov
[
εti, εtj

]
= σ2Σij (2)  

where Σij is a weight. In the following, it is assumed that the independent 
variable is known, i.e., Xt = xt. 

The central assumption in linear regression is that the sequence of 
error terms is a sequence of independent and identically distributed 

Table 2 
Description of calibration activities and resulting formaldehyde concentration reported as the highest 30-min average concentration with the reference sensor. TVOC is 
reported as the highest measured 5-min concentration by the 8 LCS. Conditions of temperature and relative humidity are shown as the average ± the standard 
deviation.  

ID Source Test duration in 
minutes 

Temperature and 
RH 

Date Activity description Formaldehyde μg/ 
m3 

TVOC 
ppb 

A Formalin 150 min 20.2 ± 0.2 ◦C 
28 ± 0.41% 

Feb 2020 Beaker with (liquid 37%) formalin. Radiator 
and Humidifier off 

336 1695 

B Wet wood chipboard 780 min 19.9 ± 0.1 ◦C 
48.8 ± 13.7% 

Feb 2020 1 wet board size 1m2. Humidifier on 224 1802 

C Wet wood chipboard 180 min 21.1 ± 0.5 ◦C 
26.8 ± 0.25% 

March 
2021 

4 wet boards size 1m2. Humidifier off 606 55 

D Wet wood chipboard 120 min 27.7 ± 0.8 ◦C 
64.7 ± 9.7% 

March 
2021 

3 wet boards size 1m2. Radiator on, 
Humidifier on 

451 105 

E Wet wood chipboard 90 min 23.5 ± 0.9 ◦C 
72.6 ± 8.4% 

March 
2021 

1 wet board size 1m2 Radiator off, Humidifier 
on 

41 214 

F Wet wood chipboard + wet 
glass wool insulation 

180 min 21.2 ± 0.5 ◦C 
35 ± 3.7% 

March 
2021 

2 wet boards size 1m2, 0.7m2 wet insulation. 
Radiator and Humidifier off 

22 278  
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(IID) random variables [37]. The above formulation contains a gener-
alization that allows for varying uncertainty (variances) and a hetero-
geneous time sequence of autocorrelated error terms. Readers are 
referred to Madsen [37] for more details on how this is considered in the 
general nonlinear setting. 

2.4.1.1. The general linear model. The calibration curve is often 
assumed to be linear, which allows using the general linear model or 
multiple linear regression model: 

Yt = XT
t θ + εt (3)  

where Xt = (X1t,X2t,….,Xpt)
T is a known (non-random) vector and 

θ = (θ1, θ2,…, θm)
T. The error term εt has zero mean and covariance 

Cov[εti, εtj] = σ2Σij 

N observations of the dependent and independent variables are 
assumed: 

(Yt1, xt1), (Yt2, xt2) ,…, (YtN , xtN) (4) 

These observations occur successively in time, but observations at 
any given point in time, e.g. at non-equidistant time points, are allowed. 
This implies that very flexible experimental design and sampling times 
are allowed. 

The total model for the N observations can be written 

Y = xθ + ε (5)  

where the design matrix x has dimension N × p. Following the defini-
tions given in Eq. (3), E[εt ] = 0, and the covariance matrix for the re-
siduals ε is Var[ε] = σ2Σ where Σ = [Σij].

Linear regressions assume that the residuals are independent and 
identically distributed (IID). This is described using the above formu-
lation by putting Σ = І, being І the identity matrix leading to Ordinary 
Least Squares Estimation (OLS). However, this assumption is often 
violated in calibration problems and cannot be used. 

2.4.1.2. Covariance and correlation structure. The covariance matrix Σ 
has to be specified appropriately to get reasonable estimates. Hence, 
both the variance and the correlation structure of the residuals εt have to 
be described. 

The general formulation of the covariance matrix for the residuals is 
given by Eq. (2). By inspection of the data from these calibration ex-
periments, it is seen that consecutive time residuals within a single test 
appear to be dependent. Similarly, it seems reasonable to assume that 
the variance is the same for all the residuals; thus, only the correlation 
structure must be specified. 

In this case, it seems reasonable to assume that the correlation 
structure is an exponentially decaying function of the time distance 
between two observations, i.e., 

Cor
[
εti , εtj

]
= ρ|ti − tj| (6)  

where ρ is the correlation between two observations one-time unit apart. 
For hourly data, this is the hour-to-hour correlation. This corresponds to 
assuming a first-order Markov structure, or an Autoregressive first-order 
model, for the residuals [37]. Higher values of ρ coefficients denote a 
stronger correlation. 

The assumption in linear regression is that Σ is known, but this is 
seldom the case in practice. In Ref. [37] a relaxation procedure is 
described, but for the above-mentioned problem, the likelihood function 
can be written assuming that the residuals are Gaussian. 

2.4.1.3. Maximum likelihood estimates. The maximum likelihood 
method aims to describe the variation in the data by assuming a prob-
ability density and accounting for the autocorrelation. The consider-
ation of autocorrelation will be advantageous in both forecasting and 

control. 
As before equation (5) is considered for all N observationsand the 

residuals are assumed Gaussian, i.e., the measurements follow the 
Gaussian distribution 

Y ∈ N
(
xθ, σ2Σ

)
(7)  

and contrarily to other authors, a first-order Markov correlation for the 
residuals Σ is assumed so that the correlation structure can be modeled 
and specified by 

Σij = Cor
[
εti , εtj

]
= ρ|ti − tj| (8) 

The above assumptions imply that the joint density for all observa-
tions, Y, is 

fy(y) =
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
2πσ2)N

√

detΣ
exp

[

−
1

2σ2(Y − xθ̂)T Σ− 1(Y − xθ̂)
]

(9) 

Which implies that apart from a constant, the log-likelihood function 
for the unknown parameters is defined with equation (10): 

log L(θ, ρ;Y)= −
1
2

log det(Σ) −
N
2

log σ2 −
1

2σ2(Y − xθ)T Σ− 1(Y − xθ) (10) 

The maximum likelihood estimates are found using numerical 
methods by maximizing equation (10). Estimates of the uncertainty of 
the parameter estimates are found using the observed Fisher Informa-
tion Matrix; see Ref. [38] for details. In this article, the problem was 
implemented in R, and the GLS function was used in the NLME package. 
The Maximum Likelihood (ML) method and the residual maximum 
likelihood method (REML) were used. The ML method has the weakness 
that the variance estimates are biased, but this problem is handled by the 
REML method. The REML estimator corrects the estimated variance 
components for the degrees of freedom lost in estimating the fixed effect 
parameters; hence, the REML estimates the random effects more accu-
rately. In practice, ML and REML give similar results and converge for 
large samples. Readers are referred to Ref. [38] for details. 

2.5. Error determination 

The idea of the error determination is to evaluate:  

1) the accuracy that refers to how close the sensor reports to the true 
value or reference measurement,  

2) the precision that responds to how consistently is the sensor reacting,  
3) the bias that looks for systematic errors in reporting a value. 

As already proven, it is impossible to demonstrate in this case that 
the residuals are independent and identically distributed. Therefore, 
using R2 that quantifies the strength of the association (information 
about the goodness of a fit of a model) by equation (11) is not relevant 
for ML and REML. The ML or REML methods will "weight" the data, 
considering its information to consider it more reasonably. Thus, the fit 
will never be as good as when using the regression line considering all 
the data. 

R2 = 1 −

∑(
CLcs,i − ĈLCS,i

)2

∑(
CLcs,i − CLCS,i

)2 (11)  

MAE =

∑N

i=1

̂|CLCS,i − Cref ,i

⃒
⃒
⃒
⃒
⃒

N

(12)  

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑N

i=1

(
ĈLCS,i − Cref ,i

)2

N

√
√
√
√
√
√ (13) 
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For precision metrics, mean absolute error (MAE; eq. (12)) and root 
mean squared error (RMSE; eq. (13)) will often be used. For equations 
(11)–(13) Cref and CLCS are formaldehyde concentrations measured by 
the reference monitor and LCS, respectively, ĈLCS,i is the predicted value 
and CLCS,i the mean value. 

MAE and RMSE calculate the average model prediction error, and 
their value can range from zero to values as high as the measured con-
centrations themselves. These parameters are useful to evaluate the 
fitted models’ accuracy. 

As these calibration models are built on different scales of formal-
dehyde concentrations, normalizing the accuracy metric is important so 
that models can be compared. Reporting normalized and absolute 
metrics is necessary when reporting errors. Normalizing performance 
metrics allows models to be appropriately compared between environ-
ments where concentration ranges are different [27]. The Coefficient of 
Variation (CV) and Mean Normalized Bias (MNB) are recommended 
guidelines by the United States Environmental Protection Agency (US 
EPA) for the evaluation of sensors [22] and thus, introduced in this 
article. 

MNB =
1
N

∑N

i=1

(
CLCS,i − Cref ,i

)

Cref ,i
(14)  

CV =
σ
μ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑ (

CLcs,i − CLCS
)2

N

√

CLCS

(15) 

However, R2, MAE, and RMSE do not account for autocorrelations. 
These performance indicators are created with the basic assumption that 
measurements are independent, which they are not in our case. They are 
nevertheless reported in this article to compare to other existing 
literature. 

The Akaike information criterion (AIC) is a measure of the model’s 
fit. AIC measures the quality of one model relative to the other as long as 
the models are constructed with the same estimate principle. For 
example, it will compare two different OLS models or two different 
REML models with different parameters, but not one OLS and one REML 
model. AIC provides a means for model parameter selection [39]. It is 
calculated using formula (16), where k is the number of estimated pa-
rameters in the model andL̂ the maximum value of the likelihood 
function for the model. As the Log-likelihood is a measure of model fit. 
The lower the number, the better the fit. 

AIC = 2k − 2 ln (L̂) (16) 

For evaluation of the ML or the REML models, no error formulation is 
recommended as the evaluation would be very much dependent on the 
use of the sensor and other statistical parameters out of the scope of this 
article. In the case of ML and REML, a numerical method is often needed 
for finding the parameters which maximize the likelihood function. 

2.6. Calibration procedure 

The procedure for calibration followed the steps described below:  

1 Check that all sensors react similarly to the exposure to the reference 
source. Before corrections can be studied, it should be controlled that 
all the units respond similarly to the same event [27]. Malings [40] 
defined intra-unit consistency when the variability is less than 20 % 
between equal units.  

2 Log transformation of the data. To make it more normally 
distributed.  

3 Study the calibration model most suitable to the available data, in 
this case, considering autocorrelated measurements and heteroge-
neous sampling lengths. The model sought was fitted using all the 
measured variables. 

4 Repeat the fitting of the model only with the most significant vari-
ables chosen using the Akaike information criterion.  

5 Evaluate the results based on the EPA suggested performance goals 
by application for MNB and CV according to Ref. [15]. This evalu-
ation is done according to the values described in Table 3 

3. Results and discussion 

3.1. Raw measurements 

Fig. 2 shows the raw measurements (out of the box) of all the eight 
sensors, and in black, the reference equipment (not for TVOC as a 
reference instrument was not available). For most of the measurements, 
all sensors react similarly. For temperature, the LCS overestimates the 
values compared to the reference sensor. For RH, the LCS over and 
underpredict the RH. For formaldehyde, LCS mostly overpredicts, being 
especially wrong in test A where the overprediction is especially high 
due to cross sensitivities with other gases. For TVOC, all LCS sensors 
predict similarly. 

The sensors react similarly to the events to which they are exposed. 
The average difference among the LCS is 14%, 1%, 3%, and 18% for 
formaldehyde, temperature, RH, and TVOC, respectively. In the 
following, only the measurements and the models for calibrating sensor 
station S1 will be reported. 

3.2. Calibration using formaldehyde, RH, temperature, and TVOC 

The log transformation was done to have data that are more normally 
distributed. 

The results for only one sensor are presented to exemplify the cali-
bration methodology, but the results for all the other sensors were very 
similar. 

Firstly, all the measured parameters were used to fit the calibration. 
Table 4 shows the parameters for OLS, ML, and REML after taking the 
logarithm of the data for sensor station 1. 

OLS is just shown here for comparison to other literature, but given 
the performed experimental design (autocorrelation of the data and 
heterogenous sampling), its use is not recommended for the collected 
data. Given that not all the tests were equally long, with OLS, the longer 
ones will significantly affect the estimation. OLS is based on minimizing 
the sum of squares of the difference between the observed dependent 
variables in the dataset. Thus, when having autocorrelations, the fitting 
using OLS will be very good for the dataset fed-in. However, when using 
the calibration estimates to predict other “unseen” datasets, OLS esti-
mates will perform poorly because they are “overfitted for the calibra-
tion dataset.” 

A practical example is given for clarity. If measurements of the size of 
a river are mostly taken after the snow-melting period, a huge river will 

Table 3 
EPA suggested performance goals by application for MNB and CV according to 
[15].   

MNB range CV range 

Tier I: Education and Information − 0.5 < MNB 
<0.5 

CV < 0.5 for all 
pollutants 

Tier II: Hotspot Identification and 
Characterisation 

− 0.3 < MNB 
<0.3 

CV < 0.3 for all 
pollutants 

Tier III: Supplemental Monitoring − 0.2 < MNB 
<0.2 

CV < 0.2 for all 
pollutants 

Tier IV: Personal Exposure − 0.3 < MNB 
<0.3 

CV < 0.3 for all 
pollutants 

Tier V: Regulatory Monitoring − 0.07 < MNB 
<0.07 

CV < 0.07 forO3 

− 0.1 < MNB 
<0.1 

CV < 0.1 for CO and 
PM2.5 

− 0.15 < MNB 
<0.15 

CV < 0.15 for NO2  
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be predicted and may be perfectly predicted. However, its size will be 
overpredicted when the corrections are used to predict the same river in 
summer. Therefore, even though in Table 4, Fig. 4, and Fig. 5 the OLS 
predicts the measurements by the reference equipment with the smallest 
errors, the model is not recommended. Calibration is needed so that the 
sensors can be used to predict unseen data, and if the model is overfitted 
to the calibration dataset, each time that a measurement is taken outside 
of the dataset conditions, the sensor will not be reliable. ML and REML, 
as they consider autocorrelations, will not produce the best fitting of the 
measured data but will be the models that estimate best the calibration 
so that the sensor works best when used with new data. 

Considering the OLS, based on p-values, TVOC is not a significant 
parameter, but formaldehyde, RH, and temperature are significant. 
However, when considering ML and REML, TVOC becomes significant 
instead of formaldehyde. In the last cases, some VOCs causing cross- 
sensitivities are produced, e.g., the test with wooden materials, mak-
ing cross sensitivities so important that TVOC becomes an explanatory 
variable. According to their manufacturers, the reference formaldehyde 
sensor has known cross-sensitivity with possible-present VOC such as 

limonene, styrene, propionaldehyde, n-Nonyaldehyde, benzaldehyde, 
and acetaldehyde, among others, while the Dart formaldehyde sensor 
has cross sensitivities with ethanol phenol, ethylene among others and 
all these could have been degassed from our test. ML and REML weight 
the data based on the autocorrelations; therefore, TVOC cross- 
sensitivities with formaldehyde gain importance. 

Most published works use temperature and relative humidity in 
linear fits to increase the fitting (e.g., Crilley et al., [41]). However, for 
ML and REML, RH is not a significant parameter as these sensors are 
already compensated for it in the out-the-box measurements [33]. 

Fig. 3 shows the autocorrelation of the residuals of the ML model. 
The model’s residuals are highly autocorrelated, and this figure shows 
the importance of considering and describing autocorrelation as it may 
affect the reliability of the models if not accounted for. By using auto-
correlation, the one-step forecast error of ML and REML will be much 
smaller. The variance of the one-step forecast error is proportional to 1 
minus the squared value of the autocorrelation in lag 1 [37]. When lag1 
autocorrelation is high, the uncertainty of short-term predictions is 
highly reduced. 

Fig. 2. Out-of-the-box response of the eight sensors to the six exposure tests. Every facet plots the results of each test, and the points are colored based on the sensor. 
Dots in black represent the reference instrument. 

Table 4 
Fitting of parameters using the different estimations. A p-value less than 0.05 was considered statistically significant. The middle part of the table shows the errors with 
typical formulations, and the lower part shows the evaluation according to EPA recommendations. OLS is just shown here as a comparison point, but its use is not 
recommended for calibration given the experimental design.   

OLS p-value ML p-value REML p-value 

Intercept 4.934 0.000 − 7.83029 0 − 7.958 0 
FA 0.748 4.73E-05 0.176965 0.423 0.152 0.491 
Temperature − 4.976 3.74E-06 6.721079 0 6.870 0 
RH 0.661 0.015 − 0.37359 0.078 − 0.377 0.072 
TVOC 2.576 0.190 2.227658 0.019 2.303 0.016 
Residual standard error 0.211  0.48  0.63  
R-squared 0.7751      
AIC − 5.76  − 128.9467  − 127.0673  
RMSE 0.203  0.543  0.540  
MAE 0.146  0.509  0.512  
ρ 0.65  0.972  0.972  
CV 0.20 Tier II/IV 0.1486 Tier III 0.1482 Tier III 
MNB 4.29e-18  0.112 0.099  
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Fig. 4 shows the fitting results when using all the measured param-
eters. The OLS fitting follows the values on the top part of the graph very 
well. Most of these values correspond to the same test, test B (defined in 
Table 2). OLS will not consider the autocorrelation of the values, and as 
this test is the test with more points, it has a larger effect on the fitting 
parameters. The suggested ML and REML will account for the autocor-
relation, and thus the fitting of these points is much worse. When using 
REML or ML, the model considers only the "new information" from a test, 
and thus it predicts individual points in test B poorly, but it predicts 
much better the ones in the lower part of the graph as they have new 
information. Overall, the ML and REML show a more balance fit to the 
data. 

Fig. 5 shows the predictions facetted by the test. Tests A, B, and C are 
the longest tests and thus very well predicted by OLS; however, tests D-F 
have a similar error for all three methods (test defined in Table 2). ML 

and REML overpredict results for tests C–F and underpredict in A and B. 
OLS under and overpredicts in tests A and B, underpredicts in tests C and 
D, and overpredicts in tests E and F. The fact that results are under and 
over-predicted makes the calibration more unreliable due to 
randomness. 

Using stepwise regression, a regression model was built that mini-
mizes the AIC value for ML and REML models. A simpler model was 
developed using the AIC to measure the loss of information while 
removing variables. The model considering only formaldehyde and 
temperature as the explanatory variables is selected in this case. The AIC 
penalizes adding more variables; thus, only the variables that are better 
predictors are maintained. In this case, TVOC has the lowest AIC value, 
and it is the parameter where less information will be lost when being 
removed. 

Additionally, multicollinearity is checked. Multicollinearity happens 
when two or more predictor variables are highly correlated. TVOC and 
formaldehyde are strongly correlated. Hence when removing multicol-
linear predictors, the remaining predictor will still contain most of the 
information [42]. Keep in mind that resulting AIC values with different 
estimates should not be compared. 

3.3. Calibration using formaldehyde and temperature 

Table 5 shows the results for the model considering only formalde-
hyde and temperature. Formaldehyde and temperature are significant 
for all three types of models. OLS results are included in Table 5 to 
compare to other existing literature but will not be further discussed. 

According to EPA’s recommendations, the sensors are evaluated as 
Tier III, supplementary monitoring for all the sensors with these models. 

Fig. 6 is not substantially different from Fig. 4. The prediction of the 
larger values is better with these models. This is probably a consequence 
of removing TVOC from the model, which gives formaldehyde mea-
surements more weight. The same can be concluded by looking at the 
smaller MAE and RMSE with fewer parameters. 

Both Figs. 6 and 7 show that the LCS predicts the trends of formal-
dehyde concentration reliably. However, Fig. 7 shows that despite being 
the error smaller in REML and ML, the models still have a systematic 
bias. Tests A and B were underpredicted, test C was very well predicted, 
and D, E, and F were overpredicted. Measurements A and B were per-
formed with no heater and only a humidifier for the latter. During the D 
and E, the radiator was on, and in F, none was on. Therewas a second 
difference; these measurements were taken one year apart. In the mid- 
time, the sensors were exposed to different concentrations of formal-
dehyde during several measurements, and what we see may be drift due 
to the loss of baseline or accumulation of material on the oxidizing 
membrane. The measurement principle relies on a two-electrode elec-
trochemical type, operating by the diffusion principle. Clogging of the 
membrane may incur wrong measurements or over predictions. 

Fig. 3. ACF of the residuals for the ML model.  

Fig. 4. Fitting of LCS measurements using all measured variables as explana-
tory variables. 

Fig. 5. Prediction of calibrated values using OLS, ML, and REML methods. Results facetted by test.  
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It is also important to note that three years after using the sensors, 
two of the eight sensors stopped working, two years before the sensor’s 
five-year expected lifetime [35]. According to EPA’s recommendations, 
these sensors should only be used for supplementary and not for regu-
latory monitoring. However, as they respond well to the changes in 
trends, they can be used to control personal exposure. 

3.4. Summary of the essential parameters to make a good calibration 

To evaluate sensors, it is common in the literature to develop linear 
models that correlate measurements with a laboratory-grade sensor and 
an LCS, and by evaluating the R2, the goodness of the fit or the sensor is 

concluded. 
However, at least three elements should be considered before 

developing such correlations, 1) the experimental design, 2) the auto-
correlations, and 3) the selection of the best model. 

3.4.1. Experimental design and limitations of the presented tests 
It is essential to make an experimental design that ensures causal and 

proper dependencies in the data [43]. The following facts affected the 
selection of the model that could be used for calibration:  

• The length of the measurements was not equal for all the tests. Some 
tests went overnight, and others lasted only a couple of hours. Dif-
ference test lengths would affect a linear model by giving overweight 
to the longer test. For test B, the idea behind having so long mea-
surements was to see if, after exposure, the sensors returned to the 
initial baseline or if they suffered from drift. 

• The same tests were run at slightly different humidity and temper-
atures, but these were not constant during the test or from test to test. 
We intended to test at "dry-wet" and "cold-warm" conditions as 
Demanega did [36]. Neither the radiator nor the humidifier main-
tained constant conditions, and conditions averaged around the set 
points. Having constant factors would help establish or not the effect 
of a single factor. Dependent variables could be measured at different 
levels, intervals, or ratios, affecting the level of precision attainable 
here; these variables could only be measured and not controlled 
[43]. 

• The selected tests were known from the literature to produce form-
aldehyde [44]; however, too little attention was set to the different 
TVOCs that were simultaneously produced, resulting in 
cross-sensitivities for both formaldehyde and the TVOC sensors. For 
example, formaline is a known source of formaldehyde, but it con-
tains methanol, to which the WZ modules and the Graywolf sensor 
have a strong cross-sensitivity. Cross-sensitivity is a prevailing 
challenge for sensors that measure gaseous pollutants [21].  

• If a high autocorrelation is seen for the measurements, then this 
autocorrelation has to be taken into account to give reliable esti-
mates for highly correlated measurements. As a rule of thumb, 
conventional OLS methodologies can be used if the autocorrelation is 
less than, say, 0.3. 

3.4.2. Importance of describing the correlation 
OLS assumes independent observations, and if this is not fulfilled, 

then the outlined measures that describe the systematic variation in the 
data should be used. 

In general, LCSs measure with a high sampling rate, i.e., with a small- 
time distance between the individual data points. In such cases, the 
calibration error at two consecutive measurements is often highly 
correlated. Using measurement campaigns with more frequent sampling 
than needed would often yield overestimated R2 [40] due to autocor-
relations in the time series. In the case of frequent sampling, the errors 

Table 5 
Estimation of parameters using the different estimations.   

OLS p- 
value 

ML p- 
value 

REML p-value 

Intercept 4.21 5.7E- 
04 

− 6.18 1.0E- 
04 

− 6.33 1.00E- 
04 

FA 1.03 1.8E- 
14 

0.63 0 0.62 0 

Temperature − 3.69 3.7E- 
05 

4.62 2.0E- 
04 

4.77 1.00E- 
04 

Residual 
standard error 

0.25  0.42  0.53  

R-squared 0.70      
AIC − 159.7  − 125.9  − 123.7  
RMSE 0.245  0.37  0.37  
MAE 0.193  0.32  0.33  

CV 0.19 Tier 
III 

0.15 Tier 
III 

0.15 Tier III 
MNB 9.66e- 

17 
− 0.11 − 0.09  

Fig. 6. Fitting of LCS measurements using formaldehyde and temperature as 
explanatory variables. 

Fig. 7. Prediction of calibrated values using ML and REML methods. Results facetted by test.  
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from the one-time point are often highly correlated with the sampling 
error at a neighboring time point. Compared to more scarcely sampling 
points, the extra points arising from the frequent sampling over a long 
time do not provide extra information proportional to the relative 
number of samples. Using several test exposures at different environ-
mental conditions and with different sources rather than very frequently 
sampled measurements are recommended to develop calibration 
models.The LCS collected data every 5 min, and the measurements were 
averaged every 30 min to be compared to the laboratory-grade sensor. 
Measurements taken continuously will almost always be autocorrelated 
and result in models with autocorrelated residuals. 

One condition of linear regression is that the residuals are indepen-
dent and identically distributed. However, in calibration, when the 
sampling is done as here, continuously, this assumption is then often 
violated. Measurements are taken often with little variations of the 
source, thus with measurements very correlated to the previous. 
Consequently, generalized least squares estimation must be considered 
so that the explanatory variables fully describe the autocorrelation. ML 
considers the autocorrelation, but REML has better compensations for 
the estimated and scaling parameters (related to the variance). 

3.4.3. Selection of best model 
In our analysis, the best model is selected based on a test for signif-

icant parameters and a comparison between different model candidates 
using the AIC criterion. In general, the ML approach provides a robust 
framework for model selection even in the case of autocorrelated errors. 
However, the REML approach is preferred for the final parameter esti-
mation since it provides more unbiased estimates of the variances. 

3.4.4. Performance of the tested formaldehyde LCS 
Both LCS and the reference sensor present very similar dynamic re-

sponses, which means that LCS could be used to detect concentration 
changes. However, there were quantitative discrepancies even after the 
calibration. These discrepancies over-and under-estimated the values 
obtained by the reference sensor. The LCS and the reference sensor 
suffer from cross-sensitivities to some VOC released by the tested sour-
ces. However, the cross-sensitivity reaction is different for the different 
chemical compounds and sensors, making the evaluation of the precise 
values more complicated. 

The present study suggests that these sensors have the potential to be 
used in indoor environments as Supplemental Monitoring. According to 
EPA’s recommendation as Tier III, a sensor can be used to improve the 
characterization of concentration gradients [22]. This would mean 
triggering the proper responses for the control, but this control would 
need to focus on trends better than values. 

4. Conclusions 

LCSs use is becoming widespread in the market. However, these 
sensors are often delivered from the provider with limited information 
regarding use and performance, reliability, and response to aging or 
drift. This article analyzes the performance of eight IAQ stations with the 
same formaldehyde sensor type via comparison with reference equip-
ment. Tested sensors were pre-calibrated from the factory at purchase, 
and the drift is removed via a 12 h calibration before the experiments. 

The tests were run in a mini chamber as a collection of measurements 
of formaldehyde. The lengths of the tests were heterogeneous based on 
the estimated duration of the exposure. Some tests were run in cold, 
warm, dry, and wet conditions controlled with a domestic radiator and 
humidifier. The experimental design did not ensure that tests data were 
not autocorrelated. 

Given the autocorrelation of the measurements, Ordinary Least 
Squares Estimations should not be used. In this article, there are two 
alternative methods for evaluating the calibration: Maximum Likelihood 
and Restricted Maximum Likelihood Estimation. ML considers the 
autocorrelation, but REML has better compensations for the estimated 

and scaling parameters (related to the variance). This article has created 
a procedure for estimating a weighting according to the autocorrelation 
based on the first-order Markov. Then a simple method using this 
weighting was created. Finally, the AIC criterion was used to select the 
most significant parameters, and for the calibration of the formaldehyde 
sensor, formaldehyde and temperature were estimated as significant 
parameters. 

According to EPA’s recommendations, these models evaluate the 
sensors as Tier III supplementary monitoring. These results are pre-
sented for only one of the eight sensors. Out of the eight, one sensor 
stopped working during the calibration tests (a second one stopped 
recently after continuous use), and the remaining six presented similar 
performance. 

The main message is that when sensors collect data continuously 
with a very high-frequency interval, there is often little difference be-
tween measurements, which are often highly autocorrelated. OLS 
cannot be used in this case and different models considering the auto-
correlation are necessary. This paper exactly presents such new methods 
that can use data that are autocorrelated. The practical implication is 
that these models allow handling heterogeneous test sampling. This 
means they can use data where in some tests, many samples are taken on 
the same day, and some tests where much fewer tests are taken, and then 
measurements after some days without data sampling. 

The LCS and the reference sensor suffer from cross-sensitivities to 
some VOC released by the tested sources. Even if there were discrep-
ancies where the LCS over-and under-estimated the values obtained by 
the reference sensor, they both presented very similar dynamic re-
sponses, indicating that LCS could be used to detect concentration 
changes. The present study suggests that these sensors have the potential 
to be used in indoor environments as Tier III supplemental Monitoring 
(according to EPA’s recommendation), especially for triggering appro-
priate controls. 
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A B S T R A C T   

In this study, concentrations of pollutants: formaldehyde, carbon dioxide (CO2), and total volatile organic 
compounds (TVOC) and parameters: indoor room temperature and relative humidity (RH) were measured in 21 
home offices for at least one week in winter in Trondheim, Norway. Eleven of these were measured again for the 
same duration in summer. Potentially explanatory variables of these parameters were collected, including 
building and renovation year, house type, building location, trickle vent status, occupancy, wood stove, floor 
material, pets, RH, and air temperature. 

The association between indoor air pollutants and their potential predictor variables was analyzed using 
generalized estimation equations to determine the significant parameters to control pollutants. Significantly 
seasonal differences in concentrations were observed for CO2 and formaldehyde, while no significant seasonal 
difference was observed for TVOC. For TVOC and formaldehyde, trickle vent, RH, and air temperature were 
among the most important predictor variables. Although higher concentrations of CO2 were measured in cases 
where the trickle vent was closed, the most important predictor variables for CO2 were season, RH, and indoor 
air temperature. 

The formaldehyde concentrations were higher outside working hours but mostly below health thresholds 
recommendations; for CO2, 11 of the measured cases had indoor concentrations exceeding 1000 ppm in 10% of 
the measured time. For TVOC, the concentrations were above the recommended values by WHO in 73% of the 
cases. RH was generally low in winter. The temperature was generally kept over the recommended level of 
22–24 ◦C during working hours.   

1. Introduction 

On March 11th, 2020, the coronavirus disease 2019 (COVID-19) 
pandemic was declared [1]. Among others, exposure to COVID-19 may 
lead to severe acute respiratory syndrome and death. Social distancing 
has been considered one of the most effective measures against the 
spread of COVID-19, and many workers were asked to work remotely 
from home when possible. This situation was expected to last for a short 
period but finally extended from March 2020 to January 2022, with 
short periods of restrictions relief varying from country to country. 
Suddenly, working from home became the new normal, and rooms 
designed or not as home offices were taken into this use. 

Shortly after the implementation of the home office, the Federation 
of European Heating, Ventilation, and Air Conditioning Associations 

(REHVA), the American Society of Heating and Air-Conditioning Engi-
neers (ASHRAE), the Centre for Disease Control, and the World Health 
Organization (WHO) released guidelines explaining how to handle the 
COVID-19 situation [2–6]. However, none of these entities focused on 
what happened to the workers when they started working from home. 
Although working from home reduced the spread of COVID-19, the in-
door air quality (IAQ) at the home offices was seldom questioned. 

According to the Norwegian Labor Inspection Authority, the 
employer must ensure that the employee’s safety, health, and welfare 
are safeguarded and, as far as practicable, ensure that the working 
conditions are entirely justifiable, which translates to the documenta-
tion of the minimum ventilation rates. Rules apply to the workplace, 
work equipment, and the indoor environment [7]. However, it is 
complicated for employers to follow up on IAQ in the home offices, and 
the codes are laxer in practice. For the home office, the Norwegian Labor 
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Inspection Authority focused its recommendations [7] on parameters 
the employer can follow, such as ergonomics. 

New buildings are commonly equipped with mechanical ventilation 
systems. However, 40% of Norwegian dwellings are built before 1970 
and 65% before 1990 [8]. According to Mjønes et al. [9], apartment 
blocks built before 1970 utilized natural ventilation; after this year, 
mechanical ventilation became more common. Mechanical ventilation 
with heat recovery of at least 70% efficiency was introduced in TEK97 
[10]. 

Generally, the ventilation criteria are based on comfort levels, but 
the thresholds and recommendations regarding indoor air pollutants 
exposure are based on epidemiological studies. The health related 
pollutant recommendations set limits based on the maximum value of 
exposure to a pollutant before there is a correlation with increases in 
mortality or sicknesses [11]. Kampa and Castana [12] concluded that 
the hazardous effect of a chemical causing adverse effects on human 
health must be the same, disregarding where exposure occurs. Occu-
pational exposure limit values (OEL) represent the maximum concen-
tration of a chemical substance in the worker’s breathing zone during a 
reference period of 8 h. OELs are based on toxicological and medical 
evaluations (health-based) and what is technically and financially 
possible to achieve in a workplace [13]. For this reason, workers may 
not be fully protected from hazardous exposure, although the OELs are 
respected. Additionally, OELs are assigned to protect healthy adults with 
normal pulmonary ventilation and are usually considerably higher than 
the limit values set to protect public health. During the COVID-19 
pandemic, workers worked from home regardless of having a devoted 
room for that. Vulnerable people such as children, the elderly, or 
pregnant women were present. Thus, not all OELs may be a suitable 
reference limit; instead, the national standards set to protect vulnerable 
people also are considered more relevant. Thus, the standards for indoor 
air quality, as defined by WHO, were used to assess the air contaminants 
measured in the present study. In this article, it was assumed that the 
home office should meet the same criteria as defined in the building 
codes for offices [14] and occupational health and public health legis-
lation [15,16]. 

Roth et al. [17] showed that working from home may cause health 
effects due to poor home IAQ and a higher prevalence of reported Sick 
building syndrome (SBS). Yang et al. studied 169 energy-efficient 
dwellings, reporting that 90% and 50% of dwellings exceeded the 
chronic exposure limits for formaldehyde and total volatile organic 
compounds (TVOC) [18]. Additionally, Birimoglu Okuyan et al. found 
that home offices significantly adversely affect physical and mental 
wellbeing [19]. However, despite home office side effects, it is expected 
to continue after the pandemic, and the results of this study would still 

be valid even after the COVID-19 restrictions are lifted. 

1.1. Threshold and recommendation for pollutant concentrations 

Common outdoor air pollution, such as PM, TVOCs, carbon monox-
ide (CO), ozone (O3), and nitrogen oxides (NOx) can infiltrate into the 
indoor environment and affect the IAQ. In addition, indoors, pollutants 
related to building materials, formaldehyde (CH₂O), cleaning agents, 
paints, adhesives cooking fumes, wood smoke, biological pollutants, and 
many others may be found [20–22]. Short-term and long-term exposures 
to various indoor air pollutants have been linked with multiple health 
outcomes, such as minor upper respiratory irritations, chronic respira-
tory and heart disease, acute respiratory infections in children and 
chronic bronchitis in adults, aggravating pre-existing heart and lung 
disease, or asthmatic attacks [12] premature mortality and reduced life 
expectancy [23]. The concentration and composition of indoor air 
pollution vary with determinants such as building airtightness, outdoor 
air quality, the share of outdoor air if recirculation of extract air is 
allowed (not used in dwellings in Norway), the supplied airflow rates, 
the quality and status of filters, building materials, occupancy, cooking 
and cleaning habits, carpets, use of a wood stove, pets, and many others 
[24,25]. Limited by the availability of low-cost sensors (LCS) described 
in Refs. [26,27], this article focuses on pollutant measurements of 
formaldehyde, TVOC, and CO2 and measurements of the parameters 
temperature and RH. 

1.1.1. Formaldehyde 
The International Agency for Research on Cancer (IARC) character-

izes formaldehyde as being carcinogenic (group 1) to humans [28]. The 
indoor air quality guideline, defined by WHO, for short- and long-term 
exposure to formaldehyde is 100 μg/m3 for all 30-min periods at life-
long exposure (see Table 1) [29]. 

1.1.2. TVOC 
Few guidelines exist for TVOCs, although several TVOCs may impact 

Nomenclature 

AR(1) first-order autoregressive 
ASHRAE American Society of Heating and Air-Conditioning 

Engineers 
β Estimates for the most important predictor variables 
CH₂O Formaldehyde 
CO Carbon monoxide 
CO2 Carbon dioxide 
COVID-19 Coronavirus Disease 2019 
GEE Generalized estimation equation 
IAQ Indoor air quality 
IRT Indoor room temperatures 
LCS Low-cost sensors 
MOS Electrochemical sensor 
MT Whole measured time in one household 
NOx Nitrogen oxides 

n50 Infiltration air changes at 50 Pa 
NDIR Nondispersive infrared 
OEL Occupational exposure limit values 
O3 Ozone 
PM Particulate matter 
QIC Quasi-likelihood under Independence Model Criterion 
QICC corrected QIC 
REHVA Federation of European Heating, Ventilation, and Air 

Conditioning Associations 
RH Relative humidity 
SBS Sick building syndrome 
TEK Norwegian regulations on requirements for construction 

works and products for construction works 
TVOC total volatile organic compounds 
WH Working hours: defined in base to subject’s feedback 
WHO World Health Organization  

Table 1 
Evaluation levels for formaldehyde.  

Exposure 
duration 

Threshold value 
[μg/m3] 

Rationale 

4 h 600 Accounts for sensory effect [30] 
30 min 100 Conservative assessment of sensory irritation 

and the carcinogenic effects [29] 
1 min 110 Accounts for odors [31]  
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our health. To evaluate the concentration of TVOC in the present article, 
the air quality guidelines from the WHO (see Table 2) [32] were used. 

1.1.3. CO2 
CO2 concentrations are related to the perception of human bio-

effluents and the level of human-related odors [33,34]. The CO2 con-
centrations in outdoor air typically range from 400 to 430 ppm 
depending on the season but can be as high as 600–900 ppm in metro-
politan areas [35]. The OEL for CO2 is 5000 ppm [35]. The European 
standard EN 16798–1:2019 defined the thresholds in Table 3 based on 
categories that reflect expectations. Pettenkofer, in 1858, defined 1000 
ppm for naturally ventilated houses as a guideline [36]. 

1.2. Other parameters affecting health and perception of IAQ and typical 
confounding variables 

1.2.1. Relative humidity 
A joint agreement on thresholds for RH is missing. According to Lin 

and Marr, the viability, transmission, and infectivity of influenza were 
promoted by RH< 40% and RH > 90% [37]. Indoor RH below 50% has 
been associated with asthma and allergies [38]. Building dampness has 
also been associated with an increased risk of wheezing and daytime 
breathlessness [39]. Additionally, the expectations for RH vary 
depending on the season and the climate. 

RH may also affect human perception of stress. In a study by Raz-
jouyan et al. [40], office workers exposed to RH between 30% and 60% 
were more likely to experience 25% less stress than those exposed to 
lower RH. As Wu et al. [41] proved in their experimental studies, 
elevated RH generally improved work performance positively. RH below 
30–40% and above 60–70% may lead to physical discomfort, as RH 
impacts the perception of comfort [42]. Other research studies and 
guidelines recommend the low RH comfort and health-related limit to be 
20–30% [38,43,44]. 

1.2.2. Temperature 
Low and high indoor room temperatures (IRT) can be risk factors for 

human health [45]. The WHO [46] provided the evidence-based 
recommendation for housing a threshold of 18 ◦C to prevent cardio-
vascular and respiratory morbidity and mortality during cold seasons for 
regions with temperate or cold climates. However, the WHO’s text [46] 
does not provide recommendations for the direct effect of high IRT on 
human health due to the limited number of studies. 

An association between high IRT and acute upper respiratory 
symptoms has been suggested [47]. Air temperature above 26 ◦C 
increased the risk of acute symptoms, including thinking difficulty, poor 
concentration, fatigue, and depression. The risk of respiratory symptoms 
increased above 30 ◦C [48]. Respiratory diseases, asthma, and chronic 
airway obstruction were associated with long-term exposures to lower 
average temperature, but respiratory disorders and chronic airway 
obstruction in the elderly were related to long-term exposure to higher 
average IRT [45]. 

22 ◦C was found to promote the highest performance in the accuracy 
of brain executive functions compared to 18 ◦C, 26 ◦C, and 30 ◦C [49]. 
Optimal productivity was observed from 20 ◦C to 26 ◦C, especially 
22 ◦C-24 ◦C [50]. This article defined the optimal performance range as 

22 ◦C-24 ◦C. 
In NS-EN 16798–1: 2019, four different categories (I–IV) for the 

thermal environment have been defined based on different criteria for 
the predicted percentage of dissatisfied people (PPD) and predicted 
mean vote (PMV). For living spaces in residential buildings, including 
bedrooms, kitchens, and living rooms, the guidelines for air temperature 
during heating seasons, with normal clothing levels (1.0 clo), range from 
21 to 25 ◦C for category I to 17–25 ◦C for category IV. During cooling 
seasons (0.5 clo), the temperature range for category I is 23.5–25.5 ◦C, 
and for category IV, it is 21.0–28 ◦C [51]. 

1.3. Objectives 

The objectives of this study were to: i) visualize the IAQ measured 
during at least one week in winter in twenty-one home offices and 
eleven in summer, ii) to quantify the fraction of time when health-based 
recommendations of different parameters and pollutants are not met, iii) 
associate the distribution of the real-time readings with the individual 
house characteristics to explain which parameters are better explana-
tory variables. 

To the authors’ knowledge, no previous research has assessed the 
indoor environment in residential buildings used as home offices 
regarding the concentration of formaldehyde, TVOC, CO2, indoor hu-
midity, and IRT. 

2. Methods 

This chapter summarizes the details of the measured home offices 
(cases), the placement and details of the sensors, and the statistical 
analysis done of the data. 

2.1. Measurement methodology 

2.1.1. Measured houses 
This study collected formaldehyde, TVOC, CO2, RH, and IRT mea-

surements from 21 houses for one to two weeks during the winter sea-
son, from December the 8th, 2020, to February the 28th, 2021, and then 
again in 11 of these 21 houses during the summer season, from May the 
21st, 2021, to June the 21st, 2021. The specific details for each house are 
described in Table 4. 

This study’s eligibility criteria required individuals to work from 
home at least four days during measurement. The participants were 
recruited from the academic environment. 

Employees were asked to behave as normally as possible and not 
change their window opening practices to characterize their normal 
IAQ. Table 4 summarizes the self-responded details about the house and 
the normal status of windows and trickle vents. Habits about working 
hours were collected individually for each household. They are not re-
ported in the text but are considered in the data analysis. 

The subjects reported that in average during the measurement 
period, they worked 8 h: 40% of their time in writing activities, 7% in 
simulations, 6% in data analysis, 18% studying or reviewing literature, 
and 29% in video meetings. 

Table 2 
Levels and recommendations for TVOC according to recommendations from WHO 
[32].  

Level Recommendation TVOC [ppm] 

Outside quality classes Not acceptable >0.61 
4 Only temporary exposure 0.2–0.61 
3 Harmless 0.1–0.2 
2  0.05–0.1 
1 Target value 0–0.05  

Table 3 
EN 16798–1:2019 recommendations for CO2 concentrations above the outdoor 
level.  

Level Category 
I 

Category 
II 

Category 
III 

Remark 

School 
(classroom) 

550 ppm 800 ppm 1350 ppm Allowable ppm 
levels above outdoor 
levels Office (landscape 

layout) 
550 ppm 800 ppm 1350 ppm 

Residential 
building 
(bedroom) 

380 ppm 550 ppm 950 ppm  
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They were given feedback after the winter measurements about how 
to improve their IAQ. 

They were asked to keep a log of their activities such as cooking, 
cleaning, visits. However, most of the participants filled out this ques-
tionnaire loosely and it was not requested after the first two weeks of 
measurements. A second anonymized questionnaire was sent to all 
participants asking about their habits regarding working hours and 
house parameters. This was filled out by all the participants and the 
information was deemed as reliable. At least three houses were 
measured simultaneously in the same city area to control bias regarding 
outdoor air. Data management and analysis were performed using R 
studio Version 1.3.959 [52] and SPSS Version 28.0.1.0. 

2.1.2. Measuring equipment 
Data were collected using the LCS (see Table 5) at a single point per 

office. The sensors were placed on the desk next to the computer’s 
keyboard to represent the breathing zone of the occupants but protected 
from exhaled air (checked by looking at peaks in CO2 concentrations 
during exhalation periods). The data were collected every 5 min and 
logged into the internal memory of the Raspberry Pi to avoid sending the 
information to the cloud. More information about the sensor’s calibra-
tion and intra-unit consistency can be found in Refs. [26,27]. The 
average difference among the LCS is when all are exposed to the same 
source is 14%, 1%, 3%, 2% and 18% for formaldehyde, temperature, 
RH, CO2 and TVOC respectively [26,27]. 

Ventilation rates were not measured. Airflow rates in naturally 
ventilated buildings highly depend on weather, including outdoor air 
temperature, wind speed and direction, building characteristics, and 
windows and doors opening depending. Thus, measurements in 
different weather conditions would be necessary to develop a model for 
each household. This would have been necessary to study the effects of 
external leakages and the window and internal door opening degrees on 
airflow rates. Since the occupancy reporting was not thorough, using 
black-box models to characterize air changes as defined by Wolf et al. in 
Ref. [53] would not be accurate. Using any tracer gas measurement to 
map average air changes would also be affected by weather de-
pendencies, so it would be necessary to repeat the process several times 
to get the dynamic ventilation rates. Using an average for the whole 
measurement period is deemed inaccurate Such measurement cam-
paigns would have been disturbing to the subjects. In addition, during 
these visits, there would be a health risk of contracting COVID 19. 
Therefore, ventilation measurements were dropped to have a big enough 
sample that could be statistically representative and have enough 
households measured. As measurements for the naturally ventilated 
households were unavailable, no measurements were collected for the 
mechanically ventilated cases either for having comparable sam-
ples/weakness. Design values for the measured cases could have been 
added, but these are very theoretical. Mechanical ventilation users re-
ported changing the settings of the openings to their comfort, closing the 
terminals because of noise, or opening more elsewhere in the house to 

Table 4 
Summary of self-responded details of measured cases. The nomenclature corresponds to Type: Type of building where the measurements were performed, SDH: Semi- 
detached house, SFH: single-family house, A: Apartment, Floor: B: Basement, Room main use, Ba: Bathroom, K: Kitchen, S: Staircase, B: Bedroom, LR: Living room, HO: 
Home office, OK = open kitchen, K= Kitchen, Bdg. Loc: Building location in the city, CC: City centre, SNF: Suburban non-forested area, SF: suburban forested area, NV 
natural ventilation, EV: Exhaust ventilation, MV: Mechanical ventilation. Floor material: W-wooden flooring or cork; P-Parquets; C-carpet. Values in parentheses show 
summer status.  

ID Construction year 
(renovation) 

Type Floor Area 
(m2) 

Maximum 
occupant density 
(m2/pers) 

Room 
main use 

Linked 
rooms 

Bdg. 
loc 

Ventilation Wood 
Stove 

Pets Floor 
material 

Trickle 
vent open? 

A1 1952 (2007) SFH 2nd 15 15 HO LR, B CC NV Yes Yes P + C No 
A2 1900 (1995) A 3rd 9.8 9.8 HO Ba CC NV + EV No No W No 
A3 1900 (1995) A 2nd 48 48 (24) LR K CC NV + EV No No P + C No 
A4 2019 SDH 3rd 15 15 LR S SNF MV No Yes P + C No 
B5 1972 SDH 2nd 5 5 HO B SNF NV No No P Yes 
B6 1960(2000) SFH B 4.5 4.5 HO LR, OK SF NV + EV No No W Yes 
B7 1972 (2015) A 2nd 40 40(8) LR OK SNF NV Yes No W No 
B8 1890 (2019) A 1st 15 15(5) LR, B, 

OK  
CC NV No No W No 

C9 1970 (1997) SDH B 32 32 LR, K B SNF NV No No P No 
C10 1960(2000) SFH B 4.5 4.5 HO LR, B SF NV + EV No No P + C Yes 
C11 1964(2013) SDH 1st 10.5 10.5 B Ba SF NV No No W Yes 
D12 1947 (2013) A 1st 38 38(9.5) LR OK CC NV No No P No 
D13 1946 (2007) MFH 2nd 18 18 (4.5) LR OK SNF NV + EV Yes No P + C No (Yes) 
D14 1946 (2007) MFH 3rd 8 8 HO B SNF NV No No P No 
E15 1952 (2010) SFH 1st 20 20 HO  SF MV No Yes P Yes 
E16 1989 SHF 1st 23 23 (11.5) B  SF MV No No W + C Yes 
E17 1967 SFH 1st 47 47(16) LR OK SNF NV Yes No P No 
E18 1967 SFH 1st 14 14 B  SNF NV No No W No 
F19 2019 A 3rd 25 25 LR, HO, 

OK  
CC MV No No P No 

F20 2019 A 3rd 10 10 B LR CC MV No No P No 
F21 1964 (2013) SDH 1st 10.5 10.5 B  SF NV No No P + C Yes  

Table 5 
Properties of the low-cost sensors used.  

Sensor name Parameter Sensor type Accuracy Measurement range Response time 

Sensirion SCD30 [54] Relative humidity Capacitive ±3%RH at 25 ◦C 0–100% 8 s 
Sensirion SCD30 [54] CO2 Nondispersive infrared (NDIR) ±30 ppm ± 3% (500–1500 ppm) 400–10000 ppm 20 s 
Sensirion SCD30 [54] Temperature 10 K NTC Thermistor ± (0.4 ◦C + 0.023 x (T [◦C] - 25 ◦C)) − 40 ◦C – 70 ◦C >10 s 
DART WZ-S formaldehyde module [55] Formaldehyde Electrochemical sensor (MOS) ≤0.02 ppm formaldehyde equivalent 

< ±2% repeatability 
0.03–2 ppm <40 s 

Sensirion SVM30 [56] TVOC Multi-pixel metal-oxide 15% of MVa 0–60′000 ppb   

a typ 1.3% accuracy drift per year. 
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increase the feeling of “fresh air.” In addition, for natural or mechanical 
ventilation, airtightness would play a significant role, and provided that 
most of the households have undergone building envelope/window 
renovations, the current state of the airtightness from construction time 
to today’s status is probably changed. 

For this work, the focuses lie on 1) mapping the IAQ, which is the 
result of the balance between supplied air and emission sources, to 
characterize the IAQ that subjects were breathing and 2) analysis of the 
predictor variables for the pollutants. For 1), the analysis can be done 
straightforwardly even without the ventilation rates as the interest lies 
in the resulting pollutant concentration breathed. For 2), more research 
is needed, including the airflow rates, to characterize the ventilation, 
which is supposed to be the primary predictor variable in the dilution of 
pollutants. Lacking the ventilation rates makes it challenging to analyze 
ventilation as predictor variable, as will be further discussed in the 
Result and Limitations chapter. 

2.2. Statistical analysis 

Models were developed to analyze the building characteristics’ in-
fluence on CO2, formaldehyde, and TVOC concentrations using the 
statistical software IBM® SPSS® (Ver. 28.0). 

Model selection is a prominent issue in practical data analysis [57]. 
Data collected from the same household is likely to be correlated. The 
generalized estimation equation (GEE) method was used to account for 
the correlations of samples collected from the same households (clus-
ters). GEEs are an extension of generalized linear models, which facili-
tate regression analyses also when the dependent variable does not 
follow a normal distribution. GEE is a population-level approach based 
on a quasi-likelihood function and allows to account for correlations 
within clusters of responses on the dependent variable while assuming 
no between-cluster correlations exist [58,59]. TVOC, formaldehyde, and 
CO2 were selected as continuous dependent variables and analyzed in 
separate models to identify each pollutant’s specific determinants (in-
dependent variable). In our model, building ID was used as a cluster 
variable. Judged by the Shapiro Wilk test and histograms, the contin-
uous dependent variables were skewed towards larger positive values. 
They were log-transformed before analysis to normalize the dependent 
variables and fitted using the standard gamma distribution with an 
identity link. 

Continuous predictors included in the models were: RH (in %) and 
air temperature (◦C). Categorical predictors were seasons (winter/ 
summer), trickle vent status (open/closed), ventilation strategy (natu-
ral/hybrid/mechanical), pets (yes/no), wood stove (yes/no), floor ma-
terial (carpet/wooden flooring or cork/parquet/carpets and wooden 
flooring), building location (city Centre/suburban non-forested area/ 
suburban forested area), house type (single-family houses/semi- 
detached house/apartment/multifamily house), and main room (home 
office/bedroom/living room/open kitchen). 

Considering the GEE is non-likelihood-based, no test for model fit 
exists [58]. However, the GEE model provides the Quasi-likelihood 
under Independence Model Criterion (QIC). QIC and corrected QIC 
(QICC) were used to select the correlation matrix and between different 
subsets of model terms. The model giving the smallest QIC gives the best 
model fit for the data, and the subset of predictor variables with the 
smallest QIC value is the preferred model [57]. Under the first-order 
autoregressive (AR (1)) correlation structure, each independent vari-
able was first fitted stepwise. Different subsets of covariates were then 
fitted together to find the combination of variables that provided the 
smallest QICC chosen as the model fit for our data [60]. Furthermore, 
pairwise comparisons were conducted with Bonferroni correction to 
compare means within the same category. 

In general, the GEE can be expressed using formula (1). 

∑k

i=1

∂μi

∂β
V − 1

i (Yi− μi(β)) = 0 (1)  

where Yi represents the responses from cluster i, μiis the model mean for 
cluster i, β is the model parameters, and Vi is the estimated covariance 
matrix of Yi. 

A p-value less than 0.05 was considered statistically significant. It is 
important to point out that a correlation is a statistical indicator of the 
relationship between variables, but this is not necessarily due to a causal 
link. 

3. Results and discussion 

This section presents and discusses the analysis of the measured data. 

3.1. Analysis of indoor air parameters against the health limit values 

3.1.1. Relative humidity 
In general, the houses with mechanical ventilation had a lower me-

dian RH (22.9%) compared to houses with natural ventilation (RH =
33.3%) and hybrid ventilation (RH = 29.6%). 

Fig. 1 presents the distribution of the measured RH in the different 
cases during the whole measured time (MT). MT represents the whole 
period where measurements were collected in each case. Working hours 
(WH) were defined based on the subject’s feedback. During the 
wintertime, with low outdoor temperature, only three cases were 
measured to have more than 2% of the WH between 40 and 60%, which 
is the range that may not lead to physical discomfort related to RH [42]. 
Five houses had more than 50% of the WH in winter between 30 and 
60%, which reduces stress [40]. Only home office B8 had an RH above 
60% during 37% of the WH. An RH above 60% is associated with an 
increased risk of mold growth [45] on cold and poorly ventilated sur-
faces. Roughly half of the home offices presented RH below 30% for 
more than 47% of the WH during wintertime. The users commonly 
complained about dry skin and eyes in households with dry air. When 
considering summer measurements, the problem with low RH was 
improved. 

3.1.2. Temperature 
Fig. 2 shows the fraction of the MT at the different ranges of tem-

perature. In most cases, the air temperature was kept above 18 ◦C. Most 
periods where the temperature was below this threshold corresponded 
to the airing of the rooms or while sleeping. Sleeping with windows open 
during summer and winter is common in Norway [61]. Additionally, it is 
worth mentioning that users were not always present in the home office, 
and in cases E17 and E18, the heating was only on while working; thus, 
when users were not at the home office, the air temperature decreased. 

For the cases measured, only an average of 20% of the WH were 
within the range of 22–24 ◦C, which has been found to provide optimal 
productivity and learning conditions [49,50], considering both 
measured periods and only 13% considering only winter. When asked, 
the users stated that they actively controlled the air temperature to their 
best comfort. A temperature above 26 ◦C is correlated with risks of 
thinking difficulty, poor concentration, fatigue, and depression. In four 
of the 21 cases measured during the winter, the temperature exceeded 
26 ◦C for more than 30% of the WH. 

In many cases, local heaters were started at maximum power when 
using the home office. In these cases, the heaters were not temperature- 
controlled, and thus the temperature peaked. However, when asked, the 
users claimed to be very satisfied with the temperature in the home 
offices. Temperatures above 30 ◦C were only measured in four cases. B8 
surpasses 30 ◦C in 98% of the MT. Air temperatures above 30 ◦C have 
previously been linked to an increased risk of respiratory symptoms. In 
this study, none of the occupants reported having respiratory symptoms. 
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3.2. Analysis of pollutants against the health limit values and using the 
building parameters as explanatory variables 

Overall, the highest median concentrations of formaldehyde, CO2, 
and TVOC were measured in multi-family houses, while the lowest 
concentrations were in semi-detached houses. The highest concentra-
tions of formaldehyde, CO2, and TVOC were measured in B8, a com-
bined living room, kitchen, and bedroom. The lowest median 
concentrations were measured in the bedrooms, followed by the living 
rooms. 

3.2.1. Formaldehyde 
Table 6 shows the fraction of the MT where the formaldehyde 

thresholds defined in Table 1 were surpassed. In this evaluation, the 
times are evaluated using moving averages during the limit-selected 

times. B8 was the only case exceeding the threshold for sensory irrita-
tion for 7% of the MT, but when focusing only on WH, none of the cases 
surpassed this threshold. Formaldehyde sensory irritation of the eyes 
and nasal cavities is an objective effect [62]. Sensory irritation is 
concentration-dependent with a ready onset, and there is no indication 
of an accumulative effect [62]. However, it has some latency and is not 
perceived immediately [63]. When asked, the occupants in B8 reported 
problems with eczema but no sensory irritation. 

The WHO’s threshold of 100 μg/m3 for 30 min was generally sur-
passed during a limited share of the time, as shown in the second column 
in Table 6. The formaldehyde concentrations were generally lower 
during WH than considering the whole MT. When sitting in front of the 
computer, formaldehyde production is lower than during cooking, 
burning candles, or using the wood stove, and most of these activities 
happen outside WH. The results regarding the odor thresholds presented 

Fig. 1. Distribution of the RH during the measured time for each case, distinguishing summer and winter measurements. The color of the lines corresponds to the 
different cases and the line type to the ventilation strategy. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 

Fig. 2. Distribution of the temperature during the measured time for each case (summer and winter are included where two rounds of measurements 
were performed). 
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in the third column were very similar. to the ones using the WHO’s 
threshold. 

In GEE, the subset of variables with the smallest QIC was considered 
the preferred model. Table 7 shows the combination of variables giving 
the smallest QIC for formaldehyde. The model used summer, trickle 
ventilation closed, and wood stove “yes” as reference values. As shown, 
higher concentrations of formaldehyde (β = 0.32) were measured during 
the winter compared to the summer (β = 0), a statistically significant 
result (p = 0.01). The median concentrations of formaldehyde were 
50.7 μg/m3 and 36.9 μg/m3 for winter and summer, respectively. This 
finding corresponds to a previous study in which season was a signifi-
cant predictor variable for the formaldehyde concentrations measured 
indoors [64]. Other important predictor variables were trickle vent 
status and wood stove (See Fig. 3). As shown in Table 7, significantly 
higher (<0.001) formaldehyde concentrations were measured in houses 
where the trickle vent was closed compared to houses where the trickle 
vent was open. The median concentrations of formaldehyde in houses 
where the trickle vent was closed was 57.9 μg/m3 compared to houses 
where the trickle vent was open, 36.7 μg/m3. Significantly higher con-
centrations were also measured in houses with woodstoves (70.5 μg/m3) 
than those without woodstoves (43.0 μg/m3). These results may be 
explained by increased dilution by ventilation (controlled or uncon-
trolled) and less use of candle burning, wood storage, and 

wood-burning, during the summer season, compared to the winter 
season. 

As shown in Table 7, air temperature and RH were significant posi-
tive predictor variables for the formaldehyde concentration measured 
indoors. This finding is in line with previous studies in which a signifi-
cant positive relationship has been established between air temperature, 
RH, and various gases found in the indoor environment [65–67]. 

In a previous study, the median formaldehyde concentrations 
measured in apartments and single-family houses were 22 μg/m3 and 13 
μg/m3, respectively, and air change rate was found to be a significant 
predictor variable for the concentrations of NO2, TVOC, and formalde-
hyde measured indoors [68]. Although this study measured significantly 
lower concentrations in houses with mechanical ventilation than in 
houses with natural ventilation (p = 0.01), the ventilation strategy was 
not a significant predictor variable for the formaldehyde concentration. 
The reader must remember that the ventilation rates were not measured, 
and the comparison was made between different ventilation strategies 
but not ventilation airflow rates. However, ventilation rates may be 
connected to the high concentrations of formaldehyde, considering that 
1) the lower concentrations of formaldehyde were measured in houses 
with mechanical ventilation and 2) that trickle vent status was one of the 
most important predictor variables for the formaldehyde concentrations 
measured indoors. 

Sakai et al. [69] measured the concentration of VOC and formalde-
hyde in 37 and 27 dwellings in Japan and Sweden. The formaldehyde 
concentrations were found to be higher in new buildings (age <10 years) 
and modern concrete houses [69]. Contrarily, in our study, the four 
houses with the highest median formaldehyde concentrations were 
older than 60 years, and the year of the building was significantly 
negatively correlated with the formaldehyde concentration. The form-
aldehyde emission from building materials and furniture decays expo-
nentially with time [70]. One of these cases was renovated in 2019, two 
in 2007, and one was never renovated. 

In Norway, airtightness requirements have increased in the more 
recent building codes. The required infiltration air changes at 50 Pa 
(n50) were reduced from 2.5 h− 1 in TEK10 [45] to 0.6 h− 1 in TEK17 [46], 
and thus, stricter ventilation airflow rate requirements were introduced. 
This energy-saving/air-tightening trend has been transferred to reno-
vation projects, and many renovations focus on tightening the envelopes 
while neglecting the need for ventilation [71,72], as no requirements are 
enforced in renovation projects. For example, B8 was retrofitted with 
envelope tightened and no mechanical ventilation in 2015 and painted 
in 2019. This may explain part of the high concentrations observed in 
this case. 

One of the recommendations to reduce formaldehyde in households 
is to increase the ventilation rates via mechanical ventilation or the 
opening of windows, trickle vents, and doors unless the outdoor air 
quality is harmful. According to this and our measurements and anal-
ysis, to ensure lower levels of formaldehyde, the important actions are to 
keep the trickle vents open, to keep IRT low, and to keep wood away 
when having wood stoves. A general ventilation increase during activ-
ities that can be sources of formaldehyde, such as cooking, burning 
candles, etc., is recommended. 

Table 6 
Fraction of the time where measured formaldehyde surpasses the indicated limit 
on the specified duration. Results in parentheses show values considering only 
winter.  

ID % Hours 
formaldehyde 
over 600 μg/ 
m3 4 h [30] 

% Hours formaldehyde 
over 100 μg/m3 30 min 
[29] 

% Hours formaldehyde 
110 μg/m3 1 min [31]  

% 
MT 

% 
WH 

%MT %WH %MT %WH 

A1 0% 0% 10 
%-(17%) 

0 %-(0%) 8 %-(12%) 0 %-(0%) 

A2 0% 0% 2 %-(3%) 2 %-(4%) 1 %-(2%) 0 %-(1%) 
A3 0% 0% 6 %-(10%) 1 %-(1%) 2 %-(6%) 0 %-(1%) 
A4 0% 0% 5 %-(9%) 1 %-(3%) 4 %-(7%) 1 %-(3%) 
B5 0% 0% 14% 29% 12% 25% 
B6 0% 0% 3 %-(6%) 4 %-(7%) 1 %-(4%) 1 %-(7%) 
B7 0% 0% 10 

%-(19%) 
10 
%-(22%) 

9 %-(17%) 7 %-(14%) 

B8 7% 0% 87% 77% 76% 61% 
C9 0% 0% 20% 17% 15% 14% 
C10 0% 0% 2% 3% 2% 4% 
C11 0% 0% 7% 6% 5% 5% 
D12 0% 0% 8% 0% 7% 0% 
D13 0% 0% 27 

%-(25%) 
7 %-(0%) 17 

%-(25%) 
7 %-(2%) 

D14 0% 0% 25% 1% 21% 0% 
E15 0% 0% 0% 0% 0% 0% 
E16 0% 0% 0% 0% 0% 0% 
E17 0% 0% 11 

%-(13%) 
11 
%-(17%) 

8 %-(11%) 10 
%-(16%) 

E18 0% 0% 4 %-(3%) 6 %-(7%) 3 %-(2%) 2 %-(5%) 
F19 0% 0% 3 %-(5%) 2 %-(4%) 3 %-(4%) 2 %-(3%) 
F20 0% 0% 6% 4% 5% 4% 
F21 0% 0% 1% (2%) 2% (4%) 1%(2%) 1% (3%)  

Table 7 
The estimates for the most important predictor variables (β) for formaldehyde using GEE.  

Predictors 
Log formaldehyde 

Season* Trickle ventilation Woodstove Indoor air temperature Relative humidity 

Winter Summer Closed Open Yes No   

β 0.32 0** 0.31 0** 0** − 0.28 0.05 0.03 
p-value 0.01  <0.001   0.01 <0.001 <0.001 

A p-value less than 0.05 was considered statistically significant. 
*Estimated based on houses measured both during the summer and winter (n = 11). 
** This variable was used as a reference variable. 
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3.2.2. TVOC 
The fraction of time in the various TVOC-WHO categories [32] 

during the MT is presented in Table 8. Seventy-three percent of the MT, 
considering all the 21 cases, belong to “greatly” and “significantly” 
increased TVOC levels. These levels were maintained consecutively for 
68 h on average and constantly in the worst measured case. Case B7 had 
a significant fraction of measured hours with elevated levels, but it did 
not have as many consecutive hours as its users were “shock ventilating” 
and opening windows. 

In our study, the variables providing the best model fit for TVOC, 
interpreting data from the 21 houses measured in the winter only, were 
trickle ventilation, air temperature, and RH, as shown in Table 9. Thus, 
these variables are considered the most important predictor variables for 
the TVOC concentration. Significantly higher (p = 0.05) concentrations 
of TVOC were measured in houses where the trickle vent was closed 

Fig. 3. Distribution of formaldehyde measurements for each house colored by the room’s primary use. The dots or triangles in this figure show the single mea-
surements aggregated by hour featured by the status of the trickle vent, and their coloring refers to the existence or not of the wood stove in the house. 

Table 8 
Fraction of the MT in the different levels is defined by the WHO [32], presented in Table 2, and maximum consecutive hours in the worst levels (aggregated by 30 min). 
Parentheses show results considering only winter measurements.  

ID Outside quality classes MT % Level 4 MT % Level 3 MT % Level 2 MT % Level 1 MT % Maximum consecutive hours outside or level 4 

A1 6 %-(12%) 74 %-(88%) 9 %-(0%) 6 %-(17%) 5 %-(0%) 163 
A2 2 %-(6%) 77 %-(90%) 11 %-(3%) 5% -(17%) 5 %-(1%) 93 
A3 5 %-(2%) 54 %-(52%) 25 %-(39%) 10 %-(17%) 6 %-(1%) 23 
A4 8 %-(14%) 78 %-(86%) 9 %-(0%) 4 %-(17%) 1 %-(0%) 143 
B5 11% 56% 18% 7% 8% 21 
B6 1 %-(3%) 22 %-(33%) 39 %-(29%) 26 %-(18%) 12 %-(17%) 23 
B7 15 %-(20%) 69 %-(70%) 9 %-(5%) 3 %-(1%) 4 %-(4%) 27 
B8 86% 13% 1% 0% 0% 90 
C9 19% 72% 9% 0% 0% 123 
C10 1% 32% 32% 11% 24% 16 
C11 7% 89% 4% 0% 0% 47 
D12 4% 48% 20% 15% 13% 20 
D13 20 %-(43%) 62 %-(57%) 11 %-(0%) 5 %-(0%) 2 %-(0%) 169 
D14 43% 57% 0% 0% 0% 169 
E15 3% 96% 1% 0% 0% 171 
E16 0% 54% 33% 8% 5% 22 
E17 6 %-(8%) 56 %-(44%) 19 %-(28%) 9 %-(9%) 10 %-(11%) 21 
E18 10 %-(0%) 80 %-(48%) 5 %-(28%) 2 %-(14%) 3 %-(10%) 23 
F19 13 %-(8%) 63 %-(53%) 15 %-(24%) 5 %-(9%) 4 %-(6%) 19 
F20 6% 56% 25% 7% 6% 21 
F21 0% 41% 32% 11% 16% 19  

Table 9 
The estimates for the most important predictor variables (β) for TVOCusing 
generalized estimating equations (GEE).  

Log TVOC Predictors 

Trickle ventilation Indoor air temperature Relative humidity 

Closed Open   

β 0.32 0** 0.10 0.06 
p-value 0.05  <0.001 <0.001 

A p-value less than 0.05 was considered statistically significant. 
** This variable was used as a reference variable. 
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(median 355.0 μg/m3) compared to houses where the trickle vent was 
open (median 244.2 μg/m3). Although higher median concentrations of 
TVOC were measured in houses with a wood stove (429.5 μg/m3) than in 
houses without a wood stove (284.6 μg/m3), the wood stove was not a 
significant predictor variable for the TVOC concentrations observed, see 
Fig. 4. 

As shown in Table 9, season were not included as one of the most 
important predictor variables for TVOC, and no significant difference 
was observed in TVOC concentrations between summer and the winter 
(p = 0.85). This corresponds with the findings of a previous population- 
based study, in which no significant difference was observed in 18 VOCs 
measured across seasons [73]. 

Exposure to elevated levels of certain TVOCs in households has been 
linked to deleterious health effects. The immediate perception of IAQ is 
very much affected by odorous VOCs and particles [74]. Users may 
suffer from sensory irritation when a single VOC is over the threshold 
and from combined effects of sensory irritants [74] or a weak sensory 
irritation combined with much higher levels of olfactory stimulation 
[75]. 

RH should not be disregarded because it may also affect perception 
[74]. Dry mucous membranes may exacerbate the effects of sensory ir-
ritants and other pollutants [62]. Odors are easily detected at the lowest 
exposure levels, but individuals may confuse odors with sensory irrita-
tion symptoms. Thus, due to the cofounding effects of odor and RH, the 
threshold values for sensory irritation may be too low [74]. During 
winter periods, the RH levels were low in many cases, affecting the 
perception. However, no further analysis was done regarding the 
composition of the TVOC or possible health effects. The general 
recommendation would be to increase ventilation as outdoor air in 
Trondheim typically has lower TVOC values than indoors. 

In a recent study from Switzerland, in which TVOC and formalde-
hyde were measured in 169 energy-efficient dwellings, it was found that 
retrofitted dwellings without mechanical ventilation were associated 
with elevated indoor concentrations of formaldehyde, toluene, and 
butane and that measures to reduce the energy use of the buildings 
should be accompanied by measures to mitigate the exposure concen-
trations [18]. These findings correspond to the findings in our study, in 
which lower concentrations of formaldehyde, TVOC, and CO2 were 

measured in houses where the trickle vent was open. 

3.2.3. Carbon dioxide 
7 of 21 cases had more than 5% of the MT above 1000 ppm, and 11 of 

21 cases had more than 10% of the MT above 1000 ppm during winter. 
Due to infiltration and the ventilation via windows, trickle vents, and 
mechanical ventilation, CO2 levels were primarily below 1000 ppm. 
However, for cases B8 and E15, the 1000 ppm threshold was surpassed. 
Case B8 was a very small apartment, with a high occupancy density, and 
the windows and trickle vents were continuously closed to avoid ther-
mal discomfort. Case E15 consisted of a large room at the end of the 
mechanical ventilation branch, with a very low supplied airflow rate. 
The user claimed that the air regularly felt too heavy. 

Tsai et al. [76] showed with GEE models that workers exposed to 
indoor CO2 levels greater than 800 ppm were likely to report more eye 
irritation or upper respiratory symptoms [76]. CO2 impairs cognitive 
performance already at exposures over 1000 ppm over 1 h [77,78]. CO2 
retention may also happen after exposures below 4 h to CO2 concen-
trations below 1000 ppm [78]. Therefore, it is very positive that this 
value is not surpassed, and CO2 measurements during home office are 
recommended. 

As shown in Table 10, the differences observed in CO2 between 
summer and winter reached statical significance (p = 0.01), with me-
dian concentrations of CO2 of 637 ppm and 514 ppm, for winter and 
summer, respectively. This is probably due to reduced ventilation in 

Fig. 4. Distribution of TVOC measurements for each house colored by the room’s primary use. The dots or triangles in this figure show the single measurements 
aggregated by hour featured by the status of the trickle vent, and their coloring refers to the existence or not of the wood stove in the house. 

Table 10 
The estimates for the most important predictor variables (β) for CO2 using GEE.  

Log CO2 Predictors 

Season* Indoor air temperature Relative humidity 

Winter Summer   

β 0.18 0** 0.03 0.03 
p-value 0.01  <0.001 <0.001 

A p-value less than 0.05 was considered statistically significant. 
*Estimated based on houses measured both during the summer and winter (n =
11). 
** This variable was used as a reference variable. 
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winter to avoid the draft. This finding aligns with a previous study, 
where higher concentrations of CO2, CO, PM10, and PM2.5 were 
measured during the winter compared to the summer [79]. Significantly 
higher concentrations of CO2 were also measured during the winter in 
another study [80]. 

No difference in CO2 concentration was observed between the cases 
with natural, mechanical, or hybrid ventilation. In this case, the corre-
lations are not sought among ventilation rates and CO2 but ventilation 
strategies and CO2 disregarding actual airflow rates as these were un-
known. This may be counterintuitive and is a big weakness of not 
measuring the airflow rates. However, in this text, it is not stated that 
ventilation airflow rates are not a relevant predictor but that the 
ventilation strategy without further consideration of airflows is not a 
significant predictor. Although the median CO2 concentration was 49 
ppm lower in homes with the trickle vents open, the only two variables 
improving the model fit for CO2 were RH and air temperature, see 
Table 10. This is in line with a recent study [80], where the multivariate 
linear regression model was used to analyze the most important pre-
dictor variables of CO2. After adjusting for seasonal differences, the most 
important predictor variables for the measured CO2 concentration were 
background concentration, RH, flooring material, heating, and age of 
the occupants. These variables explained 64% of the variability 
observed in CO2 [80]. 

Several previous studies have investigated if CO2 could be used as a 
surrogate for other indoor air quality parameters and pollutants [81]. In 
one study [82], the weekly average CO2 concentrations measured in 
dwellings were positively and significantly correlated with formalde-
hyde, acetaldehyde acrolein, benzene, PM2.5, and PM10. However, low 
CO2 concentrations did not correspond to satisfactory indoor air quality 
[82]. In another study [79], the measured concentrations of PM2.5 and 
PM10 exceeded the WHO guidelines, while the concentration of CO2 was 
below the WHO guidelines. In the measurements hereby presented, 
simultaneously with CO2 concentrations below 1000 ppm, there were 
many occurrences of high concentrations of TVOC and formaldehyde. 

3.3. Limitations of the study  

• Air changes, airflow rates, or air leakages were not measured. It is a 
weakness of this article not to have measured the supplied/exhaus-
ted airflow rates or at least the air changes in a representative con-
dition or to have calculated them with a black box model. This was 
not done due to the difficulty of continuous measurements of air-
flows for natural ventilation and the general challenges of measuring 
during a period with COVID-19 restrictions. In literature, CO2 is 
commonly used as a surrogate to calculate ventilation rates [53,83], 
and numerous studies are concluding on correlations between 
ventilation rates and RH, CO2, and temperature [84,85]. The present 
article cannot corroborate or contradict these.  

• Occupancy was not measured. Another weakness of the experimental 
design was not automatically measuring occupancy. Users were 
asked to keep a log of their presence in the room. Most subjects had a 
general knowledge of their working hours, but they did not keep 
reliable recordings after the first or second day, and thus the corre-
lations between the real number of occupants and pollutants could 
not be studied.  

• Short time measurements. The measurements of this study have been 
collected for one to two weeks. In observational studies, there is a 
potential for bias from the users over opening the windows, changing 
radiator setpoints, or other behavior divergent from their normal as 
they feel “observed by the sensors.” Being all the users from the same 
engineering population may also affect the results. A more extended 
measurement period would have been better to reduce this bias.  

• These measurements would not be sufficient to represent the whole 
room as the mixing of the air or any other considerations about air 
distribution in the room have not been studied. These measurements 
only intend to represent the air breathed by the home office user.  

• Though the CO2, formaldehyde, temperature, and RH were measured 
with calibrated low-cost sensors, TVOC sensors were not calibrated, 
and their quality was not assessed beforehand more than the intra- 
unit consistency. However, the sensors have been exposed to 
different sources of TVOC reacting similarly. The average intra-unit 
consistency of all the TVOC sensors was 18%, as stated in the article 
[27]. Therefore, the TVOC sensor should be considered valid for 
analyzing trends, but further calibrations of the sensor should be 
done to evaluate their accuracy. 

4. Conclusions 

In this study, the concentrations of formaldehyde, CO2, TVOC, and 
the levels of indoor room temperature and relative humidity were 
measured in 21 home offices for at least one week in winter in Trond-
heim, Norway. Eleven of these were measured again for the same 
duration in summer. Parameters that could be explanatory variables 
such as building and renovation year, house type, building location, 
trickle vent status, occupancy, wood stove, floor material, and pets were 
simultaneously collected. A statistical data analysis using generalized 
estimation equations was done to determine the significant parameters 
to control pollutants. 

Relative humidity was generally too low in winter. During working 
hours, the temperatures were generally kept over the recommended 
level of 22–24 ◦C. 

In general, formaldehyde concentrations were higher outside work-
ing hours than during working hours but mostly below health thresh-
olds. They were higher in winter than summer, with median 
concentrations of 50.7 μg/m3 and 36.9 μg/m3 for winter and summer, 
respectively. Additionally, the status of the trickle vent, the air tem-
perature, and the RH were important predictor variables for the form-
aldehyde concentrations. 

Measurements of TVOC showed generally elevated levels, higher 
than recommended in 73% of the measured cases. Trickle vent status, air 
temperature, and RH were considered the most important predictor 
variables for the TVOC concentration. The median winter concentration 
of TVOC was about 100 μg/m3 higher when the trickle vent was closed. 
Although higher median concentrations of TVOC were measured in 
houses with a wood stove (429.5 μg/m3) than in houses without a wood 
stove (284.6 μg/m3), the wood stove was not a significant predictor 
variable for the TVOC concentrations. Neither the season gave a sig-
nificant difference. 

Regarding CO2, roughly half of the measured cases had more than ten 
percent of the measured time above 1000 ppm during winter. The dif-
ference among seasons was statical significant, with median concen-
trations of CO2 of 637 ppm and 514 ppm, for winter and summer, 
respectively. No difference in CO2 concentration was observed between 
the different ventilation strategies. RH and air temperature were the 
only two variables improving the model fit for CO2. 

Our findings suggest that RH and air temperature significantly pre-
dict formaldehyde, TVOC, and CO2 indoor concentration. This is prob-
ably due to the changes in ventilation. Trickle vent is a significant 
predictor of formaldehyde and TVOC, and thought is not significant to 
predict CO2; higher levels were measured while this vent was closed. 
Having a wood stove is significant and positively related to formalde-
hyde concentrations, and though TVOC was also measured on average 
higher in cases with a wood stove, it was not a significant predictor. 
Finally, measurements in winter seasons resulted in higher for the three 
pollutants, but the season is only a significant predictor of CO2 and 
formaldehyde. 

These results also show that controlling the concentration of CO2 
may not be sufficient to provide for healthy indoor air quality as oc-
currences of high TVOC or formaldehyde happen simultaneously to 
concentrations of CO2 below 1000 ppm. 
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Abstract

9HQWLODWLRQ�FRQWURO�ORJLFV�DUH�XVXDOO\�EDVHG�RQ�WKH�FRQWURO�LQGLFDWRUV�RI�RFFXSDQF\��+RZHYHU��VWUDWHJLHV�

LQFOXGLQJ�FRQWURO�RI�FRQWDPLQDQWV�QRW�OLQNHG�WR�RFFXSDQF\�DUH�UHTXHVWHG�DQG�PRUH�IHDVLEOH�ZLWK�WKH�

LQWURGXFWLRQ�LQ�WKH�PDUNHW�RI�ORZ�FRVW�VHQVRUV��/&6��

,Q�WKLV�ZRUN��D�PHWKRGRORJ\�IRU�WKH�LPSURYHPHQW�RI�GHPDQG�FRQWUROOHG�YHQWLODWLRQ��'&9��LQFOXGLQJ�

GLIIHUHQW SDUDPHWHUV PHDVXUHG ZLWK /&6� FRUUHODWLRQ DQDO\VLV� DQG FR�VLPXODWLRQ�

(QHUJ\3OXV�&217$0�WR�UHGXFH�DQQXDO�HQHUJ\�XVH�DQG�WKH�IUDFWLRQ�RI�WLPH�ZLWK�URRP�DLU�FRQFHQWUDWLRQ�

RI�,$4�SDUDPHWHUV�RXWVLGH�WKH�VHOHFWHG�JXLGHOLQHV�LV�SUHVHQWHG�

7KH�YHQWLODWLRQ�FRQWURO� VHTXHQFHV�IRFXVHG�RQ� WKH�VLJQLILFDQW�SDUDPHWHUV�FKRVHQ�E\�FURVV�FRUUHODWLRQ�

IXQFWLRQV�LQ�WKH�GH�WUHQGHG�PHDVXUHPHQWV�WR�FRQWURO�VXSSO\�DLUIORZ�UDWHV�DQG�UHFLUFXODWLRQ�RI�UHWXUQ�DLU�
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ZKHQ� XVLQJ� UHFLUFXODWLRQ�� LW� LV� HVVHQWLDO� WR� FRQWURO� WKH� ,$4� WR� DYRLG� H[FHVVLYH� SROOXWDQWV�� 5+�� DQG�
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� Introduction

� ,Q�WKH�SDVW�VHYHUDO�GHFDGHV��1RUZHJLDQ�DQG�VHYHUDO�FRXQWULHV¶�EXLOGLQJ�HQYHORSHV�KDYH�EHFRPH�PRUH�

� DLUWLJKW� DQG� LQVXODWHG� WR� UHGXFH� WKH� HQHUJ\� XVHG� IRU� VSDFH� KHDWLQJ� >���@�� ,Q� WKH� SXUVXLW� RI� UHGXFLQJ�

� XQFRQWUROOHG� DLU� OHDNDJH�� LW�KDV� EHFRPH�DSSDUHQW� WKDW�YHQWLODWLRQ� V\VWHPV�XVLQJ�GHPDQG� FRQWURO� DUH�

� QHHGHG� WR� LPSURYH� HQHUJ\� HIILFLHQF\� >�@�� ,Q� FRXQWULHV� VXFK� DV� &KLQD�� &DQDGD�� DQG� WKH� 86$�� WKH�

� UHFLUFXODWLRQ�RI�UHWXUQ�DLU�LV�D�VWDWH�RI�WKH�DUW�SUDFWLFH��,Q�WKHVH�FDVHV��WKH�PLQLPXP�RXWGRRU�DLU��2$��

� IUDFWLRQ�LV�LQIOXHQFHG�E\�WZR�IDFWRUV��WKH�UHTXLUHPHQWV�WR�PHHW�LQGRRU�DLU�TXDOLW\��,$4��VWDQGDUGV�DQG�

� WKH�GHVLUH�WR�UHGXFH�KHDWLQJ��FRROLQJ��DQG�GHKXPLGLILFDWLRQ�GHPDQGV�IURP�DLU�KDQGOLQJ�XQLW��$+8��FRLOV�

� >�@��+RZHYHU��LQVXIILFLHQW�2$�IUDFWLRQV�DQG�DLUWLJKW�EXLOGLQJV�PD\�GHJUDGH�WKH�,$4�>���@��7KHUHIRUH��

�� LQ�1RUZD\��EXLOGLQJ�FRGHV�GR�QRW�UHFRPPHQG�WKH�UHFLUFXODWLRQ�RI�UHWXUQ�DLU�ZKHQ�WKH�URRP�LV�LQ�XVH�>�@��

�� +RZHYHU��VLPXODWLRQV�KDYH�SURYHQ�WKDW�D�ZHOO�FRQWUROOHG�UHFLUFXODWLRQ�RI�D�IUDFWLRQ�RI�WKH�UHWXUQ�DLU�FDQ�

�� SURGXFH�D�SURWHFWLYH�HIIHFW�DJDLQVW�RXWGRRU�SROOXWDQWV�DQG�UHGXFH�DQQXDO�HQHUJ\�XVH�>�@��7KLV�LV�PDLQO\�

�� EHFDXVH�WKH�UDWLR�EHWZHHQ�LQGRRU�DQG�RXWGRRU�SROOXWDQW�FRQFHQWUDWLRQV�LV�GHSHQGHQW�RQ�WKH�2$�VXSSO\�

�� DQG�WKH�ILOWHUV�>�@�

�� 0RVW�FRXQWULHV¶�,$4�FULWHULD�DUH�EDVHG�RQ�KHDOWK�LPSDFWV�DQG�SHUFHSWLRQV�RI�WKH�,$4�>�����@��+RZHYHU��

�� VHYHUDO�RI� WKH�SROOXWDQWV�GHILQHG� LQ� WKHVH�GRFXPHQWV��VXFK�DV�QLWURJHQ�R[LGHV��VXOIXU�R[LGHV�� R]RQH��

�� SDUWLFXODWH�PDWWHU�� DQG� IRUPDOGHK\GH�� DUH� UDUHO\�PHDVXUHG�EHFDXVH� DLUERUQH� SROOXWDQW� FRQFHQWUDWLRQ�

�� PHDVXUHPHQW� E\� WUDGLWLRQDO� PHDVXUHPHQW� HTXLSPHQW� LV� FRVWO\�� 7KHUHIRUH�� XQWLO� UHFHQWO\� >��@�� WKH�

�� OLWHUDWXUH�RIWHQ�UHIHUV�WR�,$4�PHDVXUHPHQWV�DV�&2���WHPSHUDWXUH��DQG�VRPHWLPHV�UHODWLYH�KXPLGLW\��5+��

�� >��@��0DQXIDFWXUHUV�KDYH�WULHG�WR�EULGJH�WKH�JDS��HQDEOLQJ�PHDVXUHPHQWV�RI�KHDOWK�UHODWHG�SROOXWDQWV�

�� DQG�VWDQGDUG�PHDVXUHPHQWV�E\�VXSSRUWLQJ�H[WHQGHG�,$4�PHDVXUHPHQWV�ZLWK�ORZ�FRVW�VHQVRUV��/&6V���

�� GHILQHG�LQ�WKLV�DUWLFOH�DV�D�VHQVRU�FRVWLQJ�OHVV�WKDQ�(85����

�� 7KH�QHZHVW�/&6V�DUH�EHFRPLQJ�PRUH�UHOLDEOH��DQG�PDQ\�FDQ�SURGXFH�FRQWLQXRXV�PHDVXUHPHQWV�>��@��

�� 7KH\�DOORZ�PHDVXUHPHQW�DW�D�UHDVRQDEOH�SULFH�EXW�RIWHQ�KDYH�ORZHU�DFFXUDF\�WKDQ�UHIHUHQFH�HTXLSPHQW�

�� >��@��/&6V�DOORZ�WKH�PRQLWRULQJ�RI�VHYHUDO�,$4�SDUDPHWHUV��EXW� WKH\�QHHG�WR�EH�FDOLEUDWHG�>��@�� ,Q



6RPH�DWWHPSWV�KDYH�EHHQ�GRQH�WR�LQWURGXFH�VHYHUDO�FRQWURO�SDUDPHWHUV��$�VWXG\�LQ�WKH�UHVLGHQWLDO�VHFWRU�

XVHG�&2��LQ�EHGURRPV�DQG�YRODWLOH�RUJDQLF�FRPSRXQGV��92&V��LQ�WRLOHWV�>��@��*X\RW�>��@�UHYLHZHG�WKH�

H[LVWLQJ�VPDUW�UHVLGHQWLDO�YHQWLODWLRQ�DQG�IRXQG�WKDW�WKH�PRVW�DGYDQFHG�YHQWLODWLRQ�FRQWURO�XVHG�&2����
�

�� ������DQ�H[SHULPHQWDO�HYDOXDWLRQ�RI����QRQGLVSHUVLYH�LQIUDUHG��1',5��&2��VHQVRUV��WKUHH�IURP�HDFK�RI�

�� WKH����PRGHOV� WHVWHG��UHYHDOHG�ZLGH�YDULDELOLW\�LQ�VHQVRU�SHUIRUPDQFH�DPRQJ�YDULRXV�PDQXIDFWXUHUV�

�� DQG�� LQ� VRPH� FDVHV��DPRQJ� VHQVRUV�RI� WKH� VDPH�PRGHO� >��@��6LQFH� WKHQ��1',5� WHFKQRORJ\� IRU�&2��

�� PHDVXUHPHQWV�KDV�VKRZQ�PDMRU�GHYHORSPHQW�7KHVH�GHYLFHV�KDYH�EHWWHU�DFFXUDF\�DQG�UHSHDWDELOLW\�>��@��

�� 7KH�FRPPXQLFDWLRQ�EHWZHHQ�/&6V�DQG�FRQYHQWLRQDO�YHQWLODWLRQ�FRQWURO�V\VWHPV�LV�QRW�VWDQGDUGL]HG��

�� $OWKRXJK�WKLV�PD\�FXUUHQWO\�UHVXOW�LQ�PRUH�FRPSOLFDWHG�V\VWHPV��LPSURYHPHQWV�DUH�H[SHFWHG�>��@��/&6V�

�� PD\� DOVR� UHGXFH� HPERGLHG� &2�� HPLVVLRQV� >�����@�� DV� PDQ\� RI� WKHVH� VHQVRUV� FDQ� FRPPXQLFDWH�

�� ZLUHOHVVO\��IDFLOLWDWLQJ�UHGXFHG�HPLVVLRQV�

�� &2�� LV�DQ�DFFXUDWH�PDUNHU�IRU�ELRHIIOXHQWV�>��@��7KHUHIRUH��WRJHWKHU�ZLWK�WHPSHUDWXUH��LW�LV�RIWHQ�XVHG�

�� WR�FRQWURO�GHPDQG�FRQWUROOHG�YHQWLODWLRQ��'&9���+RZHYHU��PRUH�WKDQ������RI�WKH�SROOXWDQWV�LQ�RIILFHV�

�� DUH�QRW�HPLWWHG�E\�KXPDQV�>��@��DQG�LQ�KRPHV��12����&2��30�����DQG�30�����PD\�EH�KLJKO\�UHOHYDQW�>��@��

�� 0RUHRYHU��&2�� LV�QRW�QHFHVVDULO\�FRUUHODWHG�ZLWK�RWKHU� IUHTXHQW� ,$4�SROOXWDQWV�>��@�DQG� WKXV��XVLQJ�

�� &2��DV�SUR[\�IRU�WKHP�PD\�EH�PLVOHDGLQJ��7KH�FRUUHODWLRQV�EHWZHHQ�DLUERUQH�SROOXWDQWV�RU�SROOXWDQWV�

�� DQG� HQYLURQPHQWDO� SDUDPHWHUV�� VXFK� DV� 5+�� DQG� WHPSHUDWXUH� DUH� QRW� QHFHVVDULO\� FRQVWDQW� EHWZHHQ�

�� EXLOGLQJV�>��@��DQG�WKH\�DUH�QRW�QHFHVVDULO\�FRUUHODWHG�EHWZHHQ�EXLOGLQJV�RI�WKH�VDPH�W\SH�>��@��)LQDOO\��

�� WKH�UDWLRV�EHWZHHQ�LQGRRU�DQG�RXWGRRU�SROOXWDQW�FRQFHQWUDWLRQV��,�2�UDWLRV��GHSHQG�RQ�WKH�VHDVRQ�>��@��

�� EXLOGLQJ�WLJKWQHVV��LQVWDOOHG�ILOWHUV��DQG�FRQVLGHUHG�SROOXWDQWV��6HYHUDO�VWXGLHV�KDYH�PHDVXUHG�HOHYDWHG�

�� OHYHOV� RI� ³RWKHU´� SROOXWDQWV� DQG� ORZ� &2�� FRQFHQWUDWLRQV� VLPXOWDQHRXVO\>�����@�� 7KHUHIRUH�� VRPH�

�� UHVHDUFKHUV�UHFRPPHQG�XVLQJ�&2��WR�VLJQDO�RFFXSDQW�UHODWHG�SROOXWDQWV�>�����@��EXW�RWKHUV�UHFRPPHQG�

�� FRQWUROOLQJ�RWKHU�DGGLWLRQDO�SDUDPHWHUV�>�����±��@�JLYHQ�WKDW�&2��DQG�WHPSHUDWXUH�PD\�QRW�GHWHFW�RWKHU�

�� DLUERUQH�SROOXWDQWV�ZLWK�PRUH�FRQFHUQLQJ�KHDOWK��FRPIRUW��DQG�SURGXFWLYLW\�HIIHFWV��7KXV��D�VHOHFWLRQ�

�� SURWRFRO� RI� UHTXLUHG� DLUERUQH� SROOXWDQWV� LV� QHHGHG� EHFDXVH� RI� WKH� OLPLWHG� NQRZOHGJH� RI� FRQWUROOLQJ�

�� YHQWLODWLRQ�RQ�WKH�EDVLV�RI�VHYHUDO�,$4�SDUDPHWHUV�

���

���

��



,QWURGXFLQJ� WKH� QHZ�DGGLWLRQDO� SDUDPHWHUV� LQ� YHQWLODWLRQ� FRQWURO� VWUDWHJLHV� FDQ�EH� FXPEHUVRPH� DQG�

FRPSOLFDWHG��*LYHQ�WKDW�SDUDPHWHUV�ZLWK�GLIIHUHQW�RULJLQV�KDYH�GLIIHUHQW�HPLVVLRQ�SURILOHV�DQG�VWUHQJWKV�
�

�� WHPSHUDWXUH��5+��DQG�WRWDO�YRODWLOH�RUJDQLF�FRPSRXQGV��792&V���PRVWO\�LQ�EDWKURRPV���,Q�LQGXVWULDO�

�� YHQWLODWLRQ��VRPH�UHVHDUFK�KDV�XVHG�LQGLFDWRUV�RWKHU�WKDQ�&2�� WR�FRQWURO�YHQWLODWLRQ��IRU�H[DPSOH��30�

�� ZDV�XVHG�WR�FRQWURO�YHQWLODWLRQ�LQ�PHOWLQJ�IDFWRULHV�>��@��$OWKRXJK�'&9�DQG�HFRQRPL]HUV�KDYH�EHHQ�

�� FRPPRQO\�XVHG�LQ�RIILFHV��ZH�GLG�QRW�LGHQWLI\�QRWHZRUWK\�OLWHUDWXUH�RQ�WKH�XVH�RI�HFRQRPL]HUV�DQG�KHDW�

�� UHFRYHU\� V\VWHPV�� )XUWKHUPRUH�� QR� OLWHUDWXUH� ZDV� IRXQG� UHJDUGLQJ� WKH� RSWLPL]DWLRQ� RI� '&9� RU� WKH�

�� UHFLUFXODWLRQ�RI�UHWXUQ�DLU��FRQVLGHULQJ�HQHUJ\�XVH�DQG�,$4�IURP�D�EURDGHU�SHUVSHFWLYH�WKDQ�&2�� DQG�

�� WHPSHUDWXUH�� 7KH� +9$&� FRQWURO� VHTXHQFHV� LQ� *XLGHOLQH� ��� >��@� IRFXV� RQ� RFFXSDQF\�� &2��� DQG�

�� WHPSHUDWXUH��8VLQJ�WKH�VHTXHQFHV�SURYLGHG�LQ�*XLGHOLQH�����HQHUJ\�VDYLQJV�KDYH�EHHQ�FDOFXODWHG�WR�EH�

�� ����>��@�EXW�WKHVH�VHTXHQFHV�DUH�GHWHUPLQLVWLF�DQG�GR�QRW�FRQVLGHU�WKH�HIIHFWV�RI�PRGXODWLQJ�2$�RQ�

�� DLUERUQH� SROOXWDQWV� RWKHU� WKDQ� WKH� SUHVHOHFWHG��2WKHU� VWXGLHV� KDYH� IRFXVHG� RQ� GLIIHUHQW� SDUWV� RI� WKH�

�� FRQWURO�� IRU�H[DPSOH�� WKHVH� VWXGLHV�KDYH�HYDOXDWHG�� UHDO�OLIH�SHUIRUPDQFH� >��@�� IRUHFDVWHG�SROOXWDQWV�

�� >��@��RSWLPL]HG�YHQWLODWLRQ�FRQWURO>�����@��DQG�DVVHVVHG�VLPXODWLRQ�VWUDWHJLHV�>����±��@�

�� $�UHFHQW�$6+5$(�SRVLWLRQ�SDSHU�>��@�UHTXHVWHG�“Strategies for DCV using CO2 and other indicators 

�� of occupancy that overcome limitations of current approaches and control contaminants that are not 

�� linked to occupancy”��+RZHYHU��WKH�SDSHU�GLG�QRW�HODERUDWH�RQ�KRZ�WR�VHOHFW�WKHVH�RWKHU�LQGLFDWRUV�QRW�

�� OLQNHG�WR�RFFXSDQF\�RU�KRZ�WR�XVH�WKHP�LQ�'&9�VHTXHQFHV�

�� ,Q�RUGHU� WR� FKRRVH�ZKLFK�RI� WKH�PHDVXUDEOH� FRQWDPLQDQWV�QRW� OLQNHG� WR�RFFXSDQF\�DUH�QHFHVVDU\� WR�

�� FRQWURO�YHQWLODWLRQ��FRUUHODWLRQ�DQDO\VLV�FDQ�EH�XVHG��&RUUHODWLRQ�DQDO\VHV�DUH�SUDFWLFDO�DV�XVLQJ�RQH�RI�

�� WKH�FRUUHODWHG�SDUDPHWHUV�LQ�WKH�FRQWURO�ORJLF�ZRXOG�EH�HQRXJK�WR�UHSUHVHQW�WKH�FRUUHODWHG�SDUDPHWHUV�

�� DQG� FRQWURO� WKH� VXSSOLHG� DLUIORZ� UDWH� >��@�� ,Q� WKH� OLWHUDWXUH�� 3HDUVRQ� DQG� 6SHDUPDQ� FRUUHODWLRQ�

�� FRHIILFLHQWV� DUH� RIWHQ� XVHG� WR� DQDO\]H� FRUUHODWLRQV� >��±��@�� +RZHYHU�� WKHVH� DQDO\VHV� IRFXV� RQ�

�� VLPXOWDQHRXV�FRUUHODWLRQ�DQG�QRW�RQ�WKH�HIIHFW�RI�RQH�YDULDEOH�RQ�DQRWKHU�RYHU�WLPH��&URVV�FRUUHODWLRQ�

�� IXQFWLRQV��&&)V��FDQ�DGGUHVV�WKLV�FKDOOHQJH�>��@�DQG�XQYHLO�FRUUHODWLRQV�HYHQ�LI�WKH\�DUH�VKLIWHG�LQ�WLPH��

�� &&)V�FDOFXODWH�WKH�3HDUVRQ�FRUUHODWLRQV�LQ�VLPXOWDQHRXV�DQG�WLPH�VKLIWHG�ODJV�

���

��



7KH�UHVHDUFK�JDS�DGGUHVVHG�LQ�WKLV�DUWLFOH�LQYROYHV�WKH�GHYHORSPHQW�DQG�WHVWLQJ�RI�D�KROLVWLF�PHWKRG�IRU�

LPSURYLQJ� '&9� FRQWURO� XVLQJ� �RU� QRW�� WKH� UHFLUFXODWLRQ� RI� UHWXUQ� DLU�� 7KH� LPSURYHPHQWV� RI� WKH�

YHQWLODWLRQ�FRQWURO�ORJLF�DLP�WR�UHGXFH�DQQXDO�HQHUJ\�XVH�DQG�QXPEHU�RI�KRXUV�ZKHUH�&2���WHPSHUDWXUH��

DQG�VHYHUDO�RWKHU�DLUERUQH�SROOXWDQWV�DQG�5+�DUH�RXWVLGH�WKH�JXLGHOLQHV��,Q�WKH�PHWKRGRORJ\�GHYHORSHG�

LQ� WKLV� DUWLFOH�� WKH� VHOHFWLRQ�RI� WKH�SROOXWDQWV� LV�SUREDELOLVWLF�DQG�QRQGHWHUPLQLVWLF�EHFDXVH�SROOXWDQW�

VHOHFWLRQ�LV�SDUW�RI�WKH�PHWKRG��$�KROLVWLF�PHWKRGRORJ\�LV�QHHGHG�WR�KDUPRQL]H�WKH�WUDGH�RII�EHWZHHQ�

HQHUJ\� XVH� DQG� ,$4�� 7KLV� PHWKRGRORJ\� LV� GHPRQVWUDWHG� LQ� D� IXOO�VFDOH� RIILFH� FDVH� VWXG\� XVLQJ�
�

�� WKH\�PD\�VHQG�FRQWUDGLFWRU\�FRQWURO�IHHGEDFN��9DOLGDWHG�VLPXODWLRQV�FDQ�LPSURYH�WKH�WULDO�DQG�HUURU�

�� IRU� YHQWLODWLRQ� FRQWUROV��0DQ\� SURJUDPV� DUH� XVHG� WR� VLPXODWH� FRQWURO� VWUDWHJLHV� IRU� '&9�� VXFK� DV�

�� (QHUJ\3OXV�>��@��,'$�,&(�>��@��7516<6�>��@��&217$0�>��@��DQG�0RGHOLFD�>��@��+RZHYHU��PRVW�RI�

�� WKHVH� VLPXODWLRQ� SURJUDPV� FDQQRW� VLPXOWDQHRXVO\� VLPXODWH� DOO� DVSHFWV� RI� HQHUJ\�� DLUIORZ�� ,$4��

�� SROOXWDQWV�VRXUFHV��DQG�KHDWLQJ��YHQWLODWLRQ��DQG�DLU�FRQGLWLRQLQJ��+9$&��FRQWUROV��7KHUHIRUH��DYDLODEOH�

�� VLPXODWLRQ�OLWHUDWXUH�KDV�IRFXVHG�RQ�HQHUJ\�RU�,$4�EXW�QRW�ERWK�VLPXOWDQHRXVO\��(PPHULFK�DQG�3HUVLO\�

�� >��@�IRFXVHG�RQ�VHYHUDO�,$4�SROOXWDQWV�EXW�GLG�QRW�FRQVLGHU�HQHUJ\�XVH��+XD�et al.�>��@�GHYHORSHG�D�

�� PHWKRG� IRU� REWDLQLQJ� WKH� QHFHVVDU\�2$� IUDFWLRQ� EDVHG� RQ� WKH� LQGRRU�&2�� FRQFHQWUDWLRQV� DQG� WKHQ�

�� H[DPLQHG� WKH�2$�GDPSHU�VWDWLF�SUHVVXUH� WR�RSWLPL]H� WKH�2$�YROXPH�VHWSRLQW�DFFRUGLQJ�WR� WKH� WRWDO�

�� YROXPH�GHPDQG�RI�WHUPLQDOV��7KLV�ZRUN�DVVHVVHG�HQHUJ\�DQG�&2��EXW�QR�RWKHU�,$4�SDUDPHWHUV��=KDR�

�� et al.� >��@� GHYHORSHG� D� FRQWURO� PHWKRG� IRU� GHWHUPLQLQJ� WKH� 2$� YROXPH� IORZ� VHWSRLQWV� EDVHG� RQ�

�� GLIIHUHQWLDO� SUHVVXUH� FRQWURO� VWUDWHJLHV� WR� RSWLPL]H� HQHUJ\�� EXW� WKH\� WRR� GLG� QRW� DVVHVV� RWKHU� ,$4�

�� SDUDPHWHUV��=KDR��:DQJ��et al.�>��@�FRPSDUHG�WKH�SHUIRUPDQFH�RI�GLIIHUHQW�2$�IUDFWLRQV�FRQFHUQLQJ�

�� &2��DQG�HQHUJ\�VDYLQJV��$OWKRXJK�WKH�WRROV�IRU�,$4�DQG�HQHUJ\�VLPXODWLRQ�DUH�DYDLODEOH��QR�SUHYLRXV�

�� ZRUN� KDV� IRFXVHG�RQ� WKH� VLPXOWDQHRXV� HIIHFWV� RI� H[WHQGHG� ,$4� �UHIHUULQJ� WR�&2��� WHPSHUDWXUH�� DQG�

�� VHYHUDO�RWKHU�DLUERUQH�SROOXWDQWV��DQG�HQHUJ\�XVH�ZKLOH�XVLQJ�'&9�DQG�UHFLUFXODWLQJ� UHWXUQ�DLU��&R��

�� VLPXODWLRQ�FDQ�VROYH�WKLV�ZHDNQHVV��(QHUJ\3OXV�&217$0�>�@�RU�&217$0�7516<6�>��@�FDQ�EH�XVHG�

�� ZKHQ�DOO�WKH�DERYH�PHQWLRQHG�SDUDPHWHUV�PXVW�EH�HYDOXDWHG��&R�VLPXODWLRQ�EHWZHHQ�(QHUJ\3OXV�DQG�

�� &217$0� FDQ� EH� XVHG� WR� HYDOXDWH� ZKROH�EXLOGLQJ� HQHUJ\�� DLUIORZ�� DQG� ,$4�� DQG� ERWK� WRROV� DUH�

�� DYDLODEOH�IUHH�RI�FRVW�>�@�
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�

��� PHDVXUHPHQWV�DQG�VLPXODWLRQV��7KLV�ZRUN�UHSUHVHQWV�DQ�LQVWUXPHQWDO�VWHS�WRZDUG�D�SDUDGLJP�VKLIW�LQ�

��� YHQWLODWLRQ�FRQWURO��,Q�DGGLWLRQ��LW�FRQWULEXWHV�WR�DFFRPPRGDWLQJ�WKH�IXWXUH�XVH�RI�VHYHUDO�SROOXWDQWV¶

��� PHDVXUHPHQWV�ZLWK�WKH�VSUHDG�RI�/&6V�LQWR�WKH�PDUNHW�

��� 2 Methods

��� 7KLV�VHFWLRQ�VXPPDUL]HV�WKH�GHWDLOV�RI�WKH�GDWD�FROOHFWLRQ��WKH�VHOHFWLRQ�RI�WKH�VLJQLILFDQW�SDUDPHWHUV��

��� WKH� VLPXODWLRQ� HQYLURQPHQW�� DQG� WKH� VWHSZLVH� WXQLQJ� RI� WKH� YHQWLODWLRQ� FRQWURO�� 7KH� PHWKRGRORJ\�

��� GHYHORSHG� IRU� WXQLQJ� WKH� YHQWLODWLRQ� FRQWURO� ORJLF� WR� VLPXOWDQHRXVO\� UHGXFH� DQQXDO� HQHUJ\� XVH� DQG�

��� LPSURYH�,$4�IROORZHG�WKH�VWHSV�GHILQHG�EHORZ�DQG�VXPPDUL]HG�LQ�)LJ��1�

��� 6WHS� ��� 3ROOXWDQWV� LQ� WKUHH� IXOO�VFDOH� FHOO� RIILFH� URRPV� ZHUH� PHDVXUHG� �EXEEOHV� ���� LQ� )LJ�� 1�� WR�

��� FKDUDFWHUL]H�DQG�YDOLGDWH�DQ�(QHUJ\3OXV�&217$0�VLPXODWLRQ�PRGHO��EXEEOHV���������LQ�)LJ��1���)RU�

��� WKLV�SXUSRVH��FDOLEUDWHG�/&6V�>�����@�ZHUH�XVHG��7KH�PHDVXUHG�SROOXWDQWV�ZHUH�&2���IRUPDOGHK\GH��

��� 792&V��DQG�30������DQG�WKH�HQYLURQPHQWDO�SDUDPHWHUV�ZHUH�5+�DQG�WHPSHUDWXUH��LQ�WKLV�WH[W��DOO�WKHVH�

��� PHDVXUHPHQWV�DUH�RIWHQ�UHIHUUHG�WR�DV�SDUDPHWHUV��

��� 6WHS����$FFRUGLQJ�WR�WKH�PHWKRG�GHVFULEHG�LQ�>��@��&&)�LQ�GH�WUHQGHG�WLPH�VHULHV�ZHUH�XVHG�WR�GHWHUPLQH�

��� ZKLFK�SDUDPHWHUV�VKRXOG�EH�XVHG�WR�FRQWURO�WKH�YHQWLODWLRQ�DLUIORZ�UDWHV��&RUUHODWLRQV�EHWZHHQ�GLIIHUHQW�

��� SDUDPHWHUV�DW�URRP�OHYHO�ZHUH�XVHG�WR�FRQWURO�WKH�VXSSO\�DLUIORZ�UDWHV�WR�WKH�URRP��&RUUHODWLRQV�EHWZHHQ�

��� WKH�VDPH�SDUDPHWHUV�DW�URRP�DQG�VXSSO\�DLU�ZHUH�HYDOXDWHG�WR�FRQWURO�WKH�UHFLUFXODWLRQ�DLUIORZ�UDWHV�

��� �EXEEOHV������LQ�)LJ��1���6LJQLILFDQW�FRUUHODWLRQV�ZHUH�VRXJKW�WR�VHOHFW�WKH�DSSURSULDWH�SDUDPHWHUV�IRU�

��� WXQLQJ�WKH�FRQWURO�RI�WKH�VXSSO\�DLUIORZ�UDWH�DQG�WKH�UHFLUFXODWLRQ�RI�UHWXUQ�DLU�LQ�D�SUREDELOLVWLF�ZD\�

��� 6WHS����7KH�FRQWURO� VHTXHQFHV�RI� WKH� VHOHFWHG�SDUDPHWHUV�ZHUH� WXQHG�E\�VWXG\LQJ� WKH� UHVXOWV�RI� WKH�

��� YDOLGDWHG� (QHUJ\3OXV�&217$0� FR�VLPXODWLRQ� �EXEEOHV� ����� LQ� )LJ�� 1��� ,PSURYHPHQWV� IRFXVHG� RQ�

��� LQFUHDVLQJ�WKH�QXPEHU�RI�KRXUV�LQ�ZKLFK�WKH�JXLGHOLQHV�RI�WKH�SDUDPHWHUV�ZHUH�PDLQWDLQHG�DQG�UHGXFLQJ�

��� WKH�HQHUJ\�XVH��7KH�VHTXHQFHV�ZHUH�NHSW�VLPSOH�WR�IRFXV�RQ�WKH�PHWKRGRORJ\�
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Fig. 1 summarizes the above steps carried out for this methodology. This comprehensive methodology 128 

to improve ventilation control and thus reduce annual energy use and improve IAQ offers a procedure 129 

that operation personnel can use to map and react to problems with IAQ or energy use. The methodology 130 

can be improved by using more advanced control optimization methods, but this was outside of the 131 

scope of this article. 132 

 133 

Fig. 1. Framework of the methodology in this study. Note for abbreviations for the Fig. CCF= cross-correlation factors, I/O= 134 

indoor outdoor ratio, KPI = Key performance indicator, IAQ= Indoor Air Quality. 135 

2.1 Case study: measurements in the laboratory 136 

A setup consisting of three equal offices was built inside a climate chamber in the laboratory of the 137 

Department of Energy and Process Engineering at the Norwegian University of Science and 138 

Technology (NTNU). The dimensions of the three equal offices are marked in       139 

Fig. 2. All rooms had equal ventilation and were equipped with a supply terminal (Orion-Løv from 140 

TROX Auranor) [60] and an exhaust terminal (LVC from TROX Auranor) [61]. Volume flow 141 

controllers (LEO VAV from TROX Auranor) [62] were placed in the main supply, main exhaust, and 142 

recirculation duct branches. The damper positions were provided as a 0–10 V signal via a Belimo 143 

Modbus register [63]. The fan speed needed in the AHU UNI 3 from Flexit [64] was sent via a Modbus 144 
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adapter CI66, both from Flexit [65]. The damper throttling was modulated to achieve the expected 145 

airflow rates, and the exhaust dampers were controlled to extract air at the same rate. The rotary heat 146 

recovery of the UNI 3 was run at constant rotational speed. The control signal was calculated and sent 147 

from a Raspberry Pi, which evaluated the LCS measurements. Room 1 was positioned nearest to the 148 

commercially available AHU UNI 3.  149 

Fig. 3 shows the control architecture. 150 

      151 

Fig. 2. Sketch of the three cell offices showing their dimensions and the placement of the LCS and ventilation.  152 

 153 

Fig. 3. Overview of the developed control system. The Arduino based sensors send measurements feedback to the Raspberry 154 

Pi that calculates the fan and damper settings 155 
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Every room was equipped with an in-house mounted IAQ station each with five LCSs. Table 1 shows 156 

the main details of the LCSs used. More information about these sensors and their calibration can be 157 

found in [15,59]. The total cost of the LCS station with all the sensors described in Table 1 and the 158 

Raspberry Pi was below EUR 200. The individual prices of the sensors in 2018 were as follows: EUR 159 

47 for the SCD30, EUR 29 for the Arduino Shield SGP30_SHT1, EUR 39 for the SPS30, EUR 15 for 160 

the Dart WZ-S formaldehyde module, and EUR 72 for the Raspberry Pi. The IAQ stations were placed 161 

in the center of the wall (1.12 m from each sidewall) behind the occupants at a height of 1.2 m, as shown 162 

in Fig. 2. 163 

Table 1: Properties of the low-cost sensors.  164 

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  10K 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 μg/m3 ≥ ±10 
μg/m3 
100–1000 μg/m3 ≥ 
±10% 

Resolution 
1 μg/m3 

20 ms 

The rooms were constructed in a climate chamber where the U-values of walls, roof, and floor were 165 

estimated to 0.1 W/(m2K). The external doors were also very tight and insulated, with a U-value of ≤0.8 166 

W/(m2K). The rooms had no windows, and the internal walls were constructed of polystyrene panel 167 

insulation with a U-value of 0.15 W/(m2K). The internal door was a standard door with a U-value of 168 

≤1.2 W/(m2K). The leakages between rooms were minimized by covering the wall with a polyethylene 169 

film. The ventilation filters were F7 ePM2.5 65% to 80% for the supply air and F9 ePM2.5 >95 % for the 170 

recirculated air. 171 



 

11 

 

2.1.1 Conducted tests in the rooms 172 

Three types of tests were conducted in the rooms.  173 

 Test with students (Bubble 1 and 5 in Fig. 1): These tests were used to determine occupants’ 174 

production of CO2, formaldehyde, PM2.5, TVOCs, heat, and moisture while they performed 175 

standard office work on the computer. A maximum of one student was present in each office 176 

room, and all the students entered their rooms simultaneously and did not leave the room until 177 

the CO2 was at steady state concentration. During most of the tests, the three offices were 178 

occupied simultaneously; when only two students were in the three rooms, the room in the 179 

middle was vacant. The occupants were 11 males and 13 females aged between 20 and 50 years 180 

old. They had an average height of 165 cm (standard deviation: 10 cm) and an average weight 181 

of 71.8 kg (standard deviation: 13.6 kg). The ventilation rate was continuously kept in balance 182 

at 26 m3/h between supply and extract, as recommended by [7].  183 

 Test with mannequins (Bubble 2 in Fig. 1): This test was conducted to evaluate the simulation 184 

models of the DCV. The occupants were mimicked by a simplified mannequin in the form of a 185 

metallic cylinder breathing out CO2 through a hole at mouth height (1.2 m for a sitting person) 186 

at the average rate calculated from the student tests. The CO2 exhalation (occupation of the 187 

room) followed the patterns described in Table 2, but the heat production did not. The cylinders 188 

contained a lightbulb that produced 120 W, which had to be run constantly throughout the tests 189 

to ensure that the cylinders were warm enough to represent the convection flow caused by a 190 

person.  191 

 Pressurization test (Bubble 3 in Fig. 1): This test was performed to quantify envelope and 192 

internal leakages. First, all the offices were pressurized at 50 Pa relative to the ambient lab. 193 

Subsequently, three tests were run in which the pressure in one room was 5 Pa higher than that 194 

of the contiguous office and the lab. 195 
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Table 2: Number of persons in the different rooms at the different times in the Test with mannequins 196 

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 

2.2  Simulation environment 197 

Simulations were performed in an EnergyPlus/CONTAM co-simulation model. The co-simulation 198 

followed the steps described by [8]. Using a co-simulation allowed the interdependencies between 199 

airflows and heat transfer to be captured. EnergyPlus obtained interzone infiltration airflows at each 200 

simulation timestep from CONTAM. CONTAM obtained indoor temperatures and system airflows 201 

from EnergyPlus and performed the contaminant transport calculations [8]. The co-simulation was 202 

performed using the functional mock-up interface capabilities incorporated into EnergyPlus, as 203 

described by [70]. The first step for the co-simulation was to build the two models and the data 204 

exchange. The bridge between both programs was accomplished using the NIST-developed CONTAM 205 

3D Exporter tool [71]. The principles and procedure of the co-simulation are not discussed further in 206 

this article, but [8] provides further details. 207 

The simulated offices consisted of the three office rooms described in Section 2.1. The with students 208 

described in Section 2.1.1 was used to model the pollutant production from the occupants, and the 209 

pressurization tests were used to model air leakages. The test with mannequins was used to validate the 210 

DCV model with regard to pollutants and energy. The heat recovery of ventilation was simulated with 211 
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a sensible efficiency of 78% and a 40% latent efficiency. Airflow rates were simulated to vary according 212 

to the CO2 concentrations, as shown in Fig. 4.  213 

 214 

Fig. 4. Flowchart for control of supply airflow rate to every room.  215 

In this case rule-based control is chosen as it is a standard approach in commercial building automated 216 

systems to reduce the energy and operating costs. It can provide significant savings when applied 217 

correctly. In rule-based control; the operator has to constantly monitor and adjust the HVAC operation 218 

to meet the objectives of reducing energy consumption while maintaining thermal comfort [72]. For 219 

simplicity, no recirculation of the return air was run for the test with mannequins. The measured 220 

conditions in the laboratory were used as boundary conditions in the simulation. 221 

2.3 Simulation validation  222 

For precision metrics, the normalized mean bias error (NMBE), given by Eq. (1), and the coefficient of 223 

variance of the root-mean-squared error (CV-RMSE), given by Eq. (2), are often used [73,74]. The 224 

NMBE provides a normalization of the average error of a sample space, which can be compared with 225 

other cases [74]. The CV-RMSE measures the variability of the errors between the measured and 226 

simulated values [74]. In the equations, Csim and CLCS are the concentrations simulated and measured 227 

by LCS, respectively. 𝐶 ,  is the average of the monitored data for N observations. 228 
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𝑁𝑀𝐵𝐸 =
∑ (𝐶  − 𝐶 )

𝑁
∗

100

𝐶 ,
(%) (1) 229 

𝐶𝑉 − 𝑅𝑀𝑆𝐸 =
100

𝐶 ,
∗

∑ (𝐶  − 𝐶 )

𝑁
(2) 230 

The NMBE and CV-RMSE calculate the average model prediction error to help evaluate the accuracy 231 

of the fitted models. To calibrate a model, ASHRAE 14 [75] recommends an NMBE below ±10 % and 232 

a CV-RMSE of ±30 % for hourly calibrations and ±5 % and ±15 % for monthly measurements. 233 

This work corresponds with Bubble 6 in Fig. 1 234 

2.4  Methodology for the analysis of pollutant selection  235 

This study included measurements of CO2, TVOCs, formaldehyde, PM2.5, RH, and temperature. 236 

Introducing all these parameters in a control logic may be complicated and sometimes contradictory. 237 

Moreover, considering that they may be derived from the same source or activity, using all the 238 

parameters may outweigh the activity’s importance. Therefore, the first step in this work was to assess 239 

the significant parameters for ventilation control. The methodology proposed in this article for selecting 240 

the significant parameters for control is based on cross-correlation functions. This was described in 241 

detail by [47] and will only be summarized in this article. This methodology used CCFs in de-trended 242 

time series instead of the standard Pearson or Spearman coefficients. If two time series of measurements 243 

followed similar trends, they could appear more strongly correlated. This higher correlation stems from 244 

the autocorrelations more than from the pure correlation because the underlying trends and time series 245 

structures affect the correlation patterns. Therefore, this methodology recommends de-trending by pre-246 

whitening the time series to remove the underlying correlations. CCFs were used to calculate the 247 

Pearson correlations in simultaneous and time-shifted lags. Thus, both simultaneous and time-shifted 248 

correlations were mapped. The following consecutive steps are recommended for the CCF 249 

methodology: 250 
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1. Determine a time series model that describes the variable to residuals that are white noise. 251 

2. Filter the second time series using the model created for the first variable. 252 

3. Calculate the CCF between the residuals from step 1 and the filtered values for the second 253 

variable. 254 

The obtained CCF is proportional to both variables’ impulse response rather than their autocorrelations. 255 

In the analysis of supply airflows, two highly and significantly correlated parameters indicate that one 256 

can be removed because the remaining parameter(s) would serve as an adequate proxy for the removed 257 

one. Contrarily, in the analysis of recirculation, if the same pollutant is correlated between the supply 258 

and room air, the OA quality affects the concentration of the pollutant in the room. In this case, it makes 259 

sense to use correlated parameters in the control logic of the recirculation. If pollutants are not 260 

correlated, they are probably either collected by the filters or produced indoors, in which case 261 

recirculation would not remove them. Finally, to define the best ventilation procedure to reduce 262 

pollutants, the I/O was evaluated. An I/O below 1 indicates that the main source of the pollutant is 263 

outside of the room. In this case, it would not be useful to increase OA ventilation rates to dilute the 264 

outdoor-generated pollutant. 265 

For the CCF and I/O analysis, the measurements of the test with students were analyzed in section 3.3. 266 

This work corresponds with Bubbles 4 and 7 in Fig. 1 267 

2.5  Ventilation control strategies 268 

The ventilation control was improved on the basis of simulations. This work corresponds to Step 3, 269 

bubbles 9- 14 in Fig. 1. In this case, two objectives were pursued: a) the reduction of the annual energy 270 

use index (EUI) (kWh/m2/year) and b) the reduction of the key performance indicators (KPIs) for IAQ 271 

(KPI_IAQ) or the fraction of time with a room air concentration of pollutants or a temperature and RH 272 

outside the guidelines defined in Table 3. 273 
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Table 3: Summary of the guidelines for CO2, formaldehyde, PM2.5, temperature, and RH. 274 

Parameter Limit Reference 

CO2  1000 ppm [76] 

Formaldehyde 110 µg/m3 in 1 min [77] 

PM2.5  15 µg/m3 in 1 min [10] defined 24 hours, but 1 
minute is used  

Temperature 22–24 ° C [78] 

Relative humidity 30–60 % [79,80] 

The KPI_IAQ was defined according to Eq. (3) by adding all the timesteps when all the guidelines from 275 

Table 3 were met simultaneously in the three rooms and dividing by the total number of timesteps. The 276 

parentheses in Eq. (3) show a logical evaluation of the three rooms simultaneously; if the conditions 277 

were met simultaneously for all the rooms, the result for the current timestep was one. If one of the 278 

rooms did not satisfy a single criterion, the solution to the equation was zero. The value of the KPI 279 

ranged between 0 and 100%. These simulations consisted of 525,960 timesteps (1-year simulation). 280 

When defining working hour (WH) KPIs, the number of timesteps was reduced to 124,800. The 281 

subindex R indicates that the evaluation was performed simultaneously for the three rooms, and WSP 282 

in the sum represents the whole simulated period. 283 

 𝐾𝑃𝐼 =
∑  ( _  &   &  & _   &  &  & . _  )

    
∗ 100  (3) 284 

The remaining KPIs were calculated following Eqs. 4–8 for each timestep using the same logic as the 285 

IAQ KPI. KPI_CO2 divides the timesteps with CO2 concentrations below 1000 ppm in the three rooms 286 

by the total number of timesteps. The same reasoning was applied to calculate the KPI of formaldehyde, 287 

PM2.5, temperature, and RH. The KPIs defined in Eqs. 4–8 represent compliance with the selected 288 

guidelines from Table 3. A perfect control will achieve 100% in all these KPIs.  289 

𝐾𝑃𝐼 =     
∑  ( _   )

    
∗ 100        (4) 290 
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𝐾𝑃𝐼 =     
∑  (   )

    
∗ 100     (5) 291 

𝐾𝑃𝐼 . =     
∑  ( . _   )

    
∗ 100      (6) 292 

𝐾𝑃𝐼 =     
∑  (       &       )

    
∗ 100 (7) 293 

𝐾𝑃𝐼 =     
∑  (       &       )

    
*100   (8) 294 

The developed sequences in section 3.4 are the result of several attempts (not presented here) that looked 295 

at how different limits for pollutants and corresponding airflow rates affected the KPIs in eq 3-8 and 296 

energy use during WH.  297 

The ventilation logic was tuned as follows: 298 

1. To focus on the supply airflow rate to the room without recirculating return air, the supply airflow 299 

rate was changed on the basis of rule-based sequences using one uncorrelated parameter/pollutant. 300 

Then, the “combined” rules included all the uncorrelated parameters simultaneously. Table 6 shows the 301 

simulated control logic. To have a comparison point, the results were compared with the scheduled 302 

constant air volume strategy, as shown in the results (section 3.4.1). 303 

2. The best-performing strategy for the supply airflow was tested with different logic to control the OA 304 

fraction. In this case, the rule-based strategies were based on the correlations between the supply and 305 

room air concentrations and the I/O ratios. The simulated cases are described in Table 7.  306 

The controlled pollutants were selected by the strategy described in section 2.4, and the selected 307 

pollutants are summarized in section 3.3. The simulations were run for Trondheim and then repeated 308 

with Trondheim’s weather and Beijing’s OA pollution to study the effect of outdoor pollution. 309 
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3 Results and discussion 310 

3.1  Measurements in the laboratory: tests with students 311 

The tests with students were carried out as described in section 2.1. The grey dots in Fig. 5 represent 312 

the measured concentrations of pollutants for all the cases. The blue lines indicate the local polynomial 313 

regression fitting (fitted by weighted least squares) with time in minutes for each parameter.  314 

 315 

Fig. 5. Concentration of pollutants (CO2, PM2.5, formaldehyde, and TVOCs) and the parameters RH and temperature for the 316 

24 measured cases. 317 

The CO2 measurements agreed with the theoretical production described in [81]. The trends for PM2.5 318 

were similar in most of the tests. When occupants entered the rooms, they brought in variable amounts 319 

of PM2.5, which decayed with time. However, five tests were slightly different. These tests corresponded 320 

to measurements taken on a day when renovation work was carried out in the lab. The concentration of 321 

the PM2.5 rose before the tests when all doors were open to ventilate between two consecutive tests. 322 

These measurements were not considered in the model fitting. The same happened for formaldehyde 323 
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and TVOCs; the divergent tests also corresponded to the day of construction/painting work in the 324 

laboratory building. Temperature and RH measurements were very similar for all the tests because the 325 

conditions in the laboratory surrounding the tested offices were very constant during the week that 326 

measurements were taken. 327 

3.2 Model validation 328 

The pressurization tests were performed to map the air leakages of the three offices using mass balances 329 

of pollutants [82]. The test with 50 Pa pressurization was used to calculate the envelope leakages of the 330 

three rooms. The pressurization tests with the pressurization higher in one room were used to calculate 331 

the leakages across the internal walls. The calculated air leakages based on the pressurization tests were 332 

simulated in CONTAM as flow path elements described as one-way overflow using the power law, a 333 

method inspired by [83]. More information about the characterization of the leakages can be found in 334 

Marman’s thesis [84]. The individual values for CO2 production for each person, considering a constant 335 

MET and the particular body mass and height [81], were used to validate the calculated leakage rates 336 

in each room using mass balances in the pressurization tests. These leakages were included in the 337 

calculation of the strength of the sources used to evaluate improvements in the ventilation control 338 

strategy. 339 

The simulated CO2 sources corresponded to the CO2 production based on the average CO2 production 340 

presented in Fig. 5 (0.0053 L/s). This production was in line with the production based on 1.3 MET for 341 

occupants aged 20–30 years [81]. Humidity was simulated according to measurements (Fig. 5) at 0.06 342 

kg/h and in line with the results from [85]. PM2.5 was simulated as the combination of a burst source of 343 

0.6 µg when the occupants entered the room and an exponential decay with a first-order decay constant 344 

of 0.0001 min−1 according to the results shown in Figure 5. Formaldehyde was simulated according to 345 

the rate calculated in Fig. 5 of 17 µg/m3 h. The simulated heat loads were 120 W/mannequin, the lights 346 

were simulated to produce 8 W/m2, and the plug-in loads were 11 W/m2, according to the Norwegina 347 
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guidelines [86]. TVOCs was not introduced as a source in the simulation, as the sensor calibration was 348 

unavailable. 349 

Fig. 6 compares the measured data and the simulation results of the test with mannequins. For this test, 350 

the occupants entered and exited the three rooms as summarized in Table 2, and the OA supply varied, 351 

as shown in Fig. 4. The background colors of Fig. 6 correspond to the number of occupants.  352 

 353 

Fig. 6. Measured (black) and simulated (red) results in the three rooms. The red, blue, and yellow shading shows whether the 354 

room was used by zero, one, or two person(s), respectively. 355 

In general, the simulation represented the measured response of the CO2 levels in the rooms very well. 356 

However, from 19:30 to 20:00, the airflow rates in Room 1 did not react as the control strategy required, 357 

as shown in Fig. 6. The LEO VAV units dynamically measured the volume flows and controlled the 358 

damper positions to maintain the airflow rate required. In this case, on the basis of the measurements 359 

of the LCS, the Raspberry Pi sent information about the desired airflow rate to a VAV damper, which 360 

adjusted the damper’s opening. Therefore, when the room controllers further down in the branch opened 361 

or closed, the pressure in the branch varied, and the damper was regulated until the correct volume flow 362 
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was restored. Thus, variations in the flow were observed (Fig. 6), which the control strategy could not 363 

explain, and the simulation results did not reflect. When occupants arrived in Rooms 2 and 3, the 364 

simulated CO2 concentrations rose faster than in reality, although the ventilation rates were higher in 365 

the model. This is most likely the result of the CO2 supply from the mannequins. The CO2 was supplied 366 

from the bottle and distributed to each room. The CO2 supplied to the room may have been poorly 367 

distributed in the three-way valve. In addition, once the flow was opened, the CO2 filled the pipes 368 

leading to the mouth of the mannequins and then mixed with the air in the room before arriving at the 369 

sensor. The lack of perfect mixing could have caused a delay in the measurement compared with the 370 

ideal mixing simulation. These hypotheses could have been studied in detail to add a delay to the model, 371 

but because the error corresponded to very local points that would not have changed the general results 372 

of this study, this small difference was disregarded. 373 

Measurements and simulations had a 1-minute resolution, and they were calibrated according to 374 

ASHRAE recommendations. Table 4 shows the NMBE and CV-RMSE values that are below ASHRAE 375 

14 [75] calibration recommendations (NMBE below ±10 % and a CV-RMSE of ±30 % for hourly 376 

calibrations). Thus, the model is considered validated. The energy use was validated using the results 377 

from the test with mannequins. The energy use NMBE of the validated simulation was 2 %, and the 378 

CV-RMSE was 1.7 %; thus, the energy simulation was also considered validated. 379 

Table 4: Summary of NMBE and CV-RMSE of the validation simulation.  380 

 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 
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3.3 Pollutant selection 381 

Correlations between parameters were assessed according to the methodology explained in section 2.4. 382 

Then, the supply air ventilation logic focused on the uncorrelated parameters, and the control of the 383 

return air recirculation was based on the correlated parameters.  384 

Using the data collected in the test with students, the correlation coefficients obtained between 385 

pollutants and indoor climate parameters were determined and are presented in Fig. 7. To understand 386 

this figure, the following information is essential: the blue dashed lines represent the 95 % confidence 387 

bound for a significant correlation; the x-axis represents the lag that indicates the offset between both 388 

series, and its sign determines the direction in which the series were shifted; and the y-axis shows the 389 

value of the Pearson correlation coefficient of the two respective time lags, with larger values indicating 390 

stronger correlations. According to these results, the measured temperature represented the room’s RH 391 

and PM2.5. The correlation between temperature and PM2.5 was not obvious, likely because of the sample 392 

size and the small variations in PM2.5 and temperature during the tests, though more measurements with 393 

larger variations would be needed to draw a conclusion. According to Fig. 5, most of the PM2.5 and heat 394 

was brought to the room by the occupants. It is important to keep in mind that the correlations between 395 

the parameters may indicate a common reason for the rise in the parameters, although this is not 396 

necessarily a causal link. Formaldehyde was strongly correlated with TVOCs. CO2 and formaldehyde 397 

were significantly but not strongly correlated; thus, in this study, the control strategies for optimizing 398 

the rules focused on using formaldehyde, CO2, and temperature.  399 
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 400 

Fig. 7. Cross-correlation function between the different pollutants and parameters measured in the test with students.  401 

Regarding the parameters to control the recirculation, the correlations of interest were between the same 402 

parameter in the supply air and room air. Some pollutants were generated in the offices, and some 403 

infiltrated from outdoors. For example, in a room with a high concentration of PM2.5 infiltrating from 404 

the lab, increasing the airflow rate would not be beneficial for diluting PM2.5 concentrations (supposing 405 

that these PMs were not filtered, filter efficiency is essential here); however, reducing the OA fraction 406 

may have a protective effect against PM2.5. The I/O ratios focused on the ratio between parameters in 407 

the supply and the room to provide information about their origin.  408 
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 409 

Fig. 8. Left: CCF of supply and room air concentrations; right: I/O ratio of pollutants where all the test are plotted 410 

consecutively. The x-axis shows the ID of the measurements ordered by consecutive time. 411 

According to Fig. 8 (left), CO2 and PM2.5 showed significant correlations between the room and supply 412 

concentrations. Thus, PM2.5 and CO2 should be controlled in recirculation. Notably, the PM measured 413 

in this lab had a considerable share of PM1.0, which would have been able to pass through the filters 414 

used in this AHU.  415 

All the pollutants, RH, and temperature had I/O ratios of more than 1, as shown in Fig. 8 (right). This 416 

means that the sources were the students inside the office. Thus, increasing OA ratios was an efficient 417 

method to reduce concentrations indoors. Formaldehyde and PM2.5 had very high values and ratios 418 

greater than 1 because the divergent tests (from the period when there were renovations in the lab) were 419 

removed from the analysis.  420 
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The TVOCs sensors were not calibrated. The correlation between TVOCs and formaldehyde was 421 

expected because their sensors were based on very similar measuring principles. However, because 422 

these sensors were not calibrated, the results could have been coincidental. Thus, TVOCs was not 423 

simulated in the co-simulation model and was not further analyzed in this article.  424 

3.4 Tuning of the ventilation control strategy by simulations 425 

Table 5 describes the schedules of the three offices. The schedules were repeated Monday to Friday 426 

throughout the year, except for the summer holidays (July 1 to 31), when the offices were empty.  427 

Ventilation control tuning focused on reducing the EUI and increasing the KPI_IAQ during WHs. The 428 

remaining simulation building parameters, pollutant sources, and ventilation systems followed the 429 

protocols described in sections 2.1, 2.2, and 2.3 for the validated model in section 3.2. 430 

Table 5: Number of people in the different rooms at different times. 431 

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 



 

26 

 

3.4.1 Simulated cases 432 

As described in section 3.3, the selected parameters for controlling the airflow supply to the room were 433 

CO2, formaldehyde, and temperature. Table 6 shows the short name of the strategies used in the graphs, 434 

the logic behind the control, and the airflow rate supplied to each room. The limits and setpoint values 435 

for the supply and recirculation airflow rates in the rule-based control sequences were determined by 436 

parametric analysis. This targeted the solution that produced the largest annual energy savings and 437 

lowest room air pollutant concentrations. For simplicity, most of the trials are not presented in this 438 

article; only a few cases of CO2 and temperature are included to show that a single parameter could 439 

affect the various KPIs differently. As the control logic introduced more parameters, the “easy” tuning 440 

became more complicated because of the effects of controlling one parameter on several others. In this 441 

work, the control sequences were kept very simple so that the steps of the methodology could be clearly 442 

seen and understood, although more complicated strategies could have been developed. 443 

The KPI_IAQ and the individual KPIs needed to be checked to improve the control. The KPI_IAQ gave 444 

a general overview of the performance of the control, and the individual KPIs revealed factors that were 445 

not controlled correctly and needed to be improved by modifications to the rules. For instance, if a 446 

control resulted in a KPI_IAQ of 0% because the KPI_CO2 equaled 0%, but all other KPIs were 447 

satisfactory, then changing the logic of the control of CO2 would be the best way to improve the 448 

performance of the control logic; no other changes would improve the system’s performance as much. 449 

Table 6: Summary of simulated supply air control strategies with 100% OA. 450 

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 
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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_µg/m3 ≤ 50),   

ELSE IF (FA_Room_µg/m3 ≤ 110),   

ELSE IF (FA_Room_µg/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_µg/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_µg/m3 > 110)) 

8 

33 

98 

111 

130 
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The airflow rates in the constant air volume (CAV) strategy, presented in Table 6, were based on the 451 

Norwegian building code TEK 17 [87]. The airflow rates and limits for the other strategies were chosen 452 

to increase the KPI_IAQ and reduce the annual EUI by stepwise tuning.  453 

The best-performing supply air strategy for Trondheim was combined with the control strategies of the 454 

return air summarized in Table 7. 455 

Table 7: Summary of simulated logic for control of the recirculation of return air (outdoor air (OA) fraction).  456 

Name Control logic Fraction OA 
(%) 

No_rec Always 100 

PM_OR IF ((PM2.5_Amb − PM2.5 return < 0) OR (PM2.5_Room_µg/m3 > 15)),  

ELSE 

100 

25 

PM_AND IF ((PM2.5_Amb − PM2.5 return < 0) AND (PM2.5_Room_µg/m3 > 15), 

ELSE 

100 

25 

PM_CO2_OR IF ((PM2.5_Amb − PM2.5 return < 0) OR (PM2.5_Room_µg/m3 > 15) OR 
(CO2_Return_ppm > 700)), 

ELSE 

100 
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PM_CO2_AND IF ((PM2.5_Amb − PM2.5 return < 0) AND (PM2.5_Room_µg/m3 > 15) 
AND (CO2_Return_ppm > 700)), 

ELSE 

100 
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3.4.2 Results without recirculation of return air in Trondheim   457 

Fig. 9 shows the simulated control strategies with a 100% OA fraction. The KPI_IAQ considered that 458 

the three rooms simultaneously presented concentrations of pollutants below the defined threshold, and 459 

RH and temperature within the defined range. Table 8 breaks down the KPI_IAQ into the KPIs for all 460 

the parameters defined according to Eqs. 3–8 to make concrete improvements to the control logic if 461 

needed. EUI considered the annual energy use in kWh/m2, including heating and ventilation. In the 462 

simulated cases, no direct cooling was considered apart from increasing the air supplied to the room.  463 
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As can be seen in Fig. 9, the control logic that used the least energy and provided the best IAQ was the 464 

strategy that controlled CO2, temperature, and formaldehyde (C-1, explained in Table 6. This strategy 465 

reduced airflow rates mainly during the evening, night, and early morning. The sources of formaldehyde 466 

were small in the rooms (Fig. 5), and thus throughout the winter, when the indoor temperatures were 467 

not very high, the supply rates could be minimized after the occupants left the room. Then, when the 468 

occupants started their working day, CO2 rose, and airflow rates rose simultaneously. Airflow rates 469 

increased progressively with CO2 or temperature. The maximum airflow rate in the room was achieved 470 

when CO2 surpassed 800 ppm or when the formaldehyde was too high. As in the simulation, both 471 

sources for CO2 and formaldehyde were indoors; increasing ventilation helped to dilute these pollutants.  472 

 473 

Fig. 9. Percent of working hours (WHs) in which all the KPIs related to IAQ were satisfied versus the annual energy use index 474 

(kWh/m2) for different control logics. 475 

The DCV solutions did not represent a considerable improvement in energy use compared with the 476 

CAV solution. This was primarily due to the high occupancy of the rooms. The Norwegian standard 477 

NS3031 [86] recommends simulating occupancies between 30 % and 70 %, whereas here, the simulated 478 

occupancy was almost always 100 %, except when people arrived at or left work and during lunchtime 479 

when it dropped to 0 %. Therefore, the possibility to reduce annual energy use from the differential 480 

occupancy was smaller. 481 



 

30 

 

The reference system CAV used more energy than most other control sequences. However, because the 482 

airflow was not controlled from pollutant concentrations, it resulted in too low RH and temperature and 483 

thus, the KPI_IAQ was the lowest. The formaldehyde-based control did not perform well either. It did 484 

not control parameters that rose above the thresholds or those that were not correlated with 485 

formaldehyde but were more present than the latter (e.g., CO2 and temperature). 486 

Table 8 breaks down the KPI_IAQ into all the parameters’ KPIs. The CAV control logic was especially 487 

poor for temperature, which was typically outside the range of 22–24 °C. RH was not controlled, and 488 

for all the cases, the RH values were too high in summer and too low in winter. The range of 30–60 % 489 

was used throughout the year, although keeping the RH below 60% is more important in the winter to 490 

avoid condensation problems, which can cause mold. With the simulated outdoor conditions, increasing 491 

the ventilation rate would reduce the RH in the winter but not in the summer. To control the RH more 492 

tightly without introducing it into the control strategies or introducing dehumidification or 493 

humidification, a potential solution is tightening the limits of the temperatures and making them 494 

different between summer and winter. Allowing lower temperatures in the winter and higher 495 

temperatures in the summer would mean higher RH levels in the winter and lower levels in the summer. 496 

The general recommendations for thermal comfort [88] allow for a wider range than what was used in 497 

this simulations. The limits of temperature here are mostly performance-based, but if the energy-saving 498 

dimension is included, these limits should have a seasonal dimension differentiating between summer 499 

and winter. This change would have a larger effect on the KPI _RH than changing the airflow rates. 500 

PM2.5 concentrations were generally low because the indoor simulated sources were low, and the 501 

outdoor concentrations were also low.   502 

Table 8: Individual KPI values for the different parameters and the ventilation control strategies for WHs, defined as Monday 503 

to Friday from 08:00–17:00. 504 

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 
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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 

3.4.3 Results without recirculation of return air in Trondheim with the outdoor air pollutants of Beijing  505 

Fig. 10 shows that when the OA quality in Trondheim was replaced with that in Beijing, the KPI_PM2.5 506 

worsened for all the cases because the supply air was more polluted than it was in Trondheim. The 507 

decrease in the KPI_PM2.5 was not proportional to the increase in the PM levels because of the filters’ 508 

effect, and the leakages were limited in this case. Because PM2.5 was not part of the control strategies 509 

for the supply air, most of them performed very similarly to the ones for Trondheim regarding energy, 510 

CO2, temperature, RH, and formaldehyde, but the KPI_IAQs were generally lower. 511 

  512 

Fig. 10. KPIs for the different ventilation logics. Comparison between the simulations in Trondheim and the simulations in 513 

Trondheim with the outdoor air quality in Beijing (indicated by _B) during WHs. 514 
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3.4.4 Results with recirculation of return air in Trondheim   515 

Table 9 compares the best solution with 100% OA and the recirculation strategies based on only PM2.5 516 

and PM2.5 AND CO2. Using recirculation of return air in Trondheim based on PM2.5 did not yield 517 

significant changes because the PM2.5 concentrations indoors were mainly within the guidelines. The 518 

recirculation strategies PM2.5_OR and PM2.5_AND cases consumed more energy because more air had 519 

to be supplied to reduce the CO2 and temperature in the room during the periods in which the rooms 520 

were in use. The indicator of the fraction of time when the temperature was over 24 °C rose from 0 to 521 

2.4%. In addition, because the recirculated air had higher concentrations of CO2, the KPI_CO2 worsened 522 

when using PM2.5-based recirculation. Using recirculation resulted generally higher RH.  523 

Using the reasoning of the correlations, as CO2, temperature, and RH were related to the occupancy, 524 

changing one of them (CO2) sufficed to improve the KPIs of RH and temperature, as shown by the 525 

controls with PM2.5 and CO2 in Table 9. Adding CO2 to the recirculation control positively affected the 526 

CO2, temperature, and RH, whose KPIs were improved. The general KPI_IAQs also improved 527 

compared with the non-recirculation or the strategies considering only PM2.5. This was mainly attributed 528 

to an improvement of almost 30 % between the KPI_CO2 of the logic PM2.5 and the logic PM2.5 OR 529 

CO2. The energy use was reduced because less energy was needed for heating. During occupied periods, 530 

less recirculation was used because an increase in fan power increased the energy consumption, whereas 531 

using PM2.5 to control recirculation did not have the same effect. The PM2.5_CO2_OR logic resulted in 532 

slightly better results for energy and general IAQ than PM2.5_CO2_AND. 533 

Table 9: KPIs for the different parameters when considering the weather and OA quality in Trondheim during working hours 534 

(WHs).  535 

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 
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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 

3.4.5 Results with recirculation of return air in Trondheim and outdoor air pollutants in Beijing  536 

Fig. 11 compares the results with the recirculation of return air for the simulated case in Trondheim and 537 

the case simulated in Trondheim with the OA quality of Beijing. In general, the sequences reducing the 538 

fractions of OA yielded lower concentrations of PM2.5. This is because the recirculation air filters were 539 

superior to the OA filters and the very small production of PM2.5 indoors. By contrast, increasing the 540 

recirculation rates may increase the concentration of CO2 but reduce that of PM2.5. In places such as 541 

Beijing, where the outdoor PM2.5 concentrations are much higher, this has a large effect on the results 542 

and thus the control sequences including PM2.5 and CO2 could result in better KPIs (IAQ, PM2.5, and 543 

CO2). Compared with the control logic C-1 with Beijing’s OA, using recirculation positively affected 544 

the cases controlled using PM2.5 and CO2; not much improvement was observed in the case of only 545 

using PM2.5. In the reference case, the IAQ KPI was lower because of the low KPIs for CO2, RH, and 546 

PM2.5. These were improved using the recirculation of return air based on PM2.5 and CO2. The combined 547 

control of recirculation also resulted in decreased energy use. Reducing the OA fraction increased the 548 

RH in the winter without increasing the PM2.5 concentration. With dual control (CO2–PM2.5), because 549 

of the rise in CO2 during periods with occupants, recirculation could not be used to reduce the CO2; 550 

thus, more OA was supplied during periods with higher CO2 indoors, which resulted in a higher PM2.5 551 

KPI. However, the CO2 KPIs in the dual controls were not as high as those in the cases without 552 

recirculation; this is because to keep the PM2.5 low, the OA fraction had to be reduced in some periods 553 

to account for the PM increase.  554 
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555 

Fig. 11. KPIs for the different ventilation logics with recirculation of return air. Comparison between the simulations in 556 

Trondheim and the simulations in Trondheim with the outdoor air quality in Beijing (indicated by _B) during WHs. 557 

3.5  Discussion 558 

There is a clear need to introduce several parameters to the control of ventilation additionally to 559 

occupancy [33]. However, how to introduce them and which ones to introduce is unclear and will 560 

depend on the use of the considered building. In this case, the aim was to improve ventilation in offices. 561 

For that, measurements were first collected to map the parameters that need to be controlled. The “need” 562 

was evaluated based on CCF in the de-trended time series. This allows for a more probabilistic choice 563 

of the parameters in the control that, despite making the analysis more complicated, gives it the 564 

flexibility to adapt to different uses of the building or sources of pollutants. 565 

The co-simulation EnergyPlus/CONTAM allowed to test many different control strategies thoroughly 566 

and is recommended for its flexibility and free software cost. In order to evaluate the resulting 567 

ventilation control logic fairly, KPIs were developed. These are simple to use and are based on current 568 
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knowledge. New KPIs equations should be developed if the guidelines in Table 3 are updated. 569 

Additionally, as new LCS become more precise in measuring other parameters, more KPIs should be 570 

developed. 571 

Multiple DCV strategies were simulated in this study, but only the most satisfactory control logics 572 

according to IAQ and EUI are presented. The tested sequences are kept simple to focus on the 573 

methodology. Although this study did not use advanced methodologies for control optimization, it 574 

achieved reductions in energy use and the number of hours outside the IAQ guidelines. More 575 

complicated strategies could be used in future research with a broader scope; for example, machine 576 

learning could be used to develop more advanced controls. 577 

The PM2.5 guideline [10] in Table 3 is based on 24-hour averages. In all these calculations (Sections 578 

3.4.2-3.4.5), 1-minute averages were used because this was the timestep in the ventilation control. Using 579 

a 24-hour moving average every minute could have been another option instead of just reducing the 580 

exposure time to 1 minute, but 1 minute was used for simplicity. Changing the time from 24 hours to 1 581 

minute removes the night period, in which the concentrations normally drop, leading to overweighting 582 

of the PM2.5 effect. However, using 24 hours for a control strategy is not practical. This PM2.5 limit is 583 

health-based, derived from studies on long- and short-term effects. The updated guidelines from the 584 

WHO [10] state that the PM2.5 24-hour average should not exceed 15 µg/m3 more than 3–4 days per 585 

year. If PM2.5 evolves as a standard control parameter for ventilation, different guidelines based on 586 

much shorter timesteps should be developed. In such a case, these guidelines should be updated in the 587 

control strategies. The ones used in this article are a proof of concept that must be updated considering 588 

both health effects and ventilation control needs. 589 

4  Conclusions 590 

A holistic methodology was developed in this study to improve ventilation control logic. This 591 

methodology addressed energy efficiency and reduced the number of hours during which the selected 592 

IAQ parameters were outside the selected guidelines. Many previous studies investigated CO2 but not 593 
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other pollutants. CO2 is a good indicator of occupancy, but it may be inferior for predicting pollutants 594 

from other sources. The methodology required measurements of pollutants and simulations to improve 595 

the control logic. 596 

This methodology was demonstrated and used in a case study of three full-scale cell office rooms built 597 

in a lab at the Norwegian University of Science and Technology. The ventilation control of these rooms 598 

was based on measurements taken with LCSs connected to a Raspberry Pi.  599 

Three tests were run in this set-up: the first test measured the occupants’ production of pollutants by 600 

studying 24 students’ individual measurements; the second test mimicked CO2-controlled ventilation 601 

with thermal mannequins to validate the simulation model; and the third consisted of pressurization 602 

tests used to calculate envelope and room leakages.  603 

For the three office rooms, we developed a model based on a co-simulation between EnergyPlus and 604 

CONTAM. This model was validated with results from the test with mannequins. A validated model is 605 

essential because it can evaluate different control logics on the basis of energy use and KPIs of IAQ.  606 

An investigation of the CCF in the prewhitened measurement data series was performed together with 607 

I/O ratios to select the most suitable control parameters for ventilation. On the basis of these results, the 608 

ventilation control was tuned by studying the best supply control strategies and the recirculation of 609 

return air.  610 

The results showed it is possible to reduce the annual energy use and the number of hours when some 611 

pollutants are outside the recommended guidelines. Recirculation positively affected the otherwise very 612 

dry winter (low RH) indoor conditions in Trondheim.  613 

In Trondheim, the OA quality is excellent, so to test the effect of the outdoor conditions, the same 614 

simulations were repeated with the OA quality in Beijing to compare the recirculation effect. In this 615 

case, using recirculation of return air also had a protective effect on the indoor concentrations of PM2.5. 616 

When recirculating the return air, a holistic approach to control the different IAQ parameters is 617 
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recommended for a safe system that avoids excessive values of the uncontrolled parameters. When the 618 

control strategy has more parameters, it is essential to use simulation tools to determine how controlling 619 

one parameter can affect several others.  620 
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ABSTRACT 

Children spend a minimum of six hours per day in 

Norwegian schools. Their exposure to different indoor 

air quality it is known to affect their performance. It is 

very common to use demand-controlled ventilation 

(DCV) in schools as is estimated to save about SO% of 

the conventionally used energy for ventilation. CO2 and 

temperature are the preferred control parameters. 

Usually, it was expected that these human-centric 

controls resulted in high indoor air quality as 

occupants are the largest source of contaminants. This 

study presents measurements for two months to up to 

one year in the supply and room air in the four 

classrooms whose ventilation is CO2-based DCV. Using 

low-cost sensors formaldehyde, PM1, PM2.s, relative 

humidity CO2 and temperature were monitored. 

Even when the CO2 concentration lied below 1000 ppm 

1) the concentration of formaldehyde surpassed the 

recommended WHO thresholds in 30 % of the time and 

2) RH is below 20 % during 56 % of the time. 

INTRODUCTION 

Children spend one quarter of their day in schools. 

Over the past decades, most research in indoor air 

quality (IAQ) in schools has emphasized the need of 

measuring CO2 and temperature and use these 

parameters for control of ventilation (Clausen et al., 

2016; Heebfllll et al., 2018). Historically, research 

investigating the factors associated with IAQ and 

performance has focused on CO2 (Coley et al., 2007; 

Wargocki et al., 2020). CO2 is a good proxy for 

occupancy as about SO% of the pollutants emitted in 

offices are emitted by humans (Fanger, 1988). 

However, there is a growing body of literature proving 

that there are other pollutants that should be 

controlled and ventilated away. Erdmann and Apte et 

al. (Apte, 2006; Erdmann et al., 2002) concluded from 

the data analysis of 100 office buildings that there is 

prevalence of mucous membrane and lower 

respiratory sick building syndrome symptoms already 

at CO2 concentrations below the customary 1000 ppm 

threshold. 

Particulate Matter 

PM affects more people's health than any other source 

of pollution (Kim et a!., 2015). The data demonstrate a 

dose-dependent relationship between PM and human 

disease, and that removal from a PM-rich environment 

decreases the prevalence of these diseases (Anderson

et al.2012). Chronic PM2.s exposure affects the 

respiratory and cardiovascular systems (Martinelli et 

al. 2013). Chronic bronchitis, stroke, heart disease, and 

thickening of arterial walls, diabetes, and reduced lung 

function are also connected to PM2.s exposures 

(Burnett et al. 1999; Kunzli et al. 2005; Pope et al. 

2002). The low end at which health effects have been 

demonstrated is not much above the background 

concentration and has been estimated to be 3-Sµg/m3 

(WHO 2005) 

Formaldehyde 

Formaldehyde is widely used in the manufacture of 

building materials and numerous household products, 

it is also a by-product of combustion and other natural 

processes (LBNL 2019) and a preservative in some 

food packing (NH! 2019). Wood-based products, 

cleaning products produced in ozone-initiated alkene 

reactions, and combustion emit formaldehyde 

(Wolkoff, 2013). Formaldehyde has been classified as a 

potential human carcinogen by the US EPA and 

International Agency for Research on Cancer as a Class 

2A carcinogen. It irritates humans mostly in the upper 

airways, mucosae, and eyes (Norliana et al. 2009). 

Abdollahi et a!. (2014) claim that it is a powerful cross 

linking agent, even at low concentrations. 

Formaldehyde is a sensitizing agent that can cause an 

immune system response and sensory irritation 

(Wolkoff 2013). Moreover, formaldehyde is supposed 

responsible agent in the development of 

neurobehavioral disorders such as, but not limited to, 

insomnia, memory loss, lack of concentration, and 

mood and balance alterations, as well as a loss of 

appetite (Abdollahi et al.2014) 

Relative Humidity (RH) 

A common complaint in perceived IAQ questionnaires 

in office environments is perceived dry air. Some 

questionnaires have shown relations between low RH 

(5 -30%), typical in cold climate offices during winter, 
and increased prevalence of complaints about 

perceived dry and stuffy air and sensory irritation of 

the eyes and upper airways (Wolkoff, 2018). Fewer 

tears are produced, and precorneal and epithelial 

damage has been observed at low RH (Wolkoff, 2018). 

Thus, the studies show that low RH aggravates the 

stability of the eye tear film, which initiates a cascade 

of adverse inflammatory reactions (Wolkoff & 

Kjrergaard, 2007) Interventional studies have shown 

that increasing RH may reduce the perception of dry
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Short term measurements of indoor air quality when using the 
home office in Norway 

�� �0DULD�-XVWR�$ORQVR ��5LNNH�%UDPPLQJ�-¡UJHQVHQ� �+DQV�0DUWLQ�0DWKLVHQ���
�1RUZHJLDQ�8QLYHUVLW\�RI�6FLHQFH�DQG�7HFKQRORJ\��(QHUJ\�DQG�3URFHVV�(QJLQHHULQJ�'HSDUWPHQW�������7URQGKHLP��1RUZD\�
��1RUZHJLDQ�8QLYHUVLW\�RI�6FLHQFH�DQG�7HFKQRORJ\��,QGXVWULDO�(FRQRPLFV�DQG�7HFKQRORJ\�0DQDJHPHQW�'HSDUWPHQW�������
7URQGKHLP��1RUZD\

Abstract. ,Q�������GXH�WR�WKH�RXWEUHDN�RI�&29,'����PDQ\�ZRUNHUV�KDYH�EHHQ�VHQW�KRPH�WR�DYRLG�WKH�
VLFNQHVV�VSUHDG��$V�D�UHVXOW��URRPV�WKDW�RWKHUZLVH�KDG�GRPHVWLF�XVH��OLYLQJ�URRPV�RU�EHGURRPV��KDYH�EHFRPH�
RIILFHV��7KLV� FKDQJH�KDV�KDSSHQHG� LQ�PDQ\�KRXVHV�ZLWKRXW� LPSURYLQJ� WKH�YHQWLODWLRQ� V\VWHPV�� ,Q�PDQ\�
FDVHV�� WKH� URRPV�ZHUH� RYHUFURZGHG�� DQG� QR� DWWHQWLRQ�ZDV� SDLG� WR� YHQWLODWLRQ�� 7KXV�� WKLV� VWXG\� FROOHFWV�
PHDVXUHPHQWV�RI�RQH�WR�WZR�ZHHNV�LQ�GLIIHUHQW�KRPH�RIILFHV��0HDVXUHPHQWV�ZHUH�WDNHQ�LQ�KRPH�RIILFHV�
XVHG�E\�RQH�RU�PRUH�RFFXSDQWV��7KHVH�KRPH�RIILFHV�ZHUH�GHVLJQHG�DV�EHGURRPV�DQG�OLYLQJ�URRPV�ZLWK�DQG�
ZLWKRXW�VHSDUDWLRQ�IURP�WKH�NLWFKHQ��'XULQJ�WKH�SDQGHPLF�WKH\�DUH�XVHG�DV�RIILFHV�GXULQJ�ZRUNLQJ�KRXUV�DQG�
DV�GHVLJQHG�RWKHUZLVH��2QH�RU�PRUH�RFFXSDQWV�VKDUHG�WKH�URRPV��1DWXUDO�DQG�PHFKDQLFDOO\�YHQWLODWHG�DQG�
ROGHU�DQG�QHZHU�KRPH�RIILFHV�ZHUH�VWXGLHG��:LQWHU�PHDVXUHPHQWV�RI�&2���WHPSHUDWXUH��UHODWLYH�KXPLGLW\��
SDUWLFXODWH�PDWWHU��IRUPDOGHK\GH�DQG�792&�ZHUH�FROOHFWHG�YLD�ORZ�FRVW�VHQVRUV��7KH�VHQVRUV�ZHUH�SODFHG�
RQ�WKH�ZRUNLQJ�VSDFH�LQ�IURQW�RI�WKH�XVHU�WR�PDS�WKH�H[SRVXUH�WR�SROOXWDQWV��7KH�UHVXOWV�VKRZ�DQ�DQDO\VLV�RI�
WKH�FRQFHQWUDWLRQ�RI�SROOXWDQWV�FORVH�WR�WKH�EUHDWKHG�DLU��6RPH�XVHUV�ZHUH�VPDUW��UHPHPEHULQJ�WKH�DHUDWLRQ��
ZKHUHDV�RWKHUV�ZHUH�H[SRVHG�WR�KLJK�FRQFHQWUDWLRQV�RI�&2��DQG�RWKHU�SROOXWDQWV�VRPHWLPHV�KLJKHU�WKDQ�WKH�
KHDOWK�EDVHG�WKUHVKROGV�

1 Introduction
7KH�FRURQDYLUXV�GLVHDVH�������&29,'�����LV�FDXVHG�

E\ WKH WUDQVPLVVLRQ RI VHYHUH DFXWH UHVSLUDWRU\�
V\QGURPH FRURQDYLUXV� �� �6$56�&R9����� 2Q WKH�
DXVSLFHV�RI�WKH�RXWEUHDN�RI�WKH�&29,'����SDQGHPLF�LQ�
0DUFK������ZRUNHUV�ZHUH�UHTXHVWHG�WR�ZRUN�IURP�KRPH�
IURP�RQH�GD\�WR�WKH�RWKHU��5RRPV�WKDW�ZHUH�GHVLJQHG�IRU�
GRPHVWLF� XVH� ZHUH� VXGGHQO\� WUDQVIRUPHG� LQWR� KRPH�
RIILFHV�� 6RPH� SHRSOH� XVHG� WKH� NLWFKHQ� EHQFK�� VRPH�
SHRSOH� WKH� OLYLQJ� URRP� DQG� VRPH� EHGURRPV�� 6RPH�
SHRSOH� KDG� DW� OHDVW� WKH� UHJOHPHQWDU\� DUHD� SHU� RIILFH�
ZRUNSODFH�RI���P�>�@��VRPH�GLG�QRW��$Q\KRZ��WKHUH�ZDV�
WRR�PXFK�ULVN�IRU�&29,'�FRQWDPLQDWLRQ�DQG�SHRSOH�KDG�
WR�ZRUN�IURP�KRPH�ZKHQHYHU�SRVVLEOH��+RZHYHU��QRZ�
LV�'HFHPEHU������DQG�PDQ\�RI�XV�NHHS�RQ�ZRUNLQJ�IURP�
KRPH�DV�WKH�ULVN�RI�FRQWDPLQDWLRQ�LV�VWLOO�KLJK��

7KH� 1RUZHJLDQ� DXWKRULWLHV� SXEOLVKHG� D� JXLGH� WKDW�
SURYLGHV�DGYLFH�RQ�KRZ�ZRUNSODFHV�VKRXOG�EH�DUUDQJHG�
WR�UHGXFH�WKH�ULVN�RI�LQIHFWLRQ�LQ�0D\�>�@��7KLV�GRFXPHQW�
GRHV QRW VSHFLI\ DQ\ IXUWKHU LQIRUPDWLRQ DERXW�
YHQWLODWLRQ� 7KH 1RUZHJLDQ /DERXU ,QVSHFWLRQ�
$XWKRULW\�VSHFLILHV�WKDW�³7R�HQVXUH�WKDW�WKH�HPSOR\HH
V�
VDIHW\�� KHDOWK� DQG� ZHOIDUH� DUH� VDIHJXDUGHG�� WKH�
HPSOR\HU�PXVW�� DV� IDU� DV� SUDFWLFDEOH�� HQVXUH� WKDW� WKH�
ZRUNLQJ� FRQGLWLRQV� DUH� IXOO\� MXVWLILDEOH��7KLV� DSSOLHV��
DPRQJ�RWKHU�WKLQJV��WR�WKH�ZRUNSODFH��ZRUN�HTXLSPHQW�
DQG� WKH� LQGRRU� HQYLURQPHQW� QRW� FDXVLQJ� XQIRUWXQDWH�
SK\VLFDO� VWUDLQ´>�@�� 7KLV� UXOH� RI� EHKDYLRU� LV� QRW� YHU\

�&RUUHVSRQGLQJ�DXWKRU��PDULD�M�DORQVR#QWQX�QR

VSHFLILF��)RU�WKLV�DUWLFOH��ZH�DVVXPH�WKDW�WKH�KRPH�RIILFH�
VKRXOG�PHHW�WKH�FULWHULD�GHILQHG�LQ�WKH�EXLOGLQJ�FRGHV�>�@�
DQG� LQ� WKH� RFFXSDWLRQDO� KHDOWK� DQG� SXEOLF� KHDOWK�
OHJLVODWLRQ�>�@��>�@�DV�KXPDQV�DUH�WKH�VDPH�DQG�WKH�HIIHFW�
RI�SROOXWDQWV�RQ�KHDOWK�LV�WKH�VDPH�DW�KRPH�RU�WKH�RIILFH��

2ZLQJ�WR�UHFRPPHQGDWLRQV�LQ�>�@��LW�ZDV�D�JHQHUDO�
PRYH�LQ�PDQ\�FRPSDQLHV�WR�SURYLGH�FRPSXWHUV��VFUHHQV�
DQG�FKDLUV�WR�VDWLVI\�WKH�HUJRQRPLF�FKDOOHQJH�RI�PRYLQJ�
WR� WKH�KRPH�RIILFH��+RZHYHU��YHQWLODWLRQ�RU� LQGRRU�DLU�
TXDOLW\� �,$4�� ZDV� QRW� IROORZHG� XS� DV� FORVHO\�� 7KLV�
DUWLFOH�LQWHQGV�WR�PDS�WKH�LQGRRU�DLU�TXDOLW\�WKDW�D�VDPSOH�
RI� XVHUV� LV� H[SRVHG� WR� ZKHQ� ZRUNLQJ� IURP� KRPH��
0HDVXUHPHQWV�WDNHQ�GXULQJ�RQH�WR�WZR�ZHHNV�VKRZ�WKDW�
PRUH� DWWHQWLRQ� VKRXOG�EH�GUDZQ� WRZDUGV� WKH� ,$4� DQG�
SUREDEO\�HPSOR\HUV�VKRXOG�JLYH�VRPH�UHFRPPHQGDWLRQV�
DQG�UHTXLUHPHQWV�WR�WKH�KRPH�RIILFH�XVHUV�

2 Methods
7KLV�VWXG\�LV�D�ILHOG�VWXG\�UHDOL]HG�LQ�'HFHPEHU������

ZKHQ� KRPH� RIILFH� XVH� ZDV� VWLOO� UHFRPPHQGHG� LQ�
1RUZD\�� (OLJLELOLW\� FULWHULD� UHTXLUHG� LQGLYLGXDOV� WR� EH�
ZRUNLQJ�IURP�KRPH�DW�OHDVW�IRXU�RI�WKH�VHYHQ�GD\V�RI�WKH�
ZHHN��7KH�SDUWLFLSDQWV�RI�WKLV�VWXG\�ZHUH�UHFUXLWHG�IURP�
WKH� DFDGHPLF� HQYLURQPHQW� RI� 7URQGKHLP�� 1RUZD\�� $�
VDPSOH�RI�HOHYHQ�KRXVHV�KDV�EHHQ�VHOHFWHG�IRU�FROOHFWLQJ�
WKH� PHDVXUHPHQWV�� 6XFK� D� VPDOO� VDPSOH� ZDV� FKRVHQ�
EHFDXVH�RI� WKH� UHVWULFWHG� QXPEHU� RI� DYDLODEOH� VHQVRUV��
7KHUH� DUH� VHYHUDO� LQVWUXPHQWV� ZLWK� GLIIHUHQW� DFFXUDF\
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for measuring the IAQ. We used low-cost sensors as 
these could be used to monitor the IAQ and not represent 
a huge economic investment. More information about 
the employed sensor and their calibration can be found 
in [7] (under publication). 

The sensor was placed in the working table next to 
the keyboard to represent as much as possible the 
breathed air (note that these measurements would not be 
sufficient to represent the whole room as the mixing of 
the air or any other considerations about air distribution 
in the room have not been studied. These measurements 
only intend to represent the air breathed by the home 
office user).  

To quantify the normal IAQ that the employees were 
breathing, the participants were asked to behave as 
normally as possible and not to change their practices 
regarding window opening. To know their habits 
regarding ventilation, all participants were sent an 
anonymized questionnaire. To control for bias regarding 
outdoor air, at least three houses were measured 
simultaneously in the same area of the city. Data 
management and analysis were performed using R 
studio Version 1.3.959. 

Once the samples were extracted, the feedback was 
given to the users in the form of recommendations 
regarding window opening. 

In observational studies, there is a potential for bias 
from the users over opening the windows as they feel 
“observed by the sensors”. A longer measurement 
period would have been better to reduce this bias. The 
small size of the dataset with all the users coming from 
the same population  of engineering may be affecting the 
results as well. Thus, further data collection is required 
to determine exactly the IAQ representative for 
Norwegian home offices. Table 1 presents the home 
offices where the results were collected results. 

Table 1. Shows the sample where measurements are collected. 
The nomenclature used is described below. Type: Type of 
building where the measurements are performed, Bdg. Loc: 
Building location the city, SDH: Semi-detached house, SFH: 
single-family house, A: Apartment, B: Basement, Ba: 
Bathroom, K: Kitchen, S: Staircase, B: Bedroom, LR: Living 
room, CC: City center, SNF: Suburban non-forested area, SF: 
suburban forested area, NV natural ventilation, EV: Exhaust 
ventilation, MBV: Mechanical balanced ventilation.  

ID  Type Floor 
Area 
(m2) 

Linked 
room 

Bdg. 
loc 

Ventilati
on 

1a SFH 2nd  12 LR, B CC NV 
1b A 3rd  9.8 Ba CC NV+EV 
1c A 2nd  48 LR CC NV+EV 
1d SDH 3rd  15 S SNF MBV 
2a SDH 2nd  5 B SNF NV 
2b SFH B 4.5 LR,B,K SF NV+EV 
2c A 2nd  40.4 LR,K SNF NV 
2d A 1st  15 LR,B,K CC NV 
3a SDH B 32 LR,B,K SNF  NV 
3b SFH B 4.5 LR,B SF NV+EV 
3c SDH 1st 10.5 B SF NV 

 
36 % of the measurements are done in single-family 

houses, 36 % in apartments and 28 % in semi-detached 

houses. 28 % of the rooms are in basements, 18 % on 
the first floor, 36 % on the second floor and 18 % on the 
third floor. 54 % of the rooms are used for at least two 
functions in addition to the home office, indeed only 45 
% were designed as domestic offices. There is only one 
building that has mechanical balanced ventilation. 36 % 
of the offices are placed so close to the bathroom that 
their ventilation is affected by its extraction. Other 36 % 
have an opening to the kitchen and the extraction via the 
kitchen hood would influence the pollutants. However, 
in these cases, the kitchen activities will as well affect 
the pollutant concentration. 

Measurements are done in one house of 1900, one 
house from 2018 and the rest of the houses are 
constructed in the period from 1950 to 1970. Among the 
latter, 45 % have undergone renovations such as newer 
windows and/or tighter envelope. 

2.1 Outdoor conditions during measurements 

Measurements were performed from the eighth of 
December to the 31st. During this period, the wind 
velocity was on average 2 m/s with a maximum of 9.4 
m/s blowing mostly from the South. A summary of the 
measurements is shown in Figure 1. 

 

Figure 1. Summary of outdoor conditions during the 
measurements 

3 Results 

The results are presented as weekly graphs of the 
measurements: 

 Thirty minutes averages of formaldehyde in 
µg/m3.  

 Continuous measurements of Total Volatile 
Organic Compounds (TVOC) in µg/m3. 

 Daily averages of PM2.5 in µg/m3. 
 Temperatures in C. 
 Relative humidity in %. 
 CO2 concentration in ppm. 
The horizontal green lines in Figures 2, 3 and 4 

represent existing maximum thresholds defined by the 
national or international authorities and the purple 
represent the recommendations by the Norwegian 
authorities. Following this: 

 The threshold for Formaldehyde is 100 µg/m3 
according to [8]
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 According to the WELL Building Standard, the 
limit for TVOC is <500 µg / m3 [9]. 

 For PM2.5 according to the NPHI, the maximum 
is 15 µg/m3 in daily averages [5]. 

 For temperature, the advised value that should 
not be overpass in heating season is 22 C [4]. 

 For moisture, the advised range is 20-60 % 
according to [10]. 

 For CO2 the advised limit is 1000 ppm according 
to TEK10 [11]. 

Figure 2 shows the measurements in offices 1 A-D from 
December the 8th to 16th. House 1D represents the 
newest and tightest envelope of all the measured home 
offices. In this house, there is mechanical ventilation 
supplying constant air. In this house the concentration 
of CO2 is mostly below 800 ppm except for the evening 
of December 15th when 8 people were using a lower 
room and thus, we see a peak in CO2 concentration. At 
the same time, this is the house with the highest supply 
of outdoor air and thus, the relative humidity is among 
the lowest. This house counts with heat recovery, 
electric heaters and a highly insulated envelope that 
keep the temperature constantly at 24 C that the user 
has defined as comfort temperature. This house is also 
painted with low emitting materials and the 
concentrations of TVOC or formaldehyde are 
comparable with the other houses although the other 
houses have been painted several years before. It is very 
interesting to see that both 1A and 1D had meetings 
when several people joined to cook Christmas cookies 
on the evening of December 13th (also on 15th of 
December) and both home offices present similar 
concentrations of formaldehyde and TVOC. However, 
the PM concentration differs much more. 1A is placed 
very close to the kitchen and 1D is two floors away from 
the kitchen. Thus, the volatile and gaseous components 
dissolve in every room of the house but not the PM2.5 
that has a much more local effect. 1B and 1C are situated 
in the same building on the third and second floor. In 1B 
the user has an oil radiator that is turned on when the 
user is working, thus, the large variations during and 
outside working hours. In this room, there is a window 
in the roof and the user feels colder than when going to 
room 1C that is normally at a lower temperature. 1C is 
separated from the kitchen by a door that is normally 
closed. However, we can see the variations in the 
volatile compounds connected to cooking.  

 Figure 3 shows the measurements in home offices 
2 (A-D) from 16th to 23rd of December. Here the 
measurements for home office 2D stand out. This is a 15 
m2 sleeping room, office and kitchen where two adults 
and one baby live. During working hours one parent 
goes to work, the baby goes to kindergarten and the 
other parent stays at the home office. These users do not 
open the windows to ventilate to avoid the entrance of 
cold air (though the average temperature of the room is 
28 C). This affects the concentration of CO2 that in the 
worst moments is close to 5000 ppm. The users do not 
feel headaches but sometimes need to go for a walk “to 

get some air”. These users are exposed to health 
affecting levels of formaldehyde, TVOC, PM2.5 and CO2 
owing to surpassing the threshold levels defined by the 
World health organization and all national standards. 
Home office 2B is placed in a basement at the top of a 
hill. This user always has the window closed and the 4.5 
m2 room has no mechanical ventilation. However, the 
room’s CO2 concentration is maintained below 1000 
ppm. On windy days such as December 21st , the 
concentration of CO2 is lower. The building envelope 
has not been tightened though the windows were 
changed. During construction, the requirement of 
tightness for such a house was 4 m3/m3 h [12]. This may 
justify the low levels of CO2 together with a strong 
extraction in the bathroom. Home office 2C uses a wood 
stove additionally to an electric radiator, on the evening 
of the 16th of December. On this day formaldehyde, 
TVOC and PM2.5 levels are much higher than for the 
other days probably related to wood firing. The users 
also report daily burning of candles in the evenings and 
this is reflected as peaks of TVOC and PM2.5 (though 
PM2.5 peaks are not visualized in Figure 3 as this graph 
represents 24-hours averages).  
Figure 4 shows the measurements of home offices 3 (A-
C) from 23rd to 30th December 2020 (none of the users 
celebrated Christmas). 3A is an office, living room, 
bedroom and kitchen space. As in all the other cases 
where there is a kitchen (2b, 2c, 2d, 3a), we see an effect 
of cooking on the formaldehyde, TVOC and PM2.5 
levels. Home office 3C is used also as a bedroom. On 
the 27th of December, two people sleep and this 
influences CO2, relative humidity, temperature and 
TVOC that rise simultaneously. The user of this room 
also reports that on the first three days, the sensor was 
placed close to its face and this may justify the peaks in 
CO2, probably due to direct breathing on the sensor.  
 Figure 5 agglomerates the values for all the 
measured offices during working hours. Working hours 
are defined as between 8:00 at 16:00 and from Monday 
to Friday. In summary, the employees are exposed to the 
following concentrations: 

Formaldehyde is over 100 µg/m3 more than 9 % of 
the measured time. For the worst-case scenario, this 
value is surpassed 45 % of the measured time. 

For PM2.5 the cases where the measurements are over 
15 µg/m3 represent only 4 % of the time, though in the 
cases where there is an open kitchen in the same room, 
these values may rise to up to 26 % of the time (note that 
we are looking at the 24-hours averages, large 
instantaneous peak happen frequently).  
For the temperature, we have evaluated the hours 
outside the range from 20 to 24 C. When considering 
all the offices, the measured temperature is outside this 
range for 81 % of the time, being the temperatures 
mostly over 24 C. In the worst case, the temperature is 
outside this range for 100 % of the time. This proves that 
these users don’t agree with the defined thermal comfort 
by the Norwegian TEK and regulate their heaters to feel 
comfortable.  
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Figure 5. Aggregated values for all the home offices 

during working hours defined from 8-16 from Monday to 
Friday. PM2.5, formaldehyde and TVOC in µg/m3 and CO2 in 
ppm The solid black line represents the average of all the 
measurements, the solid red line the maximum measured in 
that hour (or day for PM2.5 ), the dashed red represents the 
minimum measured in that hour (or day) and the green dashed 
line the health recommendation. For formaldehyde, the graph 
represents the 30 minutes averages and for PM2.5 the 
comparison is on daily basis. 

 
For the relative humidity, the measured values are 

outside the range 30-60 % during 69 % of the time, 
being the humidity below 20 % during 8 % of the time. 
This is a typical problem in Norwegian offices during 
winter as being the outdoor temperatures so low the 
indoor humidity is also very low. In the worst-case, the 
office 1D is below a humidity of 30 % 100 % of the time 
and below 20 % 25 % of the time. This user complains 
that since not working at the office, the contact lenses 
are stickier to the eyes. 

Regarding TVOC, considering all the home offices, 
the value 500 µg/m3 is surpassed 18 % of the time. The 
worst measured office this value is overpassed for 69 % 
of the measured period. 

Finally, the CO2 threshold of 1000 ppm is surpassed 
10 % of the time considering all the home offices. 
However, for the worst measured home office, this value 
is never gone under.  

We do not know how the home office affects their 
performance or health as this was not questioned. 

4 Discussion 

The levels of PM2.5 are generally very low in these 
measurements. Most of the sources for PM2.5 in these 
home offices are candle burning, wood stoves, oven 
cooking, the toasting of bread or outdoors. We did not 
measure the outdoor concentration of PM2.5 in each 
house, but Trondheim Municipality, the Norwegian 
Public Roads Administration and the Norwegian 
Institute for Air Research have installed measurement 
equipment not so far from the measured home offices. 
As Figure 6 shows with data from these sensors, during 

the measurements the average concentrations of PM2.5 
are 3.4 and 5.4 µg/m3. Given that only 1A and 2C use 
the wood stoves actively, most of the pollutants must 
derive from activities such as cooking and a candle 
burning. Still, the average values are generally lower 
than the 15 µg/m3 recommended. 

 
Figure 6. Hourly measurements of outdoor concentrations 

of PM2.5 in the vicinity of the home offices 
 
The average value of formaldehyde is 60 µg/m3 for 

all the sensors during the measured period, but many 
home offices present peaks that should be addressed. 
Formaldehyde is probably emitted by furniture, wooden 
products, textiles, paints, glues, household cleaning 
products, beauty products, computers and electronic 
equipment and of course cooking, heating and candle 
and incense burning [8]. For many of these sources, the 
high temperature and high relative humidity affect the 
emissions [13], [14]. Some of the peaks of formaldehyde 
happen simultaneously to peaks in TVOC. The used 
sensors have known cross sensitivities with methanol, 
ethanol, isopropanol, carbon monoxide, phenol, 
acetaldehyde H2, H2S, and SO2. These may also affect 
the results. When asked many of the users responded 
that they had the habit to burn candles. Additionally, 
many of the home offices are close by or in the same 
room as the kitchen and temperatures are relatively high 
in many of the measured houses. Many users also report 
frequent use of antibacterial gels. Thus, high values can 
be sustained.  

The TVOC average value is around 400 µg/m3 for 
all the home offices. However, the threshold value of 
500 is often surpassed in many home offices. The 
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VRXUFHV�IRU�792&�DUH�PDQ\�DQG�LW�LV�GLIILFXOW�WR�UHPRYH�
WKHP� DV� 792&� DUH� XELTXLWRXV�� )RU� VRPH� ZRRGHQ�
IORRULQJ��WKH�HPLVVLRQV�DW�����&�ZHUH�PRUH�WKDQ�GRXEOH�
DW�����&�>��@��

*LYHQ�WKDW�WKH�KRPH�RIILFH�KDV�EHHQ�IRU�WKH�ODVW�QLQH�
PRQWKV�DQG�PD\�FRQWLQXH�LQ�WKH�IXWXUH��PRUH�DWWHQWLRQ�
VKRXOG� EH� SDLG� WRZDUGV� YHQWLODWLQJ� WKH� IRUPDOGHK\GH�
DQG� 792&�� 7KH� JHQHUDO� DGYLFH� IRU� WKHVH� SROOXWDQWV�
ZRXOG� EH� WR� NHHS� WKH� WHPSHUDWXUHV� ORZ� WR� UHPRYH�
HPLVVLRQ�IURP�IXUQLWXUH��ZRRGHQ�SURGXFWV��WH[WLOHV��HWF�
DQG�YHQWLODWH�PRUH��

)RU�&2��PRVW�RI�WKH�XVHUV�PDQDJH�WR�NHHS�LWV�YDOXH�
EHORZ� ����� SSP�� HYHQ� ZKHQ� QR� HPSOR\HH� KDG� DQ\�
LQGLFDWRU�RI�LWV�YDOXH��WKXV��IRU�PRVW�RI�WKH�KRPH�RIILFHV�
WKH YHQWLODWLRQ ZDV VDWLVIDFWRU\ UHJDUGLQJ WKLV�
SDUDPHWHU��+RZHYHU��IRU�VRPH�KRPH�RIILFHV��WKH�YDOXH�
ZDV�DOPRVW�WKUHH�WR�IRXU�WLPHV�WKH�WKUHVKROG�OLPLW��:KHQ�
DVNHG�� PRVW� RI� WKH� XVHUV� FODLP� WR� KDYH� WKH� ZLQGRZV�
DOZD\V�FORVHG�DQG�WKH\�UHO\�RQ� LQILOWUDWLRQ�WR�YHQWLODWH�
DZD\�DOO�SROOXWDQWV��,Q�FROG�SHULRGV�OLNH�WKH�PHDVXUHG��
WKH�LQILOWUDWLRQ�OHYHOV�PXVW�EH�KLJK�RU�YHU\�KLJK��7KHVH�
KRXVH� DUH� QRW� YHU\� DLUWLJKW�� WKXV� WKHVH� KRXVHV�PD\� EH�
³YHU\� YHQWLODWHG´� EXW� WKH� YHQWLODWLRQ� LV� LUUHJXODU� DQG�
XQSUHGLFWDEOH��

7HPSHUDWXUHV� DUH� UHJXODWHG� E\� WKH� XVHUV� WR� WKHLU�
FRPIRUW�ZKLFK�LV�VOLJKWO\�KLJKHU�WKDQ�ZKDW�LV�QRUPDOO\�
PDLQWDLQHG� LQ� RIILFHV�� 7KH� UHODWLYH� KXPLGLW\� LV� QRW�
FRQWUROOHG� DQG� MXVW� YDULHV� EDVHG� RQ� WKH� RFFXSDQW¶V�
DFWLYLWLHV��,Q�JHQHUDO��PRVW�KRXVHV�VKRZ�5+�FORVH�IURP�
WKH� ORZHVW� DGYLVHG� WKUHVKROG� RI� 5+� DQG� WKH� RXWGRRU�
WHPSHUDWXUHV�DUH�QRW�HYHQ�LQ�WKH�ORZHVW�RI�WKH�\HDU��

,Q�JHQHUDO��ZKLOH�VRPH�SDUDPHWHUV�DUH�JHQHUDOO\�NHSW�
EHORZ� WKH� WKUHVKROGV� IRU�PRVW�RI� WKH�RIILFHV�� IRU� VRPH�
RWKHU�SDUDPHWHUV�RU�LQ�RWKHU�RIILFHV��DOO�WKH�SDUDPHWHUV��
WKH�PHDVXUHG�YDOXHV�DUH�GDQJHURXVO\�KLJK��7KH�VWDQGDUG�
IURP� WKH� 1RUZHJLDQ� /DERXU� ,QVSHFWLRQ� $XWKRULW\�
VKRXOG� EH� XSGDWHG� WR� DGGUHVV� WKH� QHZ� QHHGV� WKDW� WKH�
KRPH� RIILFH� LV� UHTXLULQJ�� DQG� WKH� HPSOR\HUV� VKRXOG�
UHPLQG�HPSOR\HHV�WR�RSHQ�ZLQGRZV�PRUH�IUHTXHQWO\�WR�
DYRLG� KHDOWK� SUREOHPV�� )XUWKHU� PHDVXUHPHQWV� DQG�
FRUUHODWLRQV�WR�KHDOWK�FKDOOHQJHV�DUH�DOVR�UHFRPPHQGHG�
FRQVLGHULQJ�WKH�UHVXOWV�IURP�WKLV�VDPSOH�

5 Conclusions
0HDVXUHPHQWV�KDYH�EHHQ�FROOHFWHG�LQ�HOHYHQ�KRXVHV�

IRU�DW�OHDVW�RQH�ZHHN�LQ�WKH�ODVW�PRQWK�RI�������)RU�PDQ\�
RI�WKH�PHDVXUHG�RIILFHV��WKDQNV�WR�WKH�ODUJH�LQILOWUDWLRQ�
UDWHV��WKH�JHQHUDO�OHYHOV�RI�&2��DUH�PDLQWDLQHG�EHORZ�WKH�
WKUHVKROG� RI� ����� SSP� DQG� JLYHQ� WKH� ORZ� RXWGRRU�
SROOXWLRQ�OHYHOV�RI�7URQGKHLP�WKH�30����� OHYHOV�DUH�DOVR�
TXLWH�ORZ��+RZHYHU��IRU�RWKHU�SROOXWDQWV�VXFK�DV�792&�
RU�IRUPDOGHK\GH�PRUH�YHQWLODWLRQ�ZRXOG�EH�DGYLVHG�DV�
WKH�ORZHU�WKH�FRQFHQWUDWLRQ�RI�WKHVH��WKH�EHWWHU��

&RPIRUW�WHPSHUDWXUH�ZKHQ�XVHUV�FDQ�FKDQJH�LW�IUHHO\�
LV�KLJKHU�WKDQ�ZKDW�LV�VWDQGDUG�LQ�RIILFHV��7KLV�VKRXOG�EH�
IXUWKHU�VWXGLHG��

,W�LV�UHFRPPHQGHG�WKDW�DGGLWLRQDOO\�WR�WKH�HUJRQRPLF�
IDFLOLWLHV�� PRUH� UHFRPPHQGDWLRQV� RI� LQFUHDVLQJ� WKH�
YHQWLODWLRQ�DQG�RU�RSHQ�ZLQGRZV�VKRXOG�EH�JLYHQ�IURP

WKH�HPSOR\HUV�WR�UHPHPEHU�WR�NHHS�WKH�SROOXWDQWV�OHYHOV�
ORZ��

7KLV� SDSHU� KDV� EHHQ�ZULWWHQ�ZLWKLQ� WKH�5HVHDUFK�&HQWUH� RQ�
=HUR�(PLVVLRQ�1HLJKERXUKRRGV�LQ�6PDUW�&LWLHV��)0(�=(1���
7KH�DXWKRUV�JUDWHIXOO\�DFNQRZOHGJH�WKH�VXSSRUW�IURP�WKH�=(1�
SDUWQHUV�DQG�WKH�5HVHDUFK�&RXQFLO�RI�1RUZD\�
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