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Carbon dioxide (CO2) emissions have various consequences that affect the environment,
human health, and society. While early studies used CO2 as a ventilation efficiency indicator,
there is some doubt that COz2 itself is a pollutant that directly impacts human health and
cognitive performance inside buildings. In the modern world, people spend most of their
time (up to 80-90%) indoors, with office and school buildings gaining particular attention.
Some studies have found a reduction in cognitive performance under CO: levels that are
commonly observed indoors due to elevated CO2 concentrations, claimed to be a hidden
impact of climate change.

A direct air capture (DAC) unit coupled with an existing HVAC system in the building
infrastructure can improve indoor air quality. This study investigates the indoor
environments of two office buildings in different climates and finds no impact on human
productivity due to levels after using a DAC unit, while there is some deterioration of
cognitive function when higher levels of CO2 are present. This study shows that a DAC unit
located after an air conditioning system can feasibly provide a good indoor environment for
buildings in both dry-cold and humid-warm conditions, although maintaining adequate
relative humidity levels in dry-cold climates and small residential towns is challenging. A
DAC unit added to an HVAC system in a building is also a promising technology to reduce
global warming and mitigate the effects of climate change.
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Abbreviations

ACGIH
ACH
AHU
ASHRAE
BARS
BRS

CAV
CJv
CNSVS
CPT
DAC
DACS
DBP
dC0O2
DOAS
DV
EEG
ETCO2
EU
FEV
FIN
FVvC
GHG
GSQ
HDD

American Conference of Governmental Industrial Hygienists
Air Changes per Hour

Air Handling Unit

Heating, Refrigerating and Air Conditioning Engineers
Behavioural Assessment and Research System

Building Related Symptoms

Constant-Air-Volume
Confluent Jet Ventilation

CNS Vital Signs

Continuous Performance Test
Direct Air Capture

Direct Air Capture and Storage
Diastolic Blood Pressure
Different Indoor and Outdoor Carbon dioxide Concentration
Dedicated Outdoor Air System
Displacement Ventilation
Electroencephalogram
End-Tidal CO2

European Union

Forced Expiratory Volume
Finland

Forced Vital Capacity
Greenhouse Gas Emissions
Groningen Sleep Quality
Heating Degree Days



HK
HRV
HVAC
IAQ
IDA
(NAY
IPCC
KSS
LUT
MATB
MTS
MV
MVHR
NETS
OA
OSHA
P2X
PANAS
PAQ
PAU
PCO2
PEF
PEL
PFT
pPNN50
PNS
PO2
PSA
PVT
RCP

Hong Kong

Heart Rate Variability

Heating, Ventilation, and Air conditioning
Indoor Air Quality

Classification of Indoor Air Quality
Impinging Jet Ventilation

Intergovernmental Panel on Climate Change
Karolinska Sleepiness Scale

Lappeenranta University of Technology
Multi-attribute Task Battery

Match to Sample

Mixing Ventilation

Mechanical Ventilation with Heat Recovery
Negative Emissions Technologies

Outdoor air

Occupational Safety and Health Administration
Power-to-X

Positive and Negative Affect Schedule
Perceive Air Quality

Primary Air-handling Unit

Partial Pressure Carbon Dioxide

Peak Expiratory Flow

Permissible Exposure Limit

Pulmonary Function Testing

Proportion of NN50 divided by the total number of NN (R-R) intervals
Parasympathetic Nervous System

Partial Pressure of Arterial Oxygen
Pressure-Swing Adsorption

Psychomotor Vigilance Task

Representative Concentration Pathway



RMSSD Root Mean Square of Successive Differences between normal heartbeats

SBP Systolic Blood Pressure

SBS Sick Building Syndrome

SCWT Stroop Colour and Word Test
SDNN Standard Deviation of NN intervals
SMS Strategic Management Simulation
TLV Threshold Limit Value

TSA Temperature-Swing Adsorption
TSD Temperature-Swing Desorption
TVSA Temperature-Vacuum Swing Adsorption
TWA Time Weight Average

VAV Variable-Air-Volume

WSHP Water Source Heat Pump
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1 Introduction

Carbon dioxide (CO2) emissions are the main factor driving climate change, thereby
affecting the environment, human health and society (Karnauskas, Miller and Schapiro,
2020). It is established that high CO2 concentrations in confined spaces, such as in
submarines and aircraft, can harm human cognitive performance (Jacobson et al., 2019).
Meanwhile, in the modern world, people spend most of their time indoors, up to 80-90%
(Jacobson et al., 2019), where the available space is densely populated, contributing to an
accumulation of COz levels, especially when buildings are in energy-saving mode (Lowther
et al., 2021). Therefore, office and school buildings have been gaining significant attention
due to the impact of CO2 on human performance. While average CO2 concentrations are
normally between 600 and 1000 ppm in offices, schools, and homes, exposure to higher CO2
concentrations can produce acute symptoms such as headaches and drowsiness. (Jacobson
etal., 2019.)

The reduction in human cognitive function from elevated CO2 concentrations is claimed to
be a hidden climate change impact, and populated areas and indoor spaces like offices,
classrooms and transportation methods are particularly at risk (Karnauskas, Miller and
Schapiro, 2020). Improving the indoor air quality by increasing the ventilation rate is not
always applicable, and this has widened the opportunity for other solutions, such as using
indoor air purifiers (Shi and Li, 2018), equipping specialized filters to capture pollutants
(Kim and Choi, 2019), and coupling the building infrastructure HVAC with direct air capture
(DAC) units (Baus and Nehr, 2022). Applying a DAC unit to a building ventilation system
is a novel concept, although some previous studies have focused on capturing CO2 from the
exhaust or supplied air in a recirculation mode. Meanwhile, thus far no research has applied
a DAC unit to a fresh outdoor air supply and compared its effectiveness with the air
recirculation method. Therefore, this study investigates the reduction of indoor COz2 levels
in the air supply and the impact on human performance by a simulation of applying a DAC

duct unit to the existing ventilation systems of office buildings.
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1.1 Background

Early studies used CO:z2 as a ventilation efficiency indicator, and there is no doubt that CO2
has a direct impact on human health and cognition inside buildings (Kim et al., 2020). A
study measuring COz2 levels in school buildings over 48 hours revealed that 20% of CO:2
concentrations were above 1000 ppm and teachers reported neuro-physiological symptoms
such as headaches, fatigue and difficulty concentrating (Muscatiello et al., 2015). Other
studies have found a reduction in cognitive performance under levels commonly observed
indoors. An investigation into exposure to CO: for six hours, i.e., typical working hours, also
indicated that cognitive function scores, such as for decision-making, are inversely
correlated with CO2 levels (Karnauskas, Miller and Schapiro, 2020). In general, high CO2
concentrations lead to reduced blood pH. Therefore, there is also a risk of chronic pH-
dependent health effects such as diabetes, neurodegeneration, brain and bipolar disorders,

respiratory syndromes, weakened bones and cancer (Duarte, Jaremko and Jaremko, 2020).

Currently, the anthropogenic climate impact from fossil fuel emissions is the main reason
why COz is released into the atmosphere, and this also affects the indoor air quality as CO2
is delivered from the outdoor air into a building via the ventilation system. For this reason,
indoor CO2 levels are increasing significantly, especially when combined with the CO2
generated by the occupants and a poor outdoor air supply rate (Karnauskas, Miller and
Schapiro, 2020). The relationship between outdoor and indoor CO2 concentrations in a
steady state indicates that indoor CO2 cannot go below the outdoor CO2 concentration as
long as the indoor CO2 generation and/or ventilation rate is positive (Karnauskas, Miller and
Schapiro, 2020). However, CO2 is generated by the occupants of a building, and the
minimum ventilation rate requirements of most standards have positive values. For example
in the American Society of Heating, Refrigerating and Air Conditioning Engineers
(ASHRAE) standard, the minimum recommendation for office space is 8.5 L/s per person
for an outdoor CO: level of 350 ppm, which produces an indoor CO2 concentration of 961
ppm (Kim and Choi, 2019). Thus, the indoor CO2 level will always be higher than an
atmospheric one. Maintaining an indoor CO2 concentration at an acceptable level requires
higher ventilation rates of outdoor air, with a 10% of ventilation rate increase for every 50

ppm increase from the atmospheric level (Kim and Choi, 2019).
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A study in an office environment in a green building found that the ventilation rate increases
to 40 cfm per person (~20 L/s per person) with 100% outdoor fresh air, given an indoor CO2
concentration of 550 ppm. Following a full day of exposure to this condition, a higher
average cognitive score (101%) is achieved than with the condition as per the ASHRAE
standard, which requires only half the ventilation rate with a supply of 50% fresh outdoor
air and 50% recirculated air, producing an indoor CO2 concentration of 945 ppm. Changing
from the green building condition to high CO2 concentrations of 1400 ppm leads to 50%
lower cognitive function scores. (Allen et al., 2016.) Based on a cognitive measurement tool
called Strategic Management Simulation Battery, which tests decision-making effectiveness,
there will be a 25% reduction in indoor basic decision-making and a 50% reduction in
complex strategic thinking by the 22" century if CO2 emissions continue to rise. It can be
stated that the emissions from fossil fuels can adversely affect human cognitive performance,
although it remains unclear which pathway and what consequences will impact the world
and human health. (Karnauskas, Miller and Schapiro, 2020.) Even a standard level of indoor
CO2 concentration such as 1000 ppm can affect work performance and lead to significant

economic losses for society and the organization (Satish et al., 2012).

To dilute indoor air with fresh air, the flow of outdoor air can be increased to improve the
indoor air quality when atmospheric COz2 levels are high. The concern here is about energy
consumption as this approach will require a high energy load in buildings to ensure the
heating and cooling of the outdoor air supply (Kim and Choi, 2019). Presently, the global
energy demand is growing constantly (Baus and Nehr, 2022), and buildings use about 40%
of the global primary energy consumption. Especially in developed countries, using HVAC
systems contributes to the largest share of energy use (Balvis et al., 2016). Buildings in the
EU alone account for up to 40% of the energy consumed, causing 36% of greenhouse gas
(GHG) emissions (Baus and Nehr, 2022). These factors are contributing to global warming
and climate change since the energy consumed in buildings is mainly derived from fossil
fuels (Kimand Choi, 2019). The projection of the IPCC regarding the pathways of increasing
atmospheric COz by the end of this century predicts that the level will rise from 400 ppm to
936 ppm (RCP 8.5) (Jacobson et al., 2019). There will significantly raise the energy

requirements to increase the external air supply, especially for those buildings that need
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cooling and heating, which also lead to an increase in CO2 emissions on a global scale (Lowe,
Huebner and Oreszczyn, 2018).

Urban areas correspond to higher atmospheric CO2 concentrations than rural areas because
the road traffic emissions are mostly GHGs. The levels of pollutants, for example carbon
monoxide and CO2 (Kim and Choi, 2019), are influenced by factors such as the time of day,
season, building density and wind speed, which can worsen both the indoor and outdoor
environments (Jacobson et al., 2019). However, not only are urban residents impacted by air
pollution but increasing CO2 concentrations are also harmful to human health in rural areas,
such as in India and Asian and African countries, due to the intensive use of biomass and
biofuels (Robertson, 2006). An increasing of ambient CO2 concentration is a significant
factor that influence ventilation performance, which normally bonded to energy loads of
cooling and heating since outdoor airflow rate should be adjusted to keep indoor CO:2
concentration in buildings at a steady state. And especially in winter and summer, the energy
loads for thermoregulation are higher than in other seasons (Kim and Choi, 2019). Climate
types also influence the use of ventilation systems and thus need to be understood and
optimized to ensure the efficiency of a built environment’s ventilation (Chen, Tong and
Malkawi, 2017). In a tropical climate, indoor CO2 concentrations are normally high, and
increasing the building’s ventilation rate requires more cooling, and thus energy. The
performance of air conditioning (AC) can affect personal exposures to CO2 by allowing
outdoor air to enter the room rather than remove indoor air. This is compounded by the fact
that CO2 is a dense gas and concentrates at lower levels, while AC devices are typically
mounted on the wall. (Jacobson et al., 2019.) In addition, the cooling energy load is the

largest share of energy in ventilation (Kim and Choi, 2019).

1.2 Objective and scope

This study investigates the reduction of indoor CO:2 levels, and the impact on human
performance, by considering a literature-based simulation of a DAC unit equipped to the
existing ventilation system of an office building. The study is hereby searching for the

benefits of lowering indoor COz2 levels from the human effects, technological HVAC-DAC
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integration, and environmental points of view. To estimate the impact of COz2 levels inside
a building on human productivity, a DAC unit added to an existing ventilation system inside
a building is thus calculated and estimated, whereby COz2 is captured from the supplied air
in either the fresh or recirculated air condition. Two office buildings’ environments are
considered, one in Finland representing a low-density residential town size with less polluted
outdoor air and a megacity in Hong Kong as densely populated area with more than five
million inhabitants; these settings of Finland and Hong Kong also have drastically different
climates, namely one with a long period of dry-cold climate with heat recovery systems and
the other with a mild winter and humid-warm summer without using of heat recovery. The

elements considered in this study are shown in Figure 1 below.

Building in _ —— BN N
Finland = SESTAl Summer With DAC
Human performance
|:> and productivity
Building i Fresh air - g
. l|ng " . Without
Megacity (e.g. Winter DAC
Hong Kong)
Recirculated air
7 J

Figure 1. The scope of the elements in this study.

Firstly, the research methodology includes a literature review of human cognitive
performance in relation to indoor COz2 levels. Secondly, the technological information on
ventilation systems in buildings is reviewed before the current state of DAC technology is
introduced. Thirdly, an empirical investigation is performed by using MATLAB Simulink
designs for a DAC unit and HVAC system and adopted to calculate the indoor climate
parameters in this study, including CO2 level and relative humidity. Then, the study
examines the correlation between the resulting indoor CO2 concentrations and the influence
on human cognitive performance and working productivity based on the studies in the
literature that were reviewed in the first step. Finally, the discussion, conclusion and

summary are given.
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2 Human productivity

Productivity depends on many factors, including the ability to concentrate, technical
proficiency, good planning and management, a supportive environment and individual well-
being (Clements-Croome, 2000). Work performance plays an important role at the
organizational level as it allows employees to deliver tasks and achieve positive outcomes.
An individual with high performance can accomplish goals and achieve the target results
while also obtaining a sense of satisfaction, skilful feelings and pride in addition to financial
rewards. In contrast, low performance can lead to dissatisfaction and failure. Good
performance is a major prerequisite for future career development and success in the labour
market. The perspectives of performance can be seen as individual, situational and
performance regulation or performance process, and these include questions like “What is
happening when someone is ‘performing’?”. (Sonnentag and Frese, 2005.) From an
individual perspective, one of the components of job performance is cognitive abilities,
meaning a high-level individual performs better across a wide range of job types.
Meanwhile, the situational perspective considers an individual’s environment, such as
factors in the workplace that affect their actions and could enhance or hinder their work
performance. (Sonnentag and Frese, 2005.) A hierarchy of five different levels in assessing
the productivity of office occupants in the relation to the indoor environment is shown in
Figure 2. The top level represents occupants’ productivity as a single element, while the
second level includes human and system factors before all elements are evaluated in the third

level. The last two levels deal with health and environmental factors.

Even though there is no standard procedure for measuring human productivity, Clements-
Croome (2000) described the methods of performance measurement as classified into three
categories, namely physiological, objective and subjective measurements, which are
summarized in Appendix I. Physiological measurements correlate activation or arousal with
an increase in activity in the nervous system (Clements-Croome, 2000). Meanwhile, there is
also a correlation between the physiological and psychological responses, which happens
between the structure of the human nervous mechanism and the occurrence of consciousness

(Weiss, 2008). Performance changes over time, and changes in an individual’s psycho-
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physiological state lead to short-term variability in performance. These changes can emerge
due to factors like long working hours, physically disturbance, mental and behavioural
issues, and stress exposure, which lead to fatigue or decreased activity. (Sonnentag and
Frese, 2005.)

Main factor
which influence

Level 1 productivity
Level 2 Human factors of heing || Abilityto | | . Job | | Technical
the individual Well-being |— “ortorm  [—| Motivation I tistaction [ | competenc

| ]

l [ : | [ | l ]
Level 3:System.factorsa: Indoor Personal Facilities & Outdoor
i Organisation Occupation q 5 :
personal circumstances & P environment circumstances services environment
which influence human

factors

c
o
—
Environmental factors which influence system factors o
Level 4 . DRI o ; &
(Temperature and humidity, ventilation, lighting, crowding) =
o
)
Influence
Health factors which influence system factors
Level 5

(Respiratory, skin, nervous, nasal and related problems)

Figure 2. An adapted hierarchy of five levels in assessing the productivity of office occupants in relation to
the indoor environment. (Clements-Croome, 2000)

Objective measurement and task performance are commonly measured as the mental
workload (Clements-Croome, 2000), and can be described as task demand and the
individual’s capacity (Radlntz, 2017). Meanwhile, performance is divided into behavioural
and outcome aspects. Behaviour is the action an individual performs in a work situation for
organizational goals, while the outcome is the result or consequence of that behaviour.
However, the outcome is not only due to the behaviour alone but is also influenced by
external factors such as the environment. Performance can be assessed through task
performance and contextual performance. In the working environment, task performance has
a multi-dimensional and dynamic nature, and it is the ability of the individual to perform
activities and contribute to the organization’s technical core, which in turn relates to the
individual’s proficiency. Meanwhile, contextual performance is supporting one’s

surroundings in achieving the goals and relates to personality and motivation. (Sonnentag
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and Frese, 2005.) Task-based measurement is useful as it has a high acceptance level among

raters and can be used for quantitative and empirical testing.

Subjective measurement is a method to assess task performance that is based on the
perspective of the subjects. An assessment can hereby be performed through rating scales,
questionnaires or interviews. This method has no empirical or quantitative relevance, but it
is claimed to be the most appropriate in this field because the subjects tend to work with
their feelings rather than their physiological or behavioural measurements. Normally, a
higher rating of a workload relates to poorer performance. Factors in the work environment,
such as air pollution, influence the occupant’s psychological responses of satisfaction or
dissatisfaction. Their emotional state can be described through emotional responses,
including pleasure, arousal and dominance. Meanwhile, the physical environment influences
emotions, and the way that behavioural responses due to those impacts affect work
performance is significant. Considering environmental psychology, the impact of physical
stimuli on emotions and how these produce behavioural changes, such as in work
performance and social interaction, are major concerns. (Clements-Croome, 2000.) To
understand the effect of cognitive performance, there is a moderate to high association
between objective measurement from neuropsychological testing based on subjective
reporting from self-reporting that measures cognitive functioning. This correlation is

particularly effective for those with high anxiety (Baker et al., 2018).

2.1 Physiological measurement

One of the major methods to measure human productivity suggested by Clements-Croome
(2000) is physiological measurement. Such measurements can examine 1) the respiratory
system, i.e. measuring the respiration rate and oxygen consumption; 2) the nervous system,
i.e. measuring brain activity and muscle tension; and 3) the cardiovascular system, i.e.

measuring heart rate and blood pressure, among others (Clements-Croome, 2000).
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2.1.1 Respiratory system

The respiratory system can be measured using various tests, such as pulmonary function
testing (PFT). This method is used in the diagnosis of pulmonary conditions and is most
widely performed by spirometry (Liou and Kanner, 2009). Spirometry measures the lung
function in terms of the ability to breathe, commonly encompassed as the “Forced Expiratory
Volume (FEV)”, i.e. showing the amount of exhaled air in different periods, e.g. one second
(FEV1) or two seconds (FEV2). The total amount of air exhaled during an FEV test is called
the “Forced Vital Capacity (FVC)” (Shriram, Ramamurthy and Ramakrishnan, 2019), and
peak expiratory flow (PEF) is the maximum flow rate achieved in an FVC test (Mishra et

al., 2021). This measurement can be used to estimate lung function performance.

Another respiratory test is based on the respiration rate, measuring the number of breaths per
minute, which increases when arousal is high, while the breathing wave measures the depth
of breath. When the body is exposed to high CO2 concentrations, it tends to become self-
protective through physiological regulation, such as deeper breaths that reduce the arousal
level and lead to a deterioration in the ability to perform tasks. (Zhang et al., 2021.) Lastly,
end-tidal CO2 (ETCO2) measures the partial pressure of COz in the blood after an exhaled
breath, while POz and PCO: represent the partial pressure of arterial oxygen and COz,
respectively. When CO2 concentration increases, PCO: increases and PO2 decreases. The
relationship between POz and saturated oxygen (SPOz) in the blood is stable when POz is
greater than 80 mmHg; therefore, a significant decrease in POz means lower saturated

oxygen in the blood and reduced human functioning. (Duarte, Jaremko and Jaremko, 2020.)

The effect of the CO: level on the respiratory system includes restrictive lung behaviour,
which leads to changes in the gas exchange mechanism. The gas transfer mechanism is
driven by the partial pressure difference between oxygen and COz2 in venous blood pressure
and alveoli pressure in the lung region. When humans inhale air with a high CO:2
concentration, this leads to hyperventilation and low lung volumes for gas exchange (tidal
volume), eventually contributing to a high partial pressure of COz2. Since the partial pressure

of oxygen is higher than that of COz: in the alveoli lung region, i.e., 100 mm Hg and 40 mm
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Hg, respectively, there is less of a difference between the partial pressures for gas exchange.
As a result, less CO2 needs to be removed from the venous blood, causing CO2 retention.
The consequences of rich COz blood contribute to chemical changes in the brain, triggering

causes in brain function. (Shriram, Ramamurthy and Ramakrishnan, 2019.)

2.1.2 Nervous system

When examining the nervous system, an electroencephalogram (EEG) is used to measure
the electrical activity in the brain by transforming the brain signals into frequency bands
such as delta, theta, alpha and beta waves. These brainwaves change in line with human
behaviours and emotions; for example, the relative power of the beta wave indicates high

arousal and stress, affecting the individual’s ability to complete their tasks.

2.1.3 Cardiovascular system

The nervous system tends to influence the cardiovascular system (Gordan, Gwathmey and
Xie, 2015). For example, the autonomic nervous system regulates involuntary physiological
processes, such as heart rate and blood pressure. The nervous system contains three distinct
divisions, namely the sympathetic nervous system (SNS), parasympathetic nervous system
(PNS) and enteric nervous system (ENS) (Waxenbaum, J. A., 2021). Meanwhile, heart rate
and heart rate variability (HRV) are commonly used to investigate the effect of CO2. The
parameters of the autonomic nervous system that affect HRV include the standard deviation
of heartbeat intervals (SDNN). The parasympathetic regulation of the heart is related to the
root mean square of successive differences between normal heartbeats (RMSSD) and the
proportion of successive heartbeat intervals exceeding 50 milliseconds (pNN50). (Zhang et
al., 2021.) pNN50 measures HRV based on the increase in the percentage, meaning the body
is using parasympathetic nervous system (PNS) activity as a self-protective mechanism to

enter a resting state and increase its physical fitness adaptability (Zhang et al., 2021).
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Blood pressure is a physiological response that is divided into diastolic blood pressure (DBP)
and systolic blood pressure (SBP). SBP is when the heart shrinks, and DBP is when the heart
relaxes. In an unhealthy indoor air environment, i.e. with high CO2 concentrations, blood
pressure tends to increase, especially SBP, which can lead to hypertension if in excess of
140 mmHg. These physiological responses are linked to mental and physical health to some
extent. (Kim et al., 2020.) Finally, an electrocardiogram (ECG) is a test used to evaluate the
heart and is widely employed to measure the effects of CO2 on the cardiovascular system
(Zhang et al., 2021).

2.2 Task performance

In young age groups, measuring task performance relates to concentration, motivation, short-
term memory and logical thinking, which includes tests on number addition and comparison,
grammatical reasoning, and reading and comprehension. Grammatical reasoning measures
cognitive performance in terms of fluid intelligence, which is widely used in the research on
cognitive ability. The test is short and efficient as it takes only three minutes, wherein the
participants are required to read sentences with a pair of letters and select the true or false
answers. (Petersen et al., 2016.) The scores can be used to analyse “higher mental processes”
in correlation with intelligence test scores or as part of stress studies on nitrogen narcosis in
divers (Baddeley, 1968). Lastly, reading and comprehension are performed by reading texts
and inserting choices. Performance improvement is assumed when the number of correct

answers increases without a high number of errors (Petersen et al., 2016).

The Multi-Attribute Task Battery (MATB) is a set of tasks used in aircraft pilot training,
comprising four main tasks for participants: a monitoring task, a tracking task, an auditory
communication task and a resource management task, in conjunction with a scheduling
display on a screen. The tasks allow participants to perform multitasking, allowing the
effects of regulating on decision-making, mental workload, and vigilance to be evaluated.
The MATB is widely used in research on human factors. (Cegarra et al., 2020.)
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Another task performance measure is the Strategic Management Simulation (SMS)
methodology, which offers various tools for decision-making assessment. This methodology
measures performance in terms of productivity, and a linear relationship between SMS
performance and other productivity indicators has been proven. SMS scores can predict job
satisfaction and performance. It is a useful tool in productivity evaluation as it allows
participants to self-rate their capability and performance. The SMS is more focused on real-
life scenarios that can offer relevant information and options. (MacNaughton and Cockerill,
2021.)

The Behavioural Assessment and Research System (BARS) measures the neurobehavioral
function in humans. It can effectively test the performance of non-mainstream population
groups, such as the poor, the educated or young children. In addition, the Continuous
Performance Test (CPT) is an attention task, while Match To Sample (MTS) is a visual

memory task. (Rohlman et al., 2003.)

The Psychomotor Vigilance Task (PVT) is mainly used to assess the effect of sleep
deprivation or sleep loss on human neurobehavioral performance, and it can be used to
measure cognitive performance in certain aspects. Using PVT performance to assess the
effect of sleep loss assesses the changes in the ability to maintain an alert state. (Basner and
Dinges, 2011.) The Karolinska Sleepiness Scale (KSS) measures sleepiness and is used to
study the effects of shift work, sleep deprivation and driving. The highest number on the
scale represents the most significant effect, going from extremely alert to extremely sleepy.
(Kaida et al., 2006.)

The Positive and Negative Affect Schedule (PANAS) measures moods or emotions, and it
is divided into ten positive effects of measurement and ten negative effects using a scale of
5 to 1. It can measure the variation in emotions during a particular period or event. CNS
Vital Signs (CNSVS) is an automated neurocognitive test battery, also known as a
neuropsychological test, which is normally used as a screening instrument. It comprises
verbal and visual memory, finger tapping, symbol digit coding, the Stroop test, a test of

shifting attention and the continuous performance test. (Gualtieri and Johnson, 2006.)
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The Stroop Color and Word Test (SCWT), part of neurocognitive testing, is a psychological
test that measures the ability to inhibit cognitive interference from congruent and
incongruent stimulus features, also called the Stroop effect. The participant reads the names
of colours printed in black or colour ink, whereby the ink colours are inconsistent with the
names of the colours. (Scarpina and Tagini, 2017.) Lastly, the Tsai-Partington test is used to
measure cognitive performance, evaluating the arousal level using 20 randomly selected
numbers from 0 to 100 that the participants must connect in the right order within a limited
time. The scores can be used to estimate accuracy and correct linking ability. (Tao, Yang
and Liu, 2019.)

2.3 Subjective evaluation

The relationship between any single environmental factor (e.g., the indoor environment) and
human behaviour is complex. To find the correlation in subjective measurement, the relevant
factors need to be selected according to the main study objectives. It can be simply defined
as the human factor affecting an individual’s productivity, whereby a contributor that
influences the human factor is the indoor environment. Environmental factors such as
temperature, dry or humid air, poor air quality, discomfort from lights and crowded spaces
influence the indoor environment, which in turn affect human health. (Sonnentag and Frese,
2005.) The psychological responses of the occupants can represent their mental health, while
indoor air pollutants can be evaluated based on the responses on the indoor air quality (IAQ)
satisfaction scale (Kim et al., 2020) or perceived air quality (PAQ) (Zhang, Wargocki and
Lian, 2017). Therefore, measuring human factors can involve a self-estimation of

performance (Sonnentag and Frese, 2005).

Heath factors can be collected from the subjective measurement of the following symptoms:
respiratory problems such as a sore throat, tight chest, shortness of breath, cough and
wheezing; skin problems such as skin irritation, itching, dry skin and rashes; nervous
problems such as headaches, nausea, drowsiness, tiredness, reduced mental capacity,
dizziness, forgetfulness, and fatigue; and nasal problems, such as itchy eyes, runny nose,

nasal/sinus problems, and asthma (Sonnentag and Frese, 2005). These symptoms can be
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combined into sick building syndrome (SBS), which includes nasal congestion, a dry throat,
lips and skin, painful eyes, hunger, headache, fatigue and sleepiness (Strem-Tejsen et al.,
2016). Sometimes, tiredness and sleepiness can be surveyed to estimate sleep quality using
the Groningen Sleep Quality (GSQ) scale.

Among the tests and measurements mentioned above, some record data such as student
attendance, which could be affected by the indoor air environment and quality in school
buildings and is particularly salient as student and teacher attendances influence academic
performance (Shendell et al., 2004). Moreover, it is possible to estimate daily productivity
losses as an effect of teacher absence, especially in the short term and prior to the time of

student examinations (Herrmann and Rockoff, 2012).
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3 Carbon dioxide and human health

COz2 s a colourless and odourless gas that has a higher density than air; therefore, it typically
lies at a low level. In an enclosed space, CO2 can replace oxygen and trigger health effects,
including acting as a simple asphyxiant in that it harmlessly replaces oxygen in the breathed
air. Inhaling CO2 can have a very insignificant impact on health (OSHA, 2010), although
can affects human health through reduced pH in the blood serum, causing acidosis, which is
followed by the symptoms of restlessness, mild hypertension, somnolence (sleepiness) and
confusion. Hence, a higher degree of CO2 could possibly prevent an individual from

engaging in physical activity. (Robertson, 2006.)

3.1 Increased CO> concentration and human health effects

The decreased blood pH associated with elevated CO2 levels broadly affects the proteins and
biomolecules in the human body as a low pH causes protein folding, leading to malfunction
and potentially reducing brain performance, which is potentially sensitive to pH values
(Duarte, Jaremko and Jaremko, 2020). The blood pH decreases as respiratory acidosis occurs
due to an increase in the bicarbonate content in the blood, which later causes brain
dysfunction due to chemoreceptors responding to the changes in the blood. As a result,
chemical changes may cause arousal in the brain. (Shriram, Ramamurthy and Ramakrishnan,
2019.) Figure 3 shows the reduction of blood pH in relation to atmospheric COz levels.
Unstable COz2 levels can interfere with the human body, while high levels due to the improper
removal of CO2 can lead to hyperventilation and cause hypercapnia due to the retention of
COz2 (Patel S, Miao JH, Yetiskul E, et al., 2022).

These health symptoms being acknowledged for a century, and there is little doubt that the
impacts could reduce human performance. The safe working level is set at 5000 ppm for 8
hours per day, and atmospheric COz2 is increasing, now above 400 ppm; this can reduce
human blood pH below the optimal level of 7.35-7.45. Moreover, with the current lifestyle

in that people spend more time in heated or air-conditioned ventilated buildings and vehicles,



24

they are being exposed to indoor CO2 concentrations of 600 to 800 ppm in well-ventilated
environments, or up to 4000 ppm CO: in poorly ventilated and crowded areas (Duarte,
Jaremko and Jaremko, 2020).
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Figure 3. The relation of blood pH change and increasing atmospheric CO, concentration. (Robertson, 2006)

The effects on humans from elevated CO2 concentrations include psychological and
physiological effects. Physiological effects are related to respiratory problems such as
breathing difficulties, sneezing, cough, shortness of breath, high heart rate, high blood
circulation and SBS, which in turn includes headache, fatigue, depression, difficulty
concentrating and eye irritation. The psychological effects are those that potentially reduce
decision-making performance. (Shriram, Ramamurthy and Ramakrishnan, 2019.)
Notwithstanding the symptoms mentioned above due to bioeffluents along with CO2, there
is still a physiological response due to the increase in CO2z alone. By increasing the CO2 level
to 3000 ppm, both the CO2 concentration in exhaled breath, which is linked to the gas
exchange in the lungs (ETCO2), and the heart rate increase compared to the reference level
at 500 ppm. This result can be observed with no or very low interference from bioeffluents
by adding pure CO2 and increasing the ventilation rate to one high enough to remove the

bioeffluent from the room. However, under the same conditions, increasing the CO2 level
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along with the bioeffluent can produce some physiological reactions such as headaches.
(Zhang, Wargocki and Lian, 2017.) Figure 4 shows an increase of ambient CO2 level
throughout mammals and human evolution altogether with pH and CO2 levels expected to

meet in current environment.
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Figure 4. A) The atmospheric CO; concentration throughout the evolution of mammals and humans; B) the pH
levels and CO; concentrations expected to encounter in the current environment. (Duarte, Jaremko and Jaremko,
2020)

Various building-related symptoms (BRS) emerge due to elevated CO:z levels, including
allergies, asthma and respiratory problems. The mucous membrane and upper respiratory
symptoms include dry eyes, a sore throat, sinus problems and sneezing. For lower respiratory
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BRS, the symptoms are a tight chest, shortness of breath, cough and wheezing. The statistical
results of office buildings in the USA suggest that a difference of 100 ppm between indoor
and outdoor air (dCOz2) significantly influences the occurrence of symptoms such as dry
eyes, sore throat, nose/sinus problems, sneezing, and wheezing. (Erdmann and Apte, 2004.)
Is it also reported that when the indoor CO2 level is above 600 ppm, up to 1000 ppm,
occupants show the symptoms of CO2 poisoning, including shortness of breath, high pulse
rate, headache, loss of hearing, rapid or deep breathing (hyperventilation), sweat and fatigue
(Robertson, 2006). Recently, the physiological responses from elevated CO: at similar levels
were investigated, and it was found that participants who are multi-tasking have deeper
breathing. Moreover, findings from EEG testing suggest that high arousal and stress occur
when the CO2 concentration increases from 1500 ppm to 5000 ppm. This evidences the direct
impact of high CO2 concentrations on task performance as more effort is required to perform
physical responses. (Zhang et al., 2021.)

These acute symptoms potentially hinder human cognitive performance (Jacobson et al.,
2019). An increase in the CO2 concentration also leads to lower test scores and reduced
cognitive function in decision-making. Sometimes, both psychological and physiological
responses occur, such as blood pressure changes and reduced 1AQ satisfaction scores (Kim
et al., 2020). Based on the MATB test on mental workload and task performance, task
performance, including system monitoring, tracking, scheduling and resource management,
is significantly reduced when the COz level rises from 1500 ppm to 3500 ppm. Particularly
scheduling subtasks that relate to monitoring taskbars and responses to communication
signals decline continuously until CO2 concentration reaches 5000 ppm. (Zhang et al., 2020.)
Meanwhile, Satish et al. (2012) found an improvement in decision-making abilities when
CO:z2 levels decline. Meanwhile, the “dose-response” of BRS could be reduced by up to 64-
85% when dCOz2 is reduced to the lowest level of 40 ppm in highly ventilated buildings
(Erdmann and Apte, 2004).

A study from Kim et al. (2020) investigated the psycho-physiological response in office
buildings when the indoor climate changes due to a reduction in the CO2 concentration from
2000 ppm to 1000 ppm. The results are remarkable for the physiological factor of SBP, while



27

the psychological factor of IAQ satisfaction based on a variety of verbal scales also increases
(Kim et al., 2020). In addition, the study by Strem-Tejsen et al. (2016) also observed that
improved bedroom air leads to improved productivity the next day, meaning that the
occupants sleep better at low CO2 levels and are able to concentrate more the next day
(Stram-Tejsen et al., 2016). Meanwhile, Petersen et al. (2016) revealed that the performance
of schoolchildren improves after increasing the ventilation rate and reducing the CO:2
concentration from 1500 ppm in recirculated air to 900 ppm in fresh air. The highest
percentage of improvement is for reading and comprehension, namely 7.4% (Petersen et al.,
2016). This is further underlined by the fact that an increase in CO2 levels from 600 ppm to
1000 ppm moderately decreases decision-making performance for six out of nine
measurements. Meanwhile, there is a significant reduction in performance on seven
decision-making tests when the CO2 concentration increases to 2500 ppm. (Satish et al.,
2012.)

3.2 The measurement of human productivity and carbon dioxide

This chapter reviews the studies on human performance in association with COz2 levels using
various productivity measurements, including physiological, objective and subjective
methods. Table 1 summarizes the measurement methods as well as the reference for each

study.
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Table 1. Summary of the scopes of studies related to an assessment of human productivity and CO..

Citeations Physiolog | Performa | Attendance | Subjective Data collection methods *
ical test nce test behaviour evaluation
(€] @ (©) (4)
(Shriram, Ramamurthy X Measurement
and Ramakrishnan,
2019)
(Zhang, Wargocki and X X X Measurement, questionnaire
Lian, 2017; Zhang et
al., 2021)
(Mishra et al., 2021) X X Measurement, guestionnaire
(Erdmann and Apte, x Recorded dataset
2004)
(Muscatiello et al., x Report
2015)
(Shendell et al., 2004) X Recorded dataset
(Petersen et al., 2016) X X Measurement, questionnaire
(Riham Jaber, Dejan X Measurement
and Marcella, 2017)
(Pang et al., 2021) X Measurement
(Zhang et al., 2020a) X Measurement
(Zhang et al., 2021) X Measurement
(Allen et al., 2016) X Measurement
(Strgm-Tejsen et al., X X Measurement, questionnaire
2016)
(Kim et al., 2020) X X Measurement, questionnaire
(Snow et al., 2019) X X Measurement, questionnaire
(Cedefio Laurent et al., X X Measurement, questionnaire
2021)
(Vehviléinen et al., X X Measurement
2016)
(Tsai, Lin and Chan, X Questionnaire
2012)

* Methods of measurement including physiological tests and objective tasks. A questionnaire is a subjective

method.

The results from the different measurements of human performance and CO: levels are
summarized in Appendix Il. From physiological measurement, the spirometry test shows
the changes when the CO:z2 level increases. FVC decreases significantly at 1450 ppm when
the ventilation rate is low (Mishra et al., 2021), while at 3000 ppm the reduction in FEV1
and FVC leads to restrictive lung behaviour (Shriram, Ramamurthy and Ramakrishnan,
2019), and ETCO:z significantly increases due to the insufficient removal of CO2 from the
body; it is also a consequence of a low tidal volume or respiration rate. An increase in ETCO2
can lead to headaches and reduce decision-making performance. When pure CO2 is added
to reach 3000 ppm, the average heart rate increases. (Zhang, Wargocki and Lian, 2017.) This

is similar to Snow et al. (2019), who found that the heart rate increases when the CO: level
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increases to 2700 ppm, which is suggested to be an effect of blood pH with the aim of
increasing blood circulation (Snow et al., 2019). From 1500 ppm to 3500 ppm, pNN50,
which measures HRV, increases to allow the body to be in a resting state as a form of self-
protection, so that the energy can be saved and the body is adaptable (Zhang et al., 2020b).
Meanwhile, when CO2 increases from 3500 to 5000 ppm, participants are observed to

breathe more deeply (Zhang et al., 2021).

Zhang, Wargocki and Lian (2017) observed nasal peak flow decreases, potentially as an
effect of inflammation, swelling, lower SPO2 and other impacts on the nasal cavity (Zhang,
Wargocki and Lian, 2017). A POz decrease following exposure to a high CO: level causes
the level of saturated oxygen in the blood to reduce, diminishing human functioning (Duarte,
Jaremko and Jaremko, 2020). From 1500 ppm to 5000 ppm, there is an increase in the arousal
and stress levels as a result of beta EEG, potentially meaning that more effort is needed to
perform tasks (Zhang et al., 2020b) and that there are changes in the nervous system, which
is also reflected in the high DBP (Zhang, Wargocki and Lian, 2017). When CO2 decreases
to below 1000 ppm, SBP is significantly decreased to avoid a hypertensive state and maintain
the blood pressure at 140 mmHg. Additionally, there is a correlation between lower blood
pressure and a positive psychological response; for example, IAQ satisfaction links to indoor
environment quality (IEQ) and mental health (Kim et al., 2020). A decrease in the Tsai—
Partington test demonstrates an increase in the arousal or stress level (Zhang, Wargocki and
Lian, 2017). When the COz2 level reaches 1450 ppm, the arousal level is also high (Mishra et
al., 2021).

When CO:2 reduces to 900 ppm following the addition of fresh air, there is a significant
improvement in terms of the correct answers in the tasks of number addition and number
comparing, grammatical reasoning, reading and comprehension in performance tests
(Petersen et al., 2016). Moreover, lowering COz levels to the 795-935 ppm range leads to
higher proficiency in logical thinking in a grammatical reasoning test (Strem-Tejsen et al.,
2016), while exposure to CO2 at 1000 ppm and 1800 ppm significantly reduces the accuracy
in all performance tasks, including attention and memory tasks (Riham Jaber, Dejan and
Marcella, 2017). Half of the average cognitive function scores decrease at 1400 ppm,
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including the basic activity level, applied activity level, focused activity level, crisis
response, information usage and strategy (Allen et al., 2016). Every 315 ppm CO:2
concentration increase from the atmospheric level is significantly associated with an increase
in the response time in Stroop tests and a decrease in the number of correct responses per
minute. Similarly, the response time in addition-subtraction tasks also increases (Cedefio
Laurent et al., 2021). Some studies have investigated higher levels of CO2, such as from
1500 ppm to 3500 ppm, finding that MATB decreases significantly with increasing CO2
levels (Zhang, Pang et al. 2020). At a similar level, comprehensive performance results on
the PVT significantly decrease at a higher CO2 level of 3500 ppm (Pang et al., 2021).
Additionally, Snow et al. (2019) found that participants become less positive at 830 ppm
(Snow et al., 2019) while at higher levels the human mood changes towards negative
(Lowther et al., 2021), and an increased level of drowsiness is also observed (Pang et al.,
2021). When reaching 5000 ppm, scheduling task performance worsens, possibly due to the

lack of a response to communication signals (Zhang et al., 2020b).

Subjective reporting shows that fatigue, thermal sensation and high arousal increase with
every 100 ppm COz increase (Mishra et al., 2021), while Erdmann and Apte (2004) revealed
the effects on symptoms of a sore throat, shortness of breath, dry eyes and nasal/sinus
symptoms (BRS). At CO: levels between 931 ppm and 1591 ppm, teachers reported fatigue,
difficulty concentrating and headaches (Muscatiello et al., 2015). Additionally, there was a
10-20% relative increase in student absenteeism for every 1000 ppm dCO2 increase
(Shendell et al., 2004). Meanwhile, children reported less eye pain with recirculated air than
with fresh air at 1500 ppm (Petersen et al., 2016). However, in the fresh air condition
between 795 to 935 ppm, participants feel better, feel more rested, and are less sleepy in the
morning, although mouth dryness and skin dryness were also mentioned. Better sleep
efficiency contributes to the ability to concentrate and hypothesize, showing an improvement
in next-day performance (Strem-Tejsen et al., 2016). Meanwhile, at CO2 levels below 1000
ppm, there is a statistically significant increase in IAQ satisfaction (Kim et al., 2020).
However, from 830 to 2700 ppm, none of the significant SBS symptoms was reported (Snow
etal., 2019).
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4 Carbon dioxide and building ventilation systems

The function of ventilation is to move outdoor air into a room or building while also transfer
indoor air out. The ventilation maintains clean air for breathing by diluting and removing

pollutants such as COz, which is created in enclosed spaces.

4.1 The relationship of increased carbon dioxide and building ventilation rate

CO:z2 is a dense gas with heavy molecules, and thus high concentrations are typically located
near the ground (Balvis et al., 2016). It is a component of the exhalation produced by the
human metabolism and has a relationship with oxygen consumption, whereby the rate is
dependent on physical activity. As shown in Figure 5, keeping CO2 at the same level
requires outdoor air supply rates and physical activities. (ASHRAE, 2018.) Meanwhile, in
office environments, human respiration is one of the major sources that increase CO:

concentration (Balvis et al., 2016).
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Figure 5. The relationship between the outdoor airflow rate and physical activity in relation to CO,
concentration. (ASHRAE, 2018)
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All ventilation systems should use clean outside air; otherwise. air treatment may be
required, especially in polluted areas such as urban spaces (Borsboom et al., 2016). The
permissible CO2 concentration is set to 5000 ppm over an average 8-hour workday according
to the Permissible Exposure Limit (PEL) of the Occupational Safety and Health
Administration (OSHA), and this is recommended as the Threshold Limit Value (TLV) by
the American Conference of Governmental Industrial Hygienists (ACGIH). This is to ensure
that the normal amount of oxygen is available for inhaled air and to avoid simple
asphyxiation. Outdoor CO:z levels typically range from 300 to 400 ppm and can reach 600
to 900 ppm in urban areas. (OSHA, 2010.) Around 800,000 years ago, i.e. well before
Industrial Revolution, the atmospheric concentration was between 200 and 300 ppm, and it
has increased by around 50% from 1813 (280 ppm) to 2019 (411 ppm), mainly due to human
activities, such as burning fossil fuels, land use change and cement production. These
human-caused emissions are also contributing to climate change and have various
consequences for the environment, human health and society. (Karnauskas, Miller and
Schapiro, 2020.)

Ambient weather has an impact on the thermal energy consumption for ventilation while
ventilation rate is increased to adjust to higher ambient CO2 concentration and lead to greater
amount of fan energy consumption. Especially during winter and summer, higher amounts
of energy are consumed. Therefore, different climates and seasonal changes affect the energy
requirements of a ventilation system (Kim and Choi, 2019). According to national building
regulations and standards from seven European countries including Austria, Belgium,
Denmark, Estonia, France, Norway and the United Kingdom (UK). Most buildings comply
with energy efficiency schemes and have mechanical ventilation with heat recovery
(MVHR) installed. This ensures air exchange and energy savings by supplying fresh air to
the building space while extracting the same amount of air from the heat exchanger before
discharging it into the outside air. This method is typically used in European homes that do
not have recirculated air within the residence. (M. Abadie, P. Wargocki, C. Rode, G. Rojas-
Kopeinig, J. Kolarik, 2020.) The changes in the CO2 concentration in a room can occur due
to air interchange between spaces or systems with different concentrations, or through

ventilation, AC, infiltration or exfiltration (Balvis et al., 2016).
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The indoor CO2 concentration recommended by ASHRAE is 1000 ppm, as a benchmark for
good air quality (Balvis et al., 2016). According to the European Standard (EN 13779), for
non-residential buildings that mainly use mechanical ventilation systems to maintain an
indoor COz level of 1000 ppm with 400 ppm ambient air, there must be an outdoor airflow
rate of 10 L/s per person to achieve moderate indoor air quality (IDA3) (Geelen et al., 2013).
Meanwhile, the minimum ventilation rate recommended by ASHRAE for breathing zones
in office areas is 8.5 L/s per person, assuming an outdoor CO2 concentration of 350 ppm
(Kim and Choi, 2019). Moreover, the Finnish national building code (D2) recommends a
maximum CO2 content of 1200 ppm for indoor air under typical weather conditions and
occupancy rates (Kalliomaki, 2003), while offices and public areas need to maintain the
indoor CO2 level below 800 ppm (Baus and Nehr, 2022). An example of recommended
indoor CO2 levels from national guidelines of Finland and Hong Kong represents in Table
2. The table includes the target values of indoor CO2 concentration to meet indoor air quality

in different classes and categories.

Table 2. Recommended CO; levels.

CO2 (ppm) | Description

Hong Kong | 800-1000 The IAQ goal for office buildings in the excellent to good classes
regarding the CO; limit over 8 hours (Hong Kong SAR, 2003).

Finland 350-550 The limit of target values to meet very good to good (S1 and S2

categories) indoor air quality (Ahola, Sateri and Sariola, 2019).

Keeping the indoor CO: level below 1000 ppm requires a high ventilation rate to dilute the
CO:2 concentration, however, this method is difficult, especially for recirculated indoor air.
It can impair human brain function, cognitive performance and decision-making abilities
(Kim and Choi, 2019). As shown in Figure 6, the partial offset strategy requires a double
ventilation rate when the background CO: increases from 400 ppm to 1000 ppm. These
changes lead to a higher energy demand for mechanical work in transferring more air,
heating and cooling (Lowe, Huebner and Oreszczyn, 2018). Moreover, mechanically
ventilated room with higher airflow rate also causes higher background noise. To prevent
the noise problem, larger duct sizes will be required and lead to higher costs (Hodgson and
Khaleghi, 2012).
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Figure 6. Two strategies for increasing the ventilation rate to offset CO, levels: complete and partial offsetting.
(Lowe, Huebner and Oreszczyn, 2018)

Therefore, to what extent the indoor CO2 concentration needs to be diluted mostly depends
on the outdoor air. Notably, the outdoor CO2 concentration sets the floor for the indoor
concentration and no reductions beyond that can be made without using a chemical sink or
adsorbents (Jacobson et al., 2019).

4.2 Ventilation systems in office buildings

Different types of ventilation system exist to remove the pollutants from indoor spaces, and
different climates and weather require different system types. To improve the indoor air
quality and install additional devices in the building, the concepts and methodologies of
existing ventilation systems need to be understood. Especially for office or commercial
buildings, the ventilation systems may be different and more complicated than those

typically used in residential buildings.
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4.2.1 Concepts of a ventilation system

The effectiveness of a ventilation system in removing pollutants depends on the flow
mechanisms, which are classified into four different types: full displacement, full mixing,
local displacement, and local exhaust. Full displacement ventilation is the most efficient at
controlling and preventing pollutants; it balances the ventilation by using supplied air to
replace a room's indoor air. This mechanism is normally used in cleanrooms like hospitals;
however, the challenge is integrating external factors, such as human movement, into the
design. Meanwhile, the full mixing mechanism uses a velocity that is able to mix indoor air
with ambient air and diffuse the pollutants across the room for dilution; this method is mostly
found in residential buildings. Local displacement improves the quality of inhaled air by
removing contaminants from the breathing zone. Lastly, local exhaust is mostly used where
there is a source of pollutants, such as cooker hoods, and when the contaminants are to be
eliminated near the source. (Borsboom et al., 2016.) Figure 7 shows the basic flow patterns

in ventilation.
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Figure 7. Four basic patterns of ventilation flow. (Borsboom et al., 2016)

The methods to ventilate a building can be natural, mechanical or hybrid. Natural ventilation
occurs through natural force, which delivers outdoor air into a building through openings

such as windows and doors. This method of ventilation is dependent on the climate, the
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building design, and human practices. (Atkinson et al., 2016.) It is unsuitable for most hot
climates, and especially in developed countries is insufficient to meet the thermal comfort
levels required by the standards (Salcido, Raheem and Issa, 2016). When ventilating a whole
house or building, passive and natural ventilation can be used to deliver outside air through
openings in the facade, such as windows, while passive ducting can be used for exhaust wet
rooms. This system has a low energy consumption but is highly dependent on the weather
and is only suitable for mild climates. The principle can be seen in Figure 8 A. (Borsbhoom
etal., 2016.)

Mechanical ventilation uses mechanical fans to drive outdoor air; these can be installed in
many parts of the buildings (Atkinson et al., 2016). This method is less dependent on the
weather since it can overcome unsuitable external weather conditions (Chen, Tong and
Malkawi, 2017); however, the climate still plays a significant role in the type of mechanical
ventilation used. Warm-humid climates often require positive pressure in the ventilation
system due to infiltration, i.e. to prevent and reduce condensation from the warm moist air
meeting the cold surface of the building. (Atkinson et al., 2016.) To prevent outdoor air
pollutant infiltration, mechanical ventilation needs to ensure positive pressure in the room
(Shi and Li, 2018). In contrast, exfiltration is common in cold climates and uses negative
pressure for ventilation. It is also used where pollutants are created, such as in the kitchen,
toilet and bathroom (Atkinson et al., 2016). The balance system shown in Figure 8 D uses
a mechanical supply into a building space and exhaust from wet rooms; this offers the
advantage of heat and moisture exchange to prevent energy loss from ventilation, which is
common in moderate to severe climates. However, it has multiple requirements, such as high
air tightness, which can affect heat recovery, as well as ducting and filters to protect the heat

exchangers. (Borsboom et al., 2016.)

Lastly, the hybrid or mixed mode of ventilation uses a natural driving force and mechanical
ventilation. Its functions include shifting the ventilation mode to a mechanical one when the
natural flow rate is too low for effective ventilation (Atkinson et al., 2016). Using a mixed
mode in buildings can reduce the HVAC energy consumption by up to 40%, which is
valuable for the modern world with the threat of climate change and global warming (Shi
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and Li, 2018). When the outdoor condition is not suitable for natural ventilation such as in
cold climate, a balanced mechanical ventilation with heat recovery is used to maintain good
IAQ, thermal comfort and reduce energy demand for heating (Belmans et al., 2019).
Reducing energy consumption while maintaining a good indoor environment is important,
particularly in working office buildings located in harsh hot climates (Shi and Li, 2018). An
example mixed mode using two methods to ventilate the whole building is the mechanical
use of supply air together with a natural exhaust system from wet rooms. An advantage is
less influence from the weather. However, this method can lead to exfiltration due to the
slight over-pressurization, which may cause condensation and mould formation in the
building fabric; thus, it is only suitable for moderate climates. Another method is naturally
supplied and mechanically exhausted systems, however, it relies highly on airtight buildings
and can lead to feelings of discomfort due to blockages, disturbing noise, and dryness when
opened. The principles can be seen in Figure 8 B and C. (Borsboom et al., 2016.)

Most buildings equipped with centralized AC, such as offices, use mechanical ventilation
systems. Even in non-centralized buildings, such as residential buildings, where most of the
fresh air comes from infiltration or natural ventilation, it is recommended to use mechanical
ventilation to ensure a fresh air supply and avoid adverse health effects from indoor
pollutants. Otherwise, positive pressure should be maintained, which is a challenge if the
building is not airtight, which is generally the case in offices with a glass facade. The
infiltration rate can reach 0.70 h™*. In most of the requirements for ventilation rates from
various standards, this is not enough to keep the room at a positive pressure and leads to the
unavoidable infiltration of pollutants (Shi and Li, 2018).
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Figure 8. Four different methods of ventilation systems: A) passive and natural ventilation; B) mechanical supply
and natural exhaust ventilation; C) mechanical exhaust and natural supply; and D) balanced ventilation system.
(Borshoom et al., 2016)

Mechanical ventilation systems, whether exhaust-only, supply-only or balancing, are
commonly used in office buildings. The design goals of the built environment are to achieve
thermal comfort, IEQ and cost-effectiveness in the use of HVAC systems. The ventilation
system in office buildings is mainly selected depending on the pollution loads, the location
of the supply and the exhaust device as well as the demand different between natural and
mechanical ventilation (Nag, 2015). Meanwhile, in cold climate region the sensible system
is crucial to balance with heat recovery and building regulations are enforced regarding to a
minimum sensible heat recovery efficiency (Bai et al., 2022). The variety among the
different ventilation systems (natural, mechanical and mixed mode) can also be considered
based on building type, architectural features and climate and human behaviour factors.
Challenges for office spaces are heat sources from electronic devices and other equipment.
Occupants and air distribution are the factors that affect the effectiveness of the system
concerning its ability to remove heat or pollutants, the sufficiency of the fresh air supply,
and energy efficiency. (Nag, 2015.)
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Various ventilation system forms are integrated into office buildings (Nag, 2015). Most use
mechanical ventilation to supply clean outdoor air, wherein the air supply rate is determined
by the specific building code (USEPA, 1990). Mechanical ventilation distributes airflow
throughout the building by means of fans and ductwork before delivering air into the rooms
using air terminal devices. The room air distribution system also depends on the air supply
and exhaust methods, which are determined by airflow patterns and air supply/exhaust
device locations. The following lists six examples of systems that are widely used. Mixing
ventilation (MV) is used to dilute contaminated air in the room by mixing it with fresh air
using an air jet normally located at a high level, e.g. on the wall or ceiling. However, this
method is not very efficient for good air quality and energy performance due to the high
velocity requirement. Next, displacement ventilation (DV) uses supplied air from fresh
outdoor air to replace the contaminated indoor air by creating an upward airflow from the
floor at a low velocity. This system has draught risk from low temperatures and is dependent
on buoyancy, and thus is only suitable for cooling spaces. However, this method has a higher
energy efficiency and ventilation effectiveness. Impinging jet ventilation (1JV) and confluent
jet ventilation (CJV) systems both have the potential to give good air quality performance.
The 1J system can be used for both heating and cooling modes and uses ducts or openings to
supply a jet of air down toward the floor, evenly spreading it across the space. CJ is similar
to 1J but is better suited to spreading the air horizontally due to the use of a single jet,

normally located on the room surfaces such as the wall and floor. (Awbi, 2015.)

4.2.2 HVAC systems in office buildings

Unlike residential buildings, which normally have standard packages for AC systems, large
buildings such as office and commercial buildings are more complicated and their design
requires a built-up system (Nag, 2015). Office buildings can be divided into various
categories based on class (A, B and C), size and flexibility (high rise, mid-rise and low rise),
location (downtown, suburban and business/industrial park), floor space area, use and
ownership (tenants, landlords), and building features and amenities. A good operating design
for an HVAC system is when a comfortable, reliable temperature and humidity are provided
and there is an adequate outdoor air supply according to the ventilation requirements and the

ability to remove contaminants and odours from circulated air. Improving the indoor air
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quality in office buildings is beneficial for the occupants’ health, productivity and overall
economics. Indoor air quality is one of the HVAC design criteria, and all office areas require
ventilation from outdoor air that is introduced into the occupied space, while any indoor
pollutants are removed by fans or exhaust openings. In supplying air into the room, the
airflow needs to be distributed to the entire occupied zone and the impurities generated by
occupancy should be removed without producing any draught. (Kallioméki, 2003.)
Meanwhile, the distribution systems can perform variously according to the refrigerant types
and delivery methods, which include air handling equipment, fan coils, air ducts and water
pipes. They may also use air terminal units like grills and diffusers, variable air volumes, all-

air induction and air-water induction to deliver air into space. (Seyam, 2018.)

The exchange of indoor contaminants with outdoor or recirculated air is one of the main
tasks of ventilation systems (Nag, 2015). Air can be re-used as recirculated air when it comes
from equal or better air quality and contains no impurities. Meanwhile, the recirculated air
generally needs to be filtered (Kalliomaki, 2003), according to Section M-1603.1.1 of the
Building Official and Code Administrators, which allows air to re-circulate at a maximum
rate of 85% when efficient air cleaners are installed on the HVAC system (Bastani et al.,
2010). The building’s air intake, exhaust design and cleaning devices must hereby be
considered; typically, air intake is for fresh air while contaminated air is removed by
exhausts. Duct connections on suspended ceilings are mostly used for the returned air that is
being drawn from the space to balance the air system. To ensure acceptable air quality, stack
exhausts can be managed by using filters, scrubbers and collectors before discharging the air
into the atmosphere. Indoor exhaust air from buildings in general has high CO:2
concentrations as well as dust, toner from printers and copiers, material off-gassing, cleaning
agents and body odour. These contaminants must not re-enter the buildings in general unless
they are diluted properly. Outdoor air intakes and exhaust air placement vary and many
factors need to be considered; regardless, air intakes always should not be located in the
same place as a contaminated exhaust outlet within an architectural screen enclosure.
(Seyam, 2018.)
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In considering the size and type of HVAC systems, the factor of the climate condition is
crucial (Seyam, 2018), while building configurations such as size, shape, number of floors,
exterior glass, layout and envelope as well as internal load, occupants, lighting, thermal
zoning for common areas or private offices also play major roles (ASHARE, 2015). HVAC
systems for office buildings can be centralized. These normally use secondary systems to
cool and heat the air through a medium such as water or air (ASHARE, 2015), whereby the
entire building is conditioned as a whole unit. Meanwhile, a decentralized or local system
provides a specific zone in part of the building. A local HVAC system can be placed within
the conditioned zone or can be located separately without ductwork, but local heating, AC,
ventilation and split systems may be included. (Seyam, 2018.) Office buildings normally
consist of peripheral and interior zone spaces with different load characteristics. Peripheral
zones have variable loads due to the sun and weather effects. Meanwhile, interior zones
normally have a steady cooling rate since thermal loads are mostly from light, office tools
and people; in this case, a variable-air-volume (VAV) system can be used to control the
interior space at low- or no-load conditions. (ASHARE, 2015.) Meanwhile, a VAV system
is controlled across various conditions of occupancy, indoor air quality and room
temperature by changing the volume of air supplied at a constant temperature (Wu et al.,
2022).

Almost all available AC systems can be used for office buildings, and they have a variety of
function and design criteria. Most office buildings are designed to minimize the use of
outdoor air, although not when an economizer system (a cooling system that saves energy)
is used; thus, a 100% continuous outdoor air (OA) supply is rare. Tall buildings in cold
climates can face severe stack effects, while high-rise office buildings (16 or above stories)
commonly use perimeter fan-powered VAV terminals and induction or fan-coil systems.
Interior and/or exterior zones can be used with separate all-air systems that may include
modulated air diffusers and fan-powered perimeter unit systems. As the outdoor air supply
in office buildings is relatively low, which can make air-to-air heat recovery inefficient, a
dedicated outdoor air system (DOAS) can be utilized to improve the space conditions in hot-
humid climates by increasing cooling and dehumidification. (ASHARE, 2015.)
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Figure 9. Systems used in typical office buildings. (ASHARE, 2015)

As shown by the example in Figure 9, medium to large office sizes uses a centralized
ventilation system for a single zone controlled by a VAV system and two-and-four pipe fan
coils for air distribution systems, which typically provide air to the desired zone from the
central air handling unit (AHU) (ASHARE, 2015).

4.2.3 Ventilation systems in different environments

Countries located in the northern latitudes, such as Finland, have a cold to very cold climate,
and the estimation of the energy demand for heating buildings is made based on a heating
degree day (HDD), except when the average temperature reaches above 10 °C in spring and
12 °C in autumn. The different of desired average indoor and outdoor air temperature is used
for HDD calculation and commonly assumed to be for a one-year period (Hu et al., 2022).
Recently, the Finnish Ministry of the Environment launched a decree on energy performance
of new buildings and classified into different categories. Office buildings is in category 3 if
the heating and cooling are limited to room temperatures of 21 °C and 25 °C, respectively
(Tiilikainen and Outinen, 2016). Most new buildings in Finland use balanced mechanical
ventilation with heat recovery. Office, commercial and public buildings can utilize a

variable-air-volume (VAV) system (Kravchenko, Kosonen and Kilpeldinen, 2021).

The Finnish national standards state that offices must comply with extracted air class 1,
meaning that the source of impurities from humans or the building’s structure must be
filtered, whereby recirculated and transferred airflows are the most suitable. In offices and

similar rooms, it is suggested that the outdoor airflow is 1.5 (dm®/s)/m?. An outdoor air



43

devices connect with the ventilation system and the building design should allow the devices
to be located in such a way that the ventilation system is protected from snow or rainwater.
(Kalliomaki, 2003.) Offices and public buildings in Finland have been using mechanical
supply and exhaust ventilation with chill beams for AC systems for decades. The Finnish
National Building Code (D2) offers guidance on various indoor climate and ventilation
aspects; however, higher standards are normally applied to commercial, office and public

buildings. As shown in

Figure 10, the AC system uses a constant air volume (CAV) with active chill beams as an
air distributor. The benefits of this system are that it is draft-free and there is no noise

disturbance. (Kurnitski and Seppénen, 2008.)

O E

Chiller

Condenser

[] i

11 ! Ghilled beam
1 by

E} 1 X
H ] |
i o e
i
1
1

8 TS [

or
JE connected
return to room

controller
District heat substation

Figure 10. Standard solutions used in Finnish offices and public buildings for the last decade.

The factors such as building and weather data, environmental control system scheme, fan
and pump performance data, air duct network design as well as the water pipe network and
system control strategy, are taken into consideration in the design of HVAC system for
buildings. These parameters are based on hourly data throughout the year. In different parts
of the world, such as in eastern Asia, there is a study on HVAC system design in buildings

in big cities like office buildings in Beijing demonstrated the concepts of room system



44

zoning, including exterior and interior zones. Rooms in an interior zone normally require
cooling since they are only affected by internal heat gain, while rooms in an exterior zone
with large windows have an hourly load, depending on outdoor air temperature and solar
radiation. The air volume supply and conditions affect the room temperature and
humidifiers. For office buildings designed for a city like Beijing, an air system with VAV
produces more satisfied hours than one with CAV to meet the designed values of a
demonstrated office building. This is because the supply airflow rate and temperature can be
adjusted according to the thermal loads and fan power in order to meet the room’s specified
condition throughout the year. (Yan et al., 2006.)

Another example is an office building in Hong Kong, where outdoor factors are considered
in the design of HVAC systems, including location information (longitude, latitude), outdoor
temperature (dry-bulb temperature DBT, wet-bulb temperature WBT), variation in seasonal
temperature, wind data, humidity or moisture, cloud and solar radiation data, rainfall, degree
days and temperature distributions. The ASHRAE standard is the most accepted tool for
HVAC design for cities like Hong Kong where the weather characteristics are hot-humid
summers (33/28 °C) and mild-dry winters (10 °C). To achieve efficient operating strategies
for an HVAC system, the design should be based on the enthalpy of the indoor air, i.e. the
temperature and moisture of the air leaving the cooling coil according to the changes of the
outdoor air envelope year-round. In Hong Kong, the enthalpy of the outdoor air is most often
greater than that of the indoor air. As a result, a minimum outdoor air supply is

recommended. (Lam and Hui, 1995.)

The HVAC systems used for office buildings in Hong Kong, which has a hot-humid
subtropical climate, typically consist of VAV systems, scale control technologies such as
automatic tube cleaning system, desiccant cooling systems, thermal storage systems, chilled-
ceiling systems, water-cooled HVAC systems and heat recovery equipment (Zhang, Pan and
Kumaraswamy, 2014). HVAC all-air systems with a primary air handling unit (PAU)
working with an AHU are commonly used in office buildings in Hong Kong. A PAU is
performed to cool and humidify outdoor air, the treated air is then mixed with recirculated
air after conditioned by AHUSs to supply into the indoor space (Jia et al., 2018). Meanwhile,
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indoor CO2 concentrations in office buildings in Hong Kong vary between 650 to 850 ppm.
Tall buildings in Hong Kong are heated up during the day and release thermal energy
overnight; they also surround the inner city and inhibit the cooling effect of air circulation
(Yuen and Yeh, 2011).

A study of 30 commercial offices in Hong Kong found that the proportion of a building’s
energy consumption due to its HVAC system is 68% at most (Jing et al., 2017). Due to the
subtropical climate, with a hot humid summer and a mild winter, buildings in Hong Kong
barely need heating but they do require cooling throughout the year. Meanwhile, the HVAC
systems normally run from late March to early November because the surrounding concrete
high-rise buildings and hot-humid climate mean that natural ventilation is insufficient for
indoor thermal comfort. In sum, as heating is seldom needed for buildings in Hong Kong
during the winter, the energy consumption is mainly due to cooling throughout the year.
(Jing et al., 2017.)

4.3 Air cleaning devices, DAC units and existing ventilation systems

As mentioned earlier, increasing the ventilation rate to improve the indoor air quality is not
recommended. Using air cleaning devices is one of the options to improve the indoor
environment, whereby the methodology for these devices has been subject to research. The
emission of GHGs such as CO2 can lead to harmful pollutants inside buildings, and many
studies have sought effective solutions to this issue. Using a novel air cleaning device of a
DAC unit inside the building is currently gaining significant research attention. Similar to
typical ventilation systems like HVAC, the performance of most gaseous contaminant
removal devices is influenced by environmental conditions such as temperature and
humidity. Therefore, this chapter discusses the impacts that can affect the operation of these

devices in achieving the desired indoor environment.
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4.3.1 An air cleaning device on an existing HVAC system in a building

Reducing indoor gaseous contaminants can be achieved through outdoor air ventilation that
dilutes contaminated air to acceptable levels; however, outdoor air is not 100% pure and can
contain undesired gasses or particles at unacceptable levels. As a result, air treatment to
remove gaseous contaminants may be required before the air is used for ventilation. In
ambient air, the level of CO2 varies, but it comprises approximately 0.4% of all air
components. The type of contaminant and its concentration should be determined, along with
any other chemicals that are present, when designing a system to reduce gaseous
contaminants. Such a design mainly be in one of two main cases: (1) new buildings with
new ventilation systems in which the contaminant loads need to be measured and assessed,
and (2) solving a particular problem of an existing ventilation system. In the first case, the
contaminants and loads are identified before the design stage begins, while in the second
case, the indoor air quality may need to be investigated. The possibility of improving the
indoor air quality in buildings can be classified into four main strategies: (1) removing the
source of emissions or reducing the emissions; (2) using local hooding with exhausts or
recirculated air cleaning; (3) increasing the general ventilation for dilution; and (4) using
general ventilation air cleaning, which may or may not increase ventilation rate and/or apply
air cleaning methods. Meanwhile, these air cleaning devices normally use gas-phase
filtration devices in which the filtration media is exposed to air. In general, the media is
refillable or disposable. (ASHARE, 2015.)

The terminology of air cleaning devices for gaseous contaminants is specific to the field.
The technological performance is dependent on the specific contaminant type and its
concentration, the airflow rate and environmental conditions. Sizing and air cleaning
technology are the main factors in air cleaning system design. The characteristics of air
cleaning devices can be selected from ASHRAE Standard 62.1°s IAQ procedure. Typically,
essential information to be collected for an air cleaning system are the chemical identities of
the contaminants at particular concentrations, the rate with which they are generated and/or
brought into the space from the outdoor air, the time-dependence of the air cleaner at
particular concentrations and environmental conditions, and lastly, the target air level

requirement. Then the equipment used for air cleaning can be selected, as can the location
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on the HVAC system. Finally, sizing designs to meet the efficiency and capacity goals
should be considered before the economic factors can be applied to commercial equipment.
(ASHARE, 2015.)

One of the main principles in using air cleaners is the treatment of the outdoor air by
removing gaseous contaminants using equipment that is a part of the HVAC system. The
location of this equipment can be at an outdoor air intake for treating only outdoor air. This
method is feasible when outdoor ventilation can reduce the gaseous contaminants in indoor
air to proper levels to achieve satisfactory air quality; therefore, the outdoor air needs to be
clean enough to achieve the specific goals. Most gaseous contaminant removal devices rely
on environmental conditions such as temperature and humidity. The challenge of this method
of treatment is the performance of the cleaning device media, which can be affected by the
incoming air, whereby a too low or too high temperature and relative humidity can cause
problems. (ASHARE, 2015.)

For HVAC systems, the sizing needs to consider the HVAC layout and space available for
installing the air cleaning equipment. Pressure drops across the device also affect energy use.
Instead of using the whole supply air from outdoor, the air can be mixed between outdoor
air and filtered air from recirculation; this method can reduce the amount of air to be
conditioned, although the pressure drop from recirculation could lead to some costs.
Economizers can minimize energy consumption but are not suitable for high humidity
environments. Normal to extreme conditions can influence the equipment performance; for
example, high relative humidity will lower the physical adsorber’s efficiency, while high
temperatures can lower the device’s capacity. Buildings in extreme climates may need
specialist advice. (ASHARE, 2015.)
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4.3.2 Factors impacting existing ventilation systems (DAC and HVAC)

Temperature, humidity and air movement are the factors that can affect the indoor air quality
(Hong Kong SAR, 2003). Ventilation systems supplied with fresh air mostly produce dry
indoor air, typically lower than 25% RH according to latest European Standard (EN 16798-
1), while the recirculated air used for ventilation may accumulate humidity and result in
highly moist air; the indoor air humidity target should be 25-60% (Baus and Nehr, 2022).The
relationship between temperature and relative humidity is inversely proportional, as shown

in Figure 11 for the average temperature and relative humidity over a year.
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Figure 11. Average temperature and relative humidity over a year. (Elfving, 2017)

Most DAC development focuses on sorption processes using either liquid or solid sorbents.
These sorbents normally cycle between two stages: loading (ab/adsorbing) and unloading
(desorbing). Two phases in the cycle of loading and unloading are attributed to a swing
process, whereby other parameters, including temperature, pressure, and humidity, are
temporally or spatially adjusted in the cycle. (Erans et al., 2022.) An example of low
temperature solid sorbent represents in Figure 12, the process of adsorption and desorption

are occurred after one another.
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Figure 12. An example of a DAC system of low temperature solid sorbents. (Erans et al., 2022)

Building-integrated carbon capture using filter-like panels with sorbent material as an air
capture device is climate-sensitive, such as in moisture-swing air capture. Extreme hot-
humid weather in tropical climates can limit the adsorption rate and load capacity of resin,
while in cold climates, CO: collection may work but the drying rate of the filter can be a
constraint. (Bryan and Ben Salamah, 2018.) Treating outdoor air is challenging for cleaning
device media, such as CO2 adsorbents, because temperature and humidity can affect the
operation and thus influence the indoor climate differently (ASHARE, 2015). As shown in
Table 3, a study of the CO2 adsorption capacities of temperature-dependent modelling
includes pressure-swing adsorption (PSA), temperature-swing adsorption (TSA) and
temperature-vacuum swing adsorption (TVSA) using a polymeric amine-based adsorbent.
Comparing two different weather conditions, warm and humid weather can adsorb more CO2
than dry wintery air. Humidity significantly increases the CO2 capacity of warm air while at
very high temperatures, and the adsorbent’s CO2 capturing performance is not good unless

below room temperature, when it is enhanced significantly.
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Table 3. Comparison of different air capture processes under different weather conditions. (Elfving et al.,
2017)

At 400 ppm (CO2 adsorption PSA, TSA | mmol CO2/g sorbent

and TVSA processes)
Dry-cold conditions (0 and -10 °C) 0.8
Warm-humid conditions (25 °C) 0.89

Highest adsorption in humid-cold conditions | 1.06

Although dry conditions benefit DAC adsorption at cold temperatures, there is no significant
adsorption between 0°C and -10°C. The highest adsorption capacity is in humid-cold
conditions (0 °C) compared to dry-cold (0 °C) and dry-warm (25 °C) conditions. Overall,
humid-warm air still produces better results than dry-cold air. (Elfving et al., 2017.) A study
using amine sorbents composed of 8 beds, 30 kg each and ambient air is supplied maximum
at 760 m* h't, Over 10 hours with TVSA, the CO2 production rate is 3.8 kg per day. It argued
that weather conditions are important for CO2 adsorption as increases in CO2 are associated
with rising air temperature. Moreover, the ratio of adsorbed H20 to COz is almost twice that
more water is absorbed than CO.. (Bajamundi et al., 2019.) As shown in Table 4, by
considering all parameters, a DAC unit could influence the conditions of the serviced area

or indoor climate.

Table 4. The potential of parameter changes for a DAC unit.

Parameters Processes in a DAC unit | The influences from a DAC unit

Airflow (m®/s) Maintained constant Constant

Temperature (‘C) | Exothermic process Slightly increased after the DAC unit.

Humidity (RH%) | Adsorption Decreased after the DAC unit.

Pressure (bar) Limit pressure Adsorption pressure drop across the bed is 400 mbar.
Over-desorption is between 100 and 200 mbar (abs).

CO; levels Adsorption Adsorption effectiveness is 75%. (Kim et al., 2015)

A DAC device should be designed in such a way to maintain a constant airflow rate while
limiting the pressure drop over the desorption process. However, humidity is lower after the
DAC unit due to the adsorption process, meaning approximately 2 kg of water loss per 1 kg
of CO2zadsorbed because the DAC adsorbs water. (Vazquez et al., 2018.)
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Figure 13. The temperature distribution of inlet and outlet air during the adsorption process. (Bajamundi et al.,
2019)

Meanwhile, air temperatures should slightly increase due to the exothermic process of the
DAC device; Figure 13 shows that the increase in the outlet air temperature is typically more

than 1 °C (Bajamundi et al., 2019).
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5 Examples of DAC applications in buildings

Achieving the climate targets of the Paris Agreement in limiting global warming to 1.5 °C
will need the support of negative emissions technologies (NETS), including direct air capture
from ambient air (DAC) and DAC and storage (DACS). These technologies are widely used
in power plants; however, they can be applied not only to significant sources of COz, i.e.
exhaust gas on an industrial scale, but also to point sources like living spaces. (Zhao et al.,
2019.) DAC captures CO2 from moving air using chemical materials. DAC of COz2 is
typically a large filter machine pile, whereby the air is pushed into the filter and the COz2 is
trapped and moisture is adsorbed. At the saturation point of the filter, CO2 and water are
collected and separated into pure CO2. (Soletair, 2022.) One of the first air capture
technologies using ambient air is from a Swiss company, Climeworks. The technology
consists of a fan to move the air into the device before passing it through a sorbent material
to capture CO2 and apply heat when the filter is saturated. However, the Climeworks design
is not suitable for building-integrated systems. (Bryan and Ben Salamah, 2018.)

One approach to carbon capture is a passive contacting of the COz2 in the air on an existing
infrastructure; this can be applied to those parts of the building facade that are capable of
enabling DAC in congested cities. The idea is to integrate the device into the building facade
and capture CO2 using giant artificial leaves, like the process in nature that COz is captured
from the atmosphere through photosynthesis, as illustrated in Error! Reference source not
found.. By using air capture technology such as moisture-swing air capture, ion exchange
can be used to capture CO2 when the sorbent material is dry, and the COz is released when
moisture enters. Such a device targets capturing 1 ton of CO2 per day, which in terms of
energy requires 1.1 MJ/kg COz. This corresponds to almost four times the amount of CO2
released from the production of energy used to power the process. The device can be installed
on building surfaces as shading, thereby not only capturing CO: but also lowering the solar

heat gain of the building. (Bryan and Ben Salamah, 2018.)
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Figure 14. DAC applied to a building facade, blue areas representing CO- capture units that act as giant
artificial leaves. (Bryan and Ben Salamah, 2018)

However, architectural concerns, expensive building elements and uncertain performance
are leading to new approaches for building-integrated carbon capture within a building’s
mechanical systems. In Figure 15, carbon capture is applied to a building’s existing HVAC
system via an air capture device as a simple extended duct unit on an existing AHU, whereby
the system can take advantage of the fans from the air recirculation system. This study
examines the application of a carbon capture device where the CO2 concentration is high,
such as in the exhaust air, which potentially has more CO2 available for capture than ambient
air. Applying this approach to U.S. office buildings, and assuming all COz is captured from
the exhaust air, would capture 5 million tons of CO2 annually. It has been estimated that
applying this technology to 50% of the offices and commercial buildings in the U.S. dating
back to 2012 could have already offset 0.1% of the total U.S. carbon emissions per year. It
is promising compared to commercial solar projects, which offset only 0.05% of annual U.S.

emissions. (Bryan, 2019.)
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Figure 15. Visualization of a CO; collector. Left: Demonstration drawing of CO. collector’s components,
starting from 1) the AHU exhaust air connection, 2) a damper to control the airflow, 3) the first collector in the
CO-, generation process, and 4) the second collector for CO, capture. Right: a three-dimensional representation
of a conceptual CO; collector connected to an AHU. (Bryan, 2019)

Another example of the function of a DAC in capturing CO: in a building is by using
adsorption and regeneration techniques, integrated with an electrolyser and a synthesis unit
for hydrocarbon or fuel conversion as part of Power-to-X, as illustrated in Figure 16. This
can be installed on an existing HVAC system with the dimensions of 3 m (L), 2 m (W), and
2 m (H). With a standard ventilation unit of 3.3 m%/s, this method is expected to produce 47
kg of COz per day. (Soletair, 2022.)

Hydrogen produced with
electricity reacts with CO2

CO2 capture and ventilation CO, & H0 to form hydrocarbons
(e.qg., fuels)
City aitf ———p —> Fuel collection

Lower CO2 indoor air ————»

Figure 16. Adapted Power-to-X concepts of DAC in buildings. (Soletair, 2022)
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Multiple DAC technologies have the potential to create negative-carbon buildings using
existing ventilation systems (Zhao et al., 2019). A recent study from Baus and Nehr, (2022)
showed the reduction of a building’s energy demand and better indoor air quality from
coupling detached DAC technology to a building’s ventilation infrastructure, comprising a
heat exchanger and an AC system. To estimate the performance of this technology, the
relative humidity conditions from the European Standard (EN 16798-1) for office and public
buildings were applied. The standard for maximum indoor COz2 is an 800 ppm difference
from the atmospheric level, giving an indoor CO2 of approximately 1200 ppm, which is
beyond the 1000 ppm recommended to avoid negative health effects. Apart from that,
relative indoor air humidity requires humidification and dehumidification to reach between
25% to 60%. In heating and cooling the ambient air, the heat capacity of the air depends on
air pressure and humidity. This information can be used to estimate the energy demand for
an AC system and to condition the air entering a building. Meanwhile, meteorological
conditions affect the energy demands of an HVAC, which can be the criteria to consider

when different weather conditions are anticipated. (Baus and Nehr, 2022.)

Additionally, Zhao et al. (2019) indicated that using a CO2 adsorption device is beneficial
as it is more flexible in changing the air ratio for recirculation (Zhao et al., 2019). Especially
during the winter and summer, the energy loads for ventilation are higher (Kim and Choi,
2019). This technology can be changed depending on the indoor and outdoor conditions to
save on cooling and heating air, for example by recovering regenerated heat in adsorbents to
heat the indoor air during the cold season (Zhao et al., 2019). According to Baus and Nehr
(2022), building designs can save energy and improve the indoor air quality in recirculation
mode by effectively capturing COz, which is the main contributor to global warming.
Buildings such as public and commercial buildings normally have an active ventilation
system, and DAC technology that can capture CO2 and recirculate air after being filtered,
while the air’s thermal energy can be recovered to maintain the same air temperature. Thus,
this method can increase a building’s energy efficiency (Baus and Nehr, 2022). Figure 17
shows a conceptual layout of a DAC coupled with an HVAC in a building.
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Figure 17. The layout for an HVAC-DAC coupling in recirculation mode in built infrastructure. (Baus and
Nehr, 2022)

As a result, a 37% reduction in the energy demand is possible when compare from 21.33
kWh per year without DAC and no recirculation mode to 13.48 kWh per year when using
HVAC-DAC-coupling in recirculation mode with an 80% heat recovery efficiency and
recirculation rate, while the CO2 load for the DAC feeding is 398 ppm and is set as the
steady-state condition. Installing HVAC-DAC coupling in recirculation mode can
significantly lower the energy demand for cooling and heating although more energy is
required for humidity control. One of the effects of using a recirculation system is that more
water is released from occupants and lead to higher air humidity to be controlled. (Baus and
Nehr, 2022.)
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6 Analysis of buildings’ HVAC-DAC modelling

This chapter describes the procedure used to empirically analyse the integration of a DAC
unit in an HVAC system in a building. First, two scenarios are presented before the details
of HVAC-DAC modelling are discussed. Lastly, the methods used to collect the necessary
data are outlined.

6.1 Scenarios

Air capture devices using sorbent material as filter-like panels are normally climate-
sensitive, meaning that extremely hot-humid weather or a very cold climate can limit their
efficiency (Bryan and Ben Salamah, 2018). To investigate the integration of a DAC unit into
an existing HVAC system inside a building, two scenarios were constructed based on two
radically different building environments. One was for Finnish buildings, located in a dry,
very cold climate and with a low-density residential town size inhabited by no more than
700,000 people. The other scenario was in a megacity, typically with more than five million
inhabitants excluding the metropolitan region (WorldData, 2022). Since Asian countries are
established leaders in terms of global megacities, the highly populated city of Hong Kong,

which usually has a hot-humid climate throughout the year, was selected as an example.

As shown in Table 5, the first scenario assesses Finnish office building conditions. As most
ventilation systems in Finland use only fresh outdoor air due to the outdoor air quality is
high enough that recirculating air in buildings is unnecessary and possibly increase energy
consumption and costs. Therefore, using fresh outdoor air with high efficiency of heat
recovery is considered as an efficient and safe method use in Finland. Regarding to a lack of
data to model the air recirculation mode, this scenario excluded the air recirculation supply

system.



Table 5. Scenarios in the empirical part consisted with two different town sizes and climate types.

Scenarios Office building types Air supply DAC
systems
Scenario 1 Finnish environment Fresh air Yes
No
Scenario 2 Urban/megacity environment | Fresh air Yes
(Hong Kong) Recirculated No
air
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In the second scenario using the megacity environment of Hong Kong, two air supply

methods were applied, namely a fresh air system and a recirculated air system. Both

scenarios were evaluated with and without a DAC unit. One of the main different between

two cases is the ventilation system, in Finland there is a heat recovery but no air recirculation,

while in Hong Kong case consists with air recirculation but no heat recovery.

6.2 Analysis methods and model parameters

The airflow rate, outdoor temperature, relative humidity, atmospheric pressure and CO:

levels were used to calculate the DAC device performance. A simplified schematic of the

MATLAB model is shown in Figure 18. Figure 19Figure 19 is a diagram representing the

input and output of this study.
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Figure 18. Flow diagram of the MATLAB model design: an HVAC with a DAC duct unit for the supply air
of outdoor air condition.
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Figure 19. Input and output parameters for the MATLAB model to achieve the research aim.

MATLAB models were initially constructed earlier as part of P2XEnable project, and the
models are modified for this research topic. The MATLAB models designed for a DAC duct
unit installing to an existing HVAC system in a building. The analysis of two scenarios used
one model each with the design that meet its ventilation system requirements. Buildings in
Finland mainly need heating in winter and cooling in summer, including heat recovery in
the HVAC system. Meanwhile, buildings in Hong Kong mostly have a cooling demand as
the mild winter conditions mean that heating is barely required. Thus, air heating and heat

recovery were excluded from the Hong Kong model.

Table 6. HYAC-DAC modelling the designed target values for the two scenarios of Finland and Hong Kong.

Parameters FIN HK Note
Air Heating Cooling Finland requires heating in winter and cooling in summer,
conditioning and while cooling is required in Hong Kong throughout the year.
cooling
(with heat
recovery)
Designed 17,20 225 In Finland, during the heating season the room temperature
temperature is also warmed by space heating, thus the room temperature
(winter, should be higher than the outside air temperature: 21 °C is
summer) the main indoor temperature target in Finland (D2 National
Building Code, 2003), and 25 °C in Hong Kong (Hong
Kong SAR, 2003).
Designed - - Recommended 30-40% in the heating season and 60-80%
relative in summer in Finland (Helsinki, 2020). For Hong Kong, it
humidity should not exceed 70% (Hong Kong SAR, 2003).
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Based on Table 6, the air was designed to be heated up to 17 °C in the heating season and
cooled to 20 °C in the cooling season in Finland. The room temperature should range
between 20 °C to °25 C, whereby the supplied air is below room temperature due to space
heating, which increases the room temperature by approximately 3 °C. In the Hong Kong
condition, the relative humidity is determined by the dew point, which is set to 15 °C
according to the ASHRAE standard, whereby the cooling air is designed for 22.5 °C. The
MATLAB models constructed for existing research within the same project, P2XEnable,
were adopted for the two different HVAC systems in Finland and Hong Kong are presented
in Appendix 11, regarding the model schematics used in scenarios 1 and 2.

6.3 Data collection

The data in this chapter is used to generate the qualitative results of the study, thus, this
chapter aims to describe the criteria, sources and methods that were used to collect the data.
The data collection was performed to ascertain the parameters needed to analyse the HVAC-
DAC modelling.

6.3.1 Carbon dioxide levels

Atmospheric CO:2 levels were determined for two different periods of the year, namely
winter and summer. CO: data for Finland, specifically the atmospheric CO2 concentrations,
were extracted from the SMEAR database (Alekseychik, Pavel, et al., 2022); this included
GHG and trace gases concentrations measured at the SMEAR Il research station near
Hyytiala Forestry Field Station, Juupajoki, Finland from 1996 to 2021. The annual data in
2019 were selected for the model assessment. Examples of CO: level trends from different
periods in 2019 are shown in Figure 20 and Figure 21Figure 21, and the COz2 level trends

over the past 10 years are illustrated in Figure 22.
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Figure 20. An example of atmospheric CO, concentrations during wintertime (2-16 Jan 2019) from three
different locations in Finland. (Junninen et al., 2009)
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Figure 21. An example of atmospheric CO, concentrations during summertime (12-26 July 2019) from three
different locations in Finland. (Junninen et al., 2009)
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Figure 22. Atmospheric CO, concentration trend measured in Helsinki, Finland. (Finnish Meteorological
Institute, 2022)
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In Finland, the growing period is from May to September. By estimating the CO:
concentration during two different times of the year from the data of the whole year round
in 2019, the outdoor CO2 level in Finland during winter is estimated at 420 ppm, considering
the average value from October to April. The period from May to September is considered
summer, with an average CO: level of 409 ppm. Both values are taken from the 2019 data

records and were measured at a height of 16.8 meters.
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Figure 23. The hourly average measurements of CO; during weekdays (Monday-Friday) in the Shing Mun
Tunnel (Hong Kong). (Wang et al., 2018)

Regarding the CO2 data in Hong Kong, a study measuring the CO: levels in Hong Kong
indicated lower COz levels during the daytime due to photosynthesis. Meanwhile, seasonal
changes also contribute to lower COz levels in summer than in winter (Ying, 2010). The CO2
concentrations of Hong Kong used in this model assessment were taken from the maximum
of two different times of the year, namely 545 ppm for January and 452 ppm for July (Ying,
2010), scaled with the hourly average CO2 levels measured from a tunnel in Hong Kong, as
shown in Figure 23 (Wang et al., 2018). Then, the values were averaged for a one-day CO2

level during summer and winter, resulting in 361 ppm and 442 ppm, respectively.

Table 7. Summary of the outdoor CO; levels (ppm), the concentrations are considered around the same
periods of the year between two scenarios.

FIN HK
Summer | 409 361
Winter 420 442
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The data for the outdoor CO2 concentrations in Finland and Hong Kong are summarized in

Table 7. Both environments have higher atmospheric COz levels in winter than in summer.

6.3.2 Airflow rate

The minimum airflow rates for office buildings in both scenarios were selected from the
national indoor air quality guidelines. The guideline values of outdoor airflow rates are
designed for the period of occupancy; thus, the number of occupants is important. Otherwise,
surface areas in question can be considered. In the national building code of Finland, offices
and similar rooms require a minimum outdoor airflow rate of 1.5 (L/s)/m?. Meanwhile, in
Hong Kong, the rate of outdoor air supply follows the latest ASHRAE Standard 62.1,
whereby the minimum outdoor airflow for office space is 0.75 (L/s)/m?. These selected
values based on a minimum requirement per square meter. The summarization of the

minimum airflow rates is presented in Table 8.

Table 8. Minimum airflow rate in Finland and Hong Kong.

Finland Hong Kong
Minimum airflow rate in office buildings | 1.5 0.75
(L/s m?)
Minimum airflow rate in office buildings | 3.3 1.65
(m3/s)
Minimum airflow rate in office buildings | - 0.825
with 50% recirculated air (m/s)

By following the additional parameters listed in Appendix 111, the HYAC-DAC modelling
was performed using a 2200 m? area, estimating the outdoor airflow rate at 3.3 m*/s and 1.65
m?3/s for the Finnish and Hong Kong buildings, respectively. Two different airflow types are
considered in the models, namely a 100% fresh outdoor airflow rate and a recirculated
airflow rate, with the recirculation rate corresponding to the changes in the airflow rate.
Except for Finland case that only includes fresh outdoor air condition. In this study, 50% air

recirculation is assumed, which reduces the airflow rate by half.
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6.3.3 Temperature and humidity

Weather data, mainly outdoor temperature and relative humidity, were collected on a daily
basis throughout the year, with the data taken from national meteorological observations in
2019, namely by the Finnish Meteorological Institute and the Hong Kong Observatory. The
daily data were disaggregated into minutes, with the graph trends of all data simply plotted
in Figure 24.
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Figure 24. Weather data for Finland and Hong Kong in 2019 in minutes throughout the year.

The summarization of the data sources used for the modelling analysis can be found in
Appendix 111, Table A4.
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7 Results

This chapter presents the results of the analysis. Two different building environments were
considered to assess the performance of existing HVAC-DAC units. The first scenario was
a Finnish office building, and the second scenario was an office or commercial building in
Hong Kong, applying their respective national building guidelines. The analysis compared
each scenario with different air supply systems, namely fresh air and recirculated air and an
HVAC operated with and without a DAC duct unit, although in the first scenario, only a
fresh outdoor air supply system was considered. The meanings of the abbreviations used in
the results are presented in Table A5, Appendix 1V. Under different weather conditions, the
DAC unit influences the indoor climate differently. Therefore, the results were taken at two
different times in the year, namely winter and summer. The winter data were from a day in
January (day 0-1), while the summer data were from a day in July (day 196-197). CO: levels
and relative humidity were considered after the occupants had entered the buildings, as
shown in Table 9, the results of indoor CO2 levels based on the condition represent in Table

A3, Appendix I11. With an area of 2200 m? and 206 number of people are considered.

Table 9. Results analysed at minute 800 of a day (5 hours and 20 minutes after the occupants have entered
the space).

Scenarios Indoor CO, | Indoor CO,, | Indoor RH | Indoor RH
Ambient w/o DAC | with DAC | w/o DAC | with DAC
CO:z (ppm) | (ppm) (ppm) (%) (%)

(1) FIN 420 720 405 31 24

(WINTER)

(1) FIN 409 709 402 43 37

(SUMMER)

(2) HK (F) 442 1038 708 39 34

(WINTER)

(2) HK (F) 361 957 687 60 56

(SUMMER)

(2) HK (R) 442 1546 745 48 35

(WINTER)

(2) HK (R) 361 1466 732 60 54

(SUMMER)

(F) Fresh air, (R) Recirculated air
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Indoor COz2 levels were taken at specific times from the MATLAB model’s outputs during
working hours. The time selected to represent the results was chosen as when the occupants
had already been in the building for 5 hours and 20 minutes (minute 800 of the day). This is
because the results of CO2 levels from MATLAB Simulink’s outputs are potentially to be
stable at this time (minute 800) in most cases. Meanwhile, the relative humidity initially
dropped during the working hours but later increased due to the presence of the occupants.

The results show the relative humidity after people have entered the working space.

Indoor CO, level (Winter) Indoor CO, level (Summer)
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Figure 25. Comparison of CO- levels.
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Figure 26. Comparison of RH%.

Figure 25 and Figure 26 compare the results for the CO: levels and relative humidity
between two scenarios, i.e. Finland and Hong Kong. The CO:2 levels decreased in both
scenarios after the DAC unit was installed. The amounts of CO2 being adsorbed or reduced
are shown Figure 27. The CO:z2 level of the Hong Kong building’s indoor environment was

higher than that in Finland, mainly due to the lower airflow rate. The reduction in
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concentration was significantly higher in recirculation mode, with the CO:2 levels being
higher in recirculation mode without a DAC unit, albeit reduced to almost the same level in
the fresh air condition. Therefore, the reduction of CO2 levels in recirculated air is higher

than in fresh air.

The reduction of CO, level
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Figure 27. The amount of CO; level reduction after a DAC unit is installed for each case.

The relative humidity is significantly higher during summer, especially in the air
recirculation mode without DAC. The graph plotted based on the MATLAB model’s outputs

of indoor CO:2 levels and relative humidity over a day are represented in Appendix V.
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This chapter analyses the results for the COz2 levels presented in the previous chapter using

data collected from the theory part in chapter 3. To investigate whether different indoor CO2

levels assessed in this study correlate with human productivity, the relevant information from

Table A2 offers a consideration of the matters presented in this chapter and show in Table

10.

Table 10. CO; levels in each scenario, including the outdoor concentration, indoor CO with and without a
DAC unit, and the amount of indoor CO2 reduced after installation of a DAC unit, with the potential impacts
on humans based on productivity assessment (Table A2).

Indoor Indoor CO, The positive and negative
Ambient COg, COg, reduction impact on human from
COz w/o DAC | with DAC (ppm) varied indoor COz levels.
(ppm) (ppm) (ppm)
Scenario 1 (Fresh Air)
FIN 420 720 405 315 Influence on (2) task
(WINTER) performance in the Stroop and
FIN 409 709 402 307 ADD tests, (4) subjective
(SUMMER) evaluation reports BRS.
Scenario 2 (Fresh Air)
HK 442 1038 708 330 Influence on (2) task
(WINTER) performance in the memory
and attention tasks, SMS
HK 361 957 687 270 tasks, and PANAS tasks, (4)
(SUMMER) subjective evaluation reports
SBS symptoms.
Scenario 2 (Recirculated Air)
HK 442 1546 745 801 Influence on (2) task
(WINTER) performance in concentration,
motivation, short-term
HK 361 1466 732 734 memory and logical
(SUMMER) understanding, SMS tasks, (3)

10-20% student absenteeism,
(4) subjective evaluation
reports work-related neuro-
physiological symptoms.

1. ADD - addition-subtraction test for task performance, BRS — building-related symptoms, PANAS — positive
and negative affect schedule for task performance, SBS —sick building syndrome, SMS — strategic management
simulation software tool, Stroop — colour and word test.

2. (1) Physiological test, (2) Performance test, (3) Attendance behaviour, (4) Subjective evaluation.
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As summarized in Table 10, human health and performance are influenced at a similar level
to scenario 1 shows that every 315 ppm COz2 concentration increase from the atmospheric
level is significantly associated with an increase in the Stroop response time and Stroop
interference time (between congruent and incongruent response times) and a decrease in the
Stroop throughput (number of correct responses per minute). Meanwhile, the addition—
subtraction test (ADD) response time also increases. (Cedefio Laurent et al., 2021.)
Moreover, data from 100 office buildings database using environment and individual level
covariates with dependent BRS show a statistically significant relationship in that for every
100 ppm CO:z2 level increase from the atmospheric level, occupants report BRS regarding
affected mucous membranes and lower respiratory systems, including symptoms such as dry
eyes, a sore throat, nasal/sinus problems, sneezing, and wheezing. (Erdmann and Apte,
2004.) Therefore, the COz2 levels of this scenario without the use of a DAC unit are associated

with reduced task performance in terms of cognitive function and subjectively reported BRS.

In scenario 2 with the fresh air condition, COz2 levels are reduced by installing a DAC unit
from 957-1038 ppm to 732-801 ppm. Also, there is a significant positive association between
a decrease in the indoor COz2 level from 1000 ppm to 600 ppm, at different temperatures,
and improved task performance on memory tasks and attention tasks among adult female
students (Riham Jaber, Dejan and Marcella, 2017). Meanwhile, in an office space with a 945
ppm indoor CO2 concentration, the average cognitive function score (SMS) decreases by
15% compared to the indoor CO2 at 550 ppm (labelled as a green plus day using 100%
outdoor air with twice of minimum air ventilation rate) (Allen et al., 2016). Meanwhile, at
a level lower than indoor CO2 without the use of a DAC unit, at 830 ppm, there is a negative
impact on cognitive performance, with the participants receiving less positive scores on the
PANAS test (Snow et al., 2019). This is similar to the office space with a COz2 level above
800 ppm, where the occupants reported SBS symptoms, particularly eye irritation, tired eyes
and upper respiratory symptoms such as a dry/sore throat and non-specific symptoms
including difficulty concentrating or remembering things (Tsai, Lin and Chan, 2012).
Therefore, the indoor CO2 levels in scenario 2 without a DAC unit potentially lead to a
deterioration in task performance in terms of cognitive function and may affect the
occupants’ emotions, making them less positive. Moreover, the results of the subjective

evaluation revealed SBS symptoms, particularly eye irritation, tired eyes, a dry/sore throat
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and difficulty concentrating and remembering; some of these symptoms are similar to those

of the previous scenario.

Regarding studies of CO:2 levels similar to scenario 2 in the recirculation mode, an
investigation into reducing indoor CO2 levels from 1500 ppm to 900 ppm by using 50%
recirculated air to 100% fresh air indicated an improvement in the task performance of school
children in terms of concentration, motivation, short-term memory and logical perception
(Petersen et al., 2016). The total improvement in terms of correct answers in the four tests
comprised addition (6.3%), number comparing (4.8%), grammatical reasoning (3.2%), and
reading and comprehension (4.7%). Two schools reported different levels of significance
(Petersen et al., 2016). Meanwhile, at a COz level of 1400 ppm, average cognitive scores
(SMS) decrease by 50% for seven cognitive function domains (basic activity, applied
activity, focused activity, crisis response, information usage, breadth of approach and
strategy) compared to an indoor CO2 level of 550 ppm (Allen et al., 2016). Moreover,
teachers from classrooms with a high CO2 level of 945-1591 ppm reported a significant
increase in work-related neuro-physiological symptoms, including fatigue, difficulty
concentrating, and headaches (Muscatiello et al., 2015). Data collected from 434 classrooms
revealed a 10-20% increase in student absenteeism when the COz2 level increased to 1000
ppm above atmospheric levels (Shendell et al., 2004).

In summary, the CO2 level of scenario 2 using the air recirculation mode with no DAC unit
is associated with decreased cognitive function. Meanwhile, there is an improvement in task
performance in terms of concentration, motivation, short-term memory and logical
understanding at the lower COz level after DAC unit is added. Moreover, at a similar CO2
level without using a DAC unit in this scenario, the subjective evaluation presents symptoms
of fatigue, headaches and difficulty concentrating, which also appear in the same scenario
under the fresh air condition but with a lower indoor COz2 level. Nevertheless, this condition
statistically indicates an increase in student absenteeism associated with increased CO:

levels, which does not appear in previous scenarios.
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9 Discussion and conclusion

This study has evaluated the impact of indoor CO: levels on human productivity by
modelling the addition of a DAC unit to an existing ventilation system in two office building
environments, one in Finland and one in Hong Kong, respectively representing a low-density
town in a dry and cold climate with and a megacity with over five million people in a humid-
warm summer and mild winter climate. The models were designed in MATLAB Simulink
to examine the indoor COz2 levels and relative humidity, and then the correlation between

these parameters and human productivity was investigated.

In this study, the CO2 levels decreased in both scenarios after the DAC unit was added. The
indoor COz level in the Hong Kong building environment was higher than that in Finland.
One main reason is that the minimum airflow rate in the simulation in Hong Kong was half
that in Finland, leading to the accumulation of CO2. Additionally, Hong Kong has a humid
climate, and humidity enhances the CO2 capacity, especially for amine-adsorbents that use
the reaction mechanism of changing between CO2 and amine groups (Elfving and Sainio,
2021). Elfving, Bajamundi and Kauppinen (2017) stated that humidity can promote 20-34%
CO:2 capacity for amine-based sorbents, wherein two moles of amine are normally required
to capture one mole of COz, yet in humid conditions only one mole of amine is required to
capture one mole of CO2 (Elfving, Bajamundi and Kauppinen, 2017). A later study from
Elfving et al., (2017) investigating temperature-swing adsorption (TSA) indicated that
humidity strengthens its working capacity of CO2 adsorption by up to 78%, which
corresponds to 0.36 mmol CO:2 per g sorbent. Meanwhile, the results from Elfving et al.
(2017) also suggest that the effect of humidity in warm air is higher than that in cold dry air.
Warm-humid weather at 25 °C leads to more CO: adsorption than dry cold air at 0 to -10 °C,
namely 0.8-0.89 mmol CO2adsorbed per g of sorbent (Elfving et al., 2017). This could also
be a reason why adsorbed CO2 was higher in Hong Kong in winter than in Finland
throughout the year, although in summer more CO2 was adsorbed in Finland than in the
Hong Kong case. One reason may be that the adsorption capacity performs better below
room temperature in dry conditions (Elfving et al., 2017), but the main reason is likely to be

the different inlet CO2 concentrations as summer in Hong Kong is a tropical cyclone period
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with the potential for high-intensity typhoons with high wind speeds that affect the outdoor
CO:z2 level (Ying, 2010).

Since the indoor CO:2 level is highest in recirculation mode, the reduction of the
concentration is significantly higher in this condition, whereby the recirculation mode
normally accumulates more CO2 concentration in an airflow (Baus and Nehr, 2022) and
leads to a higher amount of CO2 being adsorbed, if the airflow rate and DAC efficiency
remain constant. Therefore, buildings in Hong Kong with air recirculation showed
significantly reduced amounts of CO: after the simulated DAC unit was installed compared
to the fresh air conditions. This result is supported by the finding of Kim et al. (2015) that
DAC adsorbs more CO2 from airflow with 800 ppm COz2 than with 300 ppm. However, in
practice the sorbent capacity is limited and degrades over time (Kim et al.,, 2015).
Nonetheless, the model used in this study assumes the best-case operation of the DAC duct
unit in that the adsorption is constant. Therefore, at the same CO2 adsorption efficiency, the
higher the inlet CO2 concentration, the more CO2 will be adsorbed, as shown in scenario 2
with recirculated air. The finding of this study is that a more adsorbent and bigger DAC duct
unit will be required, leading to space limitations in terms of fitting an additional duct unit
to an existing AHU. Additionally, higher amount of CO2 being adsorbed leads to higher
energy demand for desorption, which requires heating in the process and could thus
contribute to more GHG emissions. However, using recirculated air in Hong Kong could
also reduce the energy required for cooling, as mentioned by Kim et al. (2015), who found
that a new ventilation system with a CO2 capture device in the Singapore climate can
consume half the energy of a conventional ventilation system. This is because recirculating
exhausted air has a much lower enthalpy value compared to fresh outdoor air (Kim et al.,
2015). Similarly, Baus and Nehr (2022) indicated a reduction of energy consumed by
reducing the amount of air that needs to be conditioned in the recirculation mode through an
HVAC-DAC coupling.

Due to the adsorption process, a DAC unit reduces moisture during COz2 capture. The relative
humidity is significantly higher in summer in all cases, especially in air recirculation mode

without a DAC unit. This is because warm air can capture more moisture. Meanwhile,
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temperatures closer to the dew point contribute to higher relative humidity. Although the
winter weather in Hong Kong is potentially closer to the dew point than in summer, the
model was designed in such a way that the outdoor temperature was cooled to achieve an
acceptable indoor thermal climate of 22.5 °C that was dehumidified to the dew point at 15
°C, as recommended by the ASHRAE standard. Moreover, the weather in Hong Kong, with
high temperatures and high relative humidity, can promote the growth of microorganisms,
which represent a harmful indoor air pollutant. Adding a DAC unit that adsorbs moisture
could improve the indoor relative humidity in a climate like that of Hong Kong. As the
results of this study show, without using a DAC unit the relative humidity can reach as high
as 60%, whereby the limit from the national 1AQ guidance for offices is 70% (Hong Kong
SAR, 2003). Meanwhile, using a DAC unit slightly increases the air temperature, which
could also be an advantage for heating air during the winter in Finland. However, the result
of 24% relative humidity after the DAC unit shown in scenario 1 in winter in Finland is
somewhat problematic as an indoor relative humidity of 30-40% is recommended during the
heating season in Finland (Helsinki, 2020). Therefore, more humidification may be needed
and this might lead to higher energy consumption. However, Kim et al. (2015) estimated
that using fully recirculated air can reduce energy consumption by reusing all of the returning
air as a heat source. Meanwhile, moisture can be recirculated from the breathing zone, which
would also save energy in humidifying the air in the cold-dry season as there is no latent

load.

A DAC unit can be located at many places in an AHU, depending on user priority; adding a
DAC unit to the exhaust air would capture more CO: since the indoor COz2 level is normally
twice that of ambient air in case of air recirculation mode is used. For example, Bryan (2019)
showed a promising result from applying the carbon capture technology of moisture-swing
air capture as a filter-like exhaust mechanism in an HVAC system and taking advantage of
free fan energy in recirculating air (Bryan, 2019). Considering that high humidity enhances
CO:z2 capture capacity (Elfving et al., 2017), placing a DAC before a dehumidifier would be
advantageous due to the high rate of adsorption during summer. Meanwhile, temperatures
below room temperature are better for CO2 capture (Elfving et al., 2017), thus the adsorption
rate would be increased in winter. However, as the weather changes throughout the year,

locating a DAC unit after the airflow is conditioned could lead to a more stable operation
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year-round. This model prioritized a constant conditioned airflow for the service area.
Additionally, this thesis study considers both ambient air and recirculated air systems to
improve the indoor air quality; therefore, it was decided to locate the DAC unit before the
service area. A suggestion for further study would be to include a duct unit before the AC to
benefit the producers and users of direct air capture in the building.

Through the interpretation of the results, the association between the indoor CO2 level and
human performance and productivity was presented. The methods for performance
measurement were previously classed by Clements-Croome (2000) into three categories:
physiological, objective and subjective. The physiological method involves measuring
activation or arousal with an increase in the activities of the nervous system in relation to the
psychological responses occurring between the structure of the human nervous mechanism
and the occurrence of consciousness. The objective method, or task performance, usually
measures mental workload, and it is widely used because it has a high acceptance level and
can be used in quantitative and empirical investigations. Lastly, the subjective method is the
measurement of task performance through the subject’s perspective; this is said to be the
most effective because subjects tend to perform based on their feelings, giving a more
holistic picture of the results than via physiological or behavioural measurement. In this
study, the impacts on human performance and productivity were assessed from literature via
task performance, subjective evaluation, and attendance records. Meanwhile, physiological
measurements from reviewed literature were not used at these levels, although the cognitive

function scores from task performance based on literature changed in all three case studies.

Based on literature, at the lowest COz2 level for the office building in Finland, there were
slower response times in the test, with less accuracy in terms of correct responses.
Intermediate COz levels in the Hong Kong building environment with a fresh air system
were correlated with memory and attention task performance; however, it is worth noting
that the study was carried out at different temperatures (Riham Jaber, Dejan and Marcella,
2017). Nonetheless, at this level, the positive and negative effects in task performance are
related (Snow et al., 2019) and the scores from the SMS for decision-making-related tasks

also changed (Allen et al., 2016). These results also align with the assessment of astronaut-
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like subjects from Scully et al. (2019), in which the performance on SMS measurement for
decision-making and cognition tests was lower at 1200 ppm than at 600 ppm (Scully et al.,
2019). Gupta, Howard and Zahiri (2020) also reported that median scores were lower when

the test was conducted above 800 ppm (Gupta, Howard and Zahiri, 2020).

For CO: levels similar to the highest level found here in the recirculated air mode, the results
based on literature indicate that there were significant changes in the SMS decision-making
task scores (Erdmann and Apte, 2004) and performance tasks of school children that measure
concentration, motivation, short-term memory and logical understanding (Petersen et al.,
2016); notably, these results may not be directly comparable since the ability to perform a
task could be different between children and adult office workers. However, the finding of
Allen et al. (2019) that the passing rate is higher for difficult manoeuvres in a flight simulator
assessing pilot performance at a lower CO2 level of 700 ppm compared to 1500 ppm, is
consistent with the reduction in task performance (Allen et al., 2019). The symptoms most
frequently reported by occupants in the fresh air condition related to irritated/dry eyes and a
sore/dry throat. Meanwhile, difficulty concentrating appeared in scenario 2 of the Hong
Kong environment for indoor COz2 levels mainly above 1000 ppm. Tsai, Lin and Chan (2012)
summarized that these symptoms were associated with indoor COz2 levels. Meanwhile, there
IS @ moderate to high correlation between objective measurement in neuropsychological
testing and self-reported subjective evaluation that measures cognitive functioning (Baker
etal., 2018). Additionally, the CO2 level in the Hong Kong building with the air recirculation
mode correlated with the level leading to higher student absenteeism based on a statistical
analysis of 434 classrooms, which further showed that an absence from class can affect

academic performance (Shendell et al., 2004).

It can be concluded that there is an impact on human performance and productivity at indoor
COz2 levels if a DAC unit is not used, despite the fact that most of the concentrations are still
under the levels recommended by the guidelines, i.e. 1000-1200 ppm. Even though the
impact on the human body and human health cannot be measured physiologically, it does
appear when measuring task performance as directly reported by the occupants, as well as
behaviours in terms of class attendance, which is associated with work productivity.
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Although no physical or physiological health measure appears to directly relate to indoor
CO:z2 levels, it can be suggested that elevated COz2 levels have an adverse impact by reducing
human cognitive performance. This study finds no evidence from literature that human
performance and productivity are affected by indoor CO2 concentrations after a simulated
DAC duct unit has been applied; however, in the case of the Hong Kong building
environment in the recirculated air condition, the CO2 concentration is very close to the level
found in literature to cause a deterioration in task performance. The results of this study
suggest that the building standards and guidelines should be reconsidered as they may not
be suitable for all ventilation systems; for example, in this case the minimum airflow rate
from the ASHRAE standard is very low for 50% air recirculation. Moreover, a limitation of
this study is that it was unable to include a recirculated air system for the Finnish building
due to a lack of data on which to base the model. An indoor relative humidity below the
minimum recommended level during winter could be challenging, however, Kim et al.
(2015) reported that using fully recirculated air that returns moisture from the breathing zone
could save on the energy used for humidification in the cold-dry season. Further studies
should consider the air recirculation mode for buildings in cold-dry climates. Additionally,
one of the limitations in this study is that only the factors of moisture and CO: level were
considered, by including of other impurities, the results may appear differently for

recirculated air systems.

Captured COz requires proper management, by being either sent to a storage reservoir and
facility or utilized for valuable products such as chemicals and fuels. This study does not go
further in exploring the use of the pure CO2 released during the desorption process. However,
it is noteworthy that some ongoing research is estimating that capturing CO2 from buildings
and utilizing it for other purposes represents net-negative emissions. Therefore, it is
promising that installing DAC units on existing HVAC systems in buildings could help
mitigate the anthropogenic increases in CO2 and limit the global temperature rise to 1.5-2
°C.
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10 Summary

The major finding of this study was that the use of a DAC unit coupling with an existing
HVAC system in a building can improve indoor air quality. There are correlations between
the weather condition, season, outdoor CO2 concentration, building ventilation system and
minimum airflow rates requirement from building guidelines, which influence the DAC unit
performance and thus affect the indoor climate. Meanwhile, the results of this study highlight
the impact of indoor COz levels on human performance and productivity. The evaluated CO2
levels from existing ventilation systems with no DAC unit have a negative impact on human
productivity, including a decrease in cognitive function and increased reporting of SBS
symptoms and BRS based on the evidence from the previous research reviewed here. While
no suitable physical or physiological health measurement is available, an elevated CO2 level
Is considered to represent a hindrance to human performance and productivity. This study
also supports the notion that indoor CO2 concentrations constitute a hidden impact of climate
change. Finally, the placement of the DAC unit, i.e. after heating, cooling or AC units, is
considered to be feasible with the model of integrated a DAC unit with an HVAC system in
a building. This represents a promising technology to reduce global warming and mitigate

climate change.
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Appendix

Appendix I. Summary of productivity measurement methods

Table Al. Summary of productivity measurement methods; physiological, objective and subjective as well
as reported data.

Tasks Study The measurement as proxy | The correlation to cognitive
parameters to human productivity performance
Physiological test | Pulmonary Spirometry test: measure FEV1/FVC is reduced cause low

(respiratory
system)

function testing
(PFT)

lung performance from
exhaled breath by measuring
FEV1, FVC and PEF.

volume in lung for gas exchange
led to CO; retention in blood,
chemical changes in brain and
finally brain malfunctioning.

end-tidal CO, Measure partial pressure of Increased value is a consequence
(ETCO2) CO in blood from exhaled of low tidal volume which led to
breath. reduce of saturated oxygen in
blood.
Oxygen Measure the amount of Low PO; lead to reduction of

saturation of
blood (SPO,)

haemoglobin carrying
oxygen in relation with not
carrying oxygen in blood.

saturated blood and impair human
functioning.

Nasal peak flow

Examine respiratory tract.

Low values could lead to acute
health symptoms in nasal cavity.

Respiration rate,
breathing

Number of breaths per
minute and the depth of
breath.

Positive and negative changes
related to arousal levels.

Physiological test
(cardiovascular
system)

Blood pressure

Measure the pressure of
circulating blood, divided to
heart shrinks (SBP) and heart
relaxes (DBP).

High CO; levels increased SBP
and lead to hypertension.

Heart rate Measure of heartbeat per The results could reflect to
minute. nervous system of how body
response to high CO; level.
Physiological test | EEG Measuring the electricity Implication of mood and
(Nervous system) activity from brain. emotions included arousal levels,
stress, depression and relaxation.
ECG Measuring heart rnythm and | How the body adjust to the
electricity. changes
Task MATB - Monitoring task. Show the effects of parameters in
performance - Tracking task. decision making, level of
- Auditory communication performance, optical behaviour,
task. etc.
- Resources management.
with scheduling display
SMS - Task management: Various decision-making

Overall activity, focus, goal
setting, goal development.

- Information management:
Information seeking,
Information usage, Clarity of
information processing.

- Strategy:

Breadth of approach,
creativity, planning,

assessment tool used to measure
of performance on productivity.
A fair tool to be used for
productivity evaluation which is
more to allow participants for
self-rating of capability and
performance. More focus on real-
life that designed the scenarios to
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integration, people
behaviours.

- Crisis management:
Proactivity, crisis strategy,
crisis activity, resilience.

be searched for information and
options.

Performance
test for pupils

- Addition by added two
three-digit or four-digit
numbers.

- Number comparison
checked columns of two
seven-digit numbers against
each other, numbers can be
adjusted by rotating three of
the digits in the middle.

- Grammatical reasoning
categorized statements and
describing the order of letter
pairs.

- Reading and
comprehension, read text
with choice points inserted.

The test designed to access
performance in concentration,
motivation, short-term memory,
and logical understanding.

BARS (CPV, Continuous performance
MTS) - Digit span
- Match-to-sample
- Oregon dual task procedure
- Progressive ratio
- Reversal learning
- Selective attention
- Serial digit learning
- Simple reaction time
- Symbol-Digit
- Complex function
- Continuous performance - Sustained attention
- Digit span - Attention, memory
- Match-to-sample - Visual memory
- Oregon dual task procedure | - Motivation, memory
- Progressive ratio - Motivation
- Reversal learning - Learning, task switching
- Selective attention - Sustained attention
- Serial digit learning - Learning
- Simple reaction time - Response speed
- Symbol-Digit - Complex function
Complex function - Response speed, coordination
PVT Assess an effect of sleep Measure cognitive performance
deprivation or sleep loss on in particular aspects.
human neurobehavioral
performance.

KSS Measure of sleepiness. Scales show the state of
extremely sleepy to extremely
alert.

PANAS 10 positive affect Measure mood or emotion.

measurement and 10 of
negative affect by using rate
from 5 to 1.

CNS Vital signs

- Verbal and visual memory,
- Finger tapping,

- Symbol digit coding,

- The Stroop Test,

- A test of shifting attention

Results show neurocognitive
status and mental process of
simple performance, attention,
memory, executive function.
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- The continuous
performance test

Stroop color-

Read name of color printed in

Ability to inhibit cognitive

word test black ink, color patches and interference from congruent and

(SCWT) color-ward with inconsistent | incongruent stimulus features.
color ink.

Resembling Text typing. The effects of skills required to

office work perform work.

tasks

Tsai—Partington
numbers test

Select 20 numbers from 0-
100 for participant to connect
in the right order with limit
time.

Score reflected the accuracy and
correct linking.

Addition— Added two of three to four of | Test on concentration.

subtraction test | digits number.

Number Check two columns of seven | Test on motivation.

comparison numbers and compare.

Grammatical Reading sentences with a pair | Scores analysed of “higher mental

Reasoning Test

of letters and select true or
false between sentences and a
pair of letters.

processes” as a correlation to
intelligent test scores or stress
studies. Study of cognitive ability,
stresses impact and
environmental factors. Yest on
short-term memory.

Reading and
comprehension.

Read the text and insert the
choice point.

Test on logical understanding.

Attendance Absenteeism Student absence, worker Affect academic performance,
behaviour absence. daily productivity losses.
Subjective Perceive air Questions related to indoor An environmental factor that
evaluation quality (PAQ) environment conditions. could affected to individual’s

productivity.

Building related
symptoms
(BRS)

Questions related to health
symptoms.

A health factor that influenced by
environment and has impact to
human productivity.
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Appendix I1. The results of assessing the impact of productivity and COz2 levels

Table A2. The results of CO; levels and study conditions in assessing the impact of productivity and carbon

dioxide.
Cites Results 2 Study CO2 levels ® | Experiment conditions
(Shriram, (1) From spirometry test, varied CO, | Ambient air to 1000 | 8 healthy men, 3 hrs of
Ramamurthy | concentration to 3000 ppm, a ppm, 2000 ppm and | exposure, workspace
and reduction of FEV1 which shown 3000 ppm. (India), outdoor CO- at
Ramakrishn | restrictive behaviour lung. CO- 380 ppm, max 12
an, 2019) retention has reported. occupants, no artificial
CO, added, dustless split
air conditioners, included
bioeffluents.
(Zhang, (1) At CO; level 3000 ppm, At different levels: | 25 subjects, adjusted
Wargocki Spirometry test ETCO2 significantly | 500 ppm, 1000 ppm | ventilation rate and added
and Lian, increased more than in reference or 3000 ppm. CO; with supply air,
2017; Zhang | level (500 ppm). Average heart rate exposed 255 min, in
etal., 2021) | increased at pure CO; added to 3000 stainless steel climate
ppm. Nasal peak flow decreased at chamber (Denmark), well
3000 ppm. SPO; significantly mixed air.
increased.
(2) Tsai—Partington test decreased
(non-significantly)
(4) Not mentioned
(Mishra et (1) Spirometry test, FVC decreased Reference level at 15 people, climate
al., 2021) significantly at 1450 ppm from low 900 ppm and 1450 | chamber (Singapore), 150
ventilation. ppm (low min.
(4) High arousal positive, thermal ventilation rate/pure
sensation and fatigue votes are C02)
different.
(Erdmann (4) Statistically (logistic regression Per 100 ppm dCO, | 100 selected large office
and Apte, model) effects for sore throat, increased. buildings (USA). US
2004) shortness-of-breath, dry eyes and Maximum dCOz at | building stock.
nose/sinus symptoms (BRS) per 100 | 608 ppm and
ppm dCO; increased (not consider minimum at 40
climate different and health ppm.
conditions).
(Muscatiello | (4) Teachers from high CO; CO, range between | 10 schools, 64 classrooms
etal., 2015) | classrooms are reported significantly | 352 to 1591 ppm. in New York (USA), 4
increased work-related neuro- months period and 48 h
physiologic symptoms (fatigue, measured, 68 teachers.
difficulty concentrating, and
headache) at CO2 level 931 — 1591
ppm.
(Shendell et | (3) 10-20% relative increased in Consider 1000 ppm | 436 classrooms from 22
al., 2004) student absence for 1000 ppm dCO; dCO; increase. schools in Washington and
increased (aggregate data on Idaho (USA), data entire
demographic and socioeconomic school year, 5-min CO;
variables). measurement a day.
(Petersen et | (2) Total improvement in correct Recirculated air 4 school classrooms
al., 2016) answers from the performance test; 1500 ppm to fresh (Denmark), healthy pupils,
addition (6.3%), number comparing air 900 ppm. increase ventilation rate by
(4.8%), grammatical reasoning Highest using recirculated to fresh
(3.2%), reading and com prehensive concentration at air, 4 weeks with 15t week
(4.7%). Two schools reported 2800 ppm as rehearsal.
different level of significance.
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(4) Less eyes pain during recirculated
air than in fresh air.

circulated air to
1200 ppm fresh air.

(Riham
Jaber, Dejan
and

(2) Exposure to CO,at 1000 ppm and
1800 ppm significantly reduced the
accuracy in all performance tasks,

CO2 levels at 600
ppm, 1000 ppm and
1800 ppm.

499 adult female students,
2 classrooms (Saudi
Arabia), duration 5 weeks,

Marcella, attention (CPT) and memory task air conditioning central
2017) (MTS). system (CAV), varied
temperature.
(Pang etal., | (2) Significant decreased in human CO; levels at 1500, | 15 male college students,
2021) vigilance (PVT comprehensive 3500, and 5000 enclosed environmental
performance metrics) from elevated ppm. chamber (China), 4 hours
CO, of 1500 ppm to above 3500 exposure (measured before
ppm. KSS score indicate drowsiness and after), adding pure
level changed and PANAS of human CO; to supply air.
mood towards negative effect when
CO; increased, but not statistically
significant.
(Zhang et (2) MATB task performance is CO; levels of 1500, | 15 healthy male college
al., 2020a) significantly decreased when CO; 3500, and 5000 students, enclosed
level increased from 1500 ppm to ppm. environmental chamber
3500 ppm. No significant different (China), added pure CO;
from 3500 ppm to 5000 ppm except into full fresh air system.
for scheduling task, the performance
get lower when CO; elevated to 5000
ppm and it could lead to lack of
response for communication signal.
(Zhang et (1) During MATB task test, CO2 levels of 1500, | 15 healthy male college
al., 2021) significant deeper breath from 3500 3500, and 5000 students, enclosed
ppm to 5000 ppm. From 1500 ppmto | ppm. environmental chamber
3500 ppm, the body allows (China), added pure CO2
parasympathetic nervous system to constant fresh air
(PNS) activity, rest and digest supply, measured during
conditions as self-protective when rest and task test. 2 hours
PNN50 has increased. CO2 elevated exposure
from 1500 ppm to 5000 ppm shown
associated of heighten arousal level
and stress as beta EEG has increased.
As concluded that more effort
required to perform tasks.
(Allenetal., | (2) Average cognitive scores At 550 ppm, 945 24 professional-grade
2016) decreased 15% at moderate higher ppm and 1400 ppm. | employees, 6 full
CO2 (945 ppm) and 50% lower for workdays (9.00-17.00),
high CO2 (1400 ppm) for 7 cognitive office space, New York
function domains (basic activity (USA). Pure CO2 added to
level, applied activity level, focused supply air except the 550
activity level, crisis response, ppm condition.
information usage and strategy.
(Strem- (2) Estimated a better ability for CO2 levels 1620- 16 participants, exposed to
Tejsen et al., | logical thinking from grammatical 3300 ppm (without | 1 week per condition
2016) reasoning test but no significant ventilation) or 795- | (Denmark), focus on

different in Tsai-Partington of cue
utilization.

(4) Participants reported fresher air,
felt better and more rested, less
sleepy in the morning whilst mouth

935 ppm (with
ventilation).

ventilation different.
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dryness and skin dryness also stated.
Better sleep efficiency contributed to
better able to concentrate and can
hypothesize of next-day performance
improvement.

upper respiratory symptoms.

(Kimetal., (1) Statistically significant decreased | From above 2000 22 healthy subjects, in
2020) of SBP (heart shrink) at lower CO2 ppm to below 1000 | office buildings (South
level. ppm. Korea),
(4) Statistically significant increase of
IAQ satisfaction (psychological
response) at lower CO2 level.
The lower IAQ satisfaction the higher
BP increases as the correlation
between physiological and
psychological responses and affected
to physical health.
(Snow etal., | (1) No EEG results found the Baseline to 830 31 participants, exposed to
2019) increasing of CO2 affect to ppm and 2700 ppm | <60 minutes CO2 at
sleepiness. Heart rate is significantly | CO2 concentration. | different levels, small
increase at high CO2 level (2700 natural ventilated office
ppm). (UK), added pure CO2,
(2) Cognitive flexibility and
executive function performed
significant better when CO2 rose to
830 ppm. Participants became less
positive throughout the study
duration for PANAS.
(4) No significant effects from sick
building syndrome symptoms.
(Cedefio (2) Each 315 ppm CO2 concentration | Low <600 ppm and | 302 office workers, urban
Laurent et increased is significantly associated high >950 ppm commercial buildings
al., 2021) with increased of Stroop response CO2 target levels. (China, India, Mexico,
time, Stroop interference time Thailand, USA, UK), 12-
(between congruent and incongruent month duration at regular
response times) and decreased Stroop working hours, real time
throughput (no. correct response per measurement
minute). While ADD response time is
increased.
(\Vehvildinen | (1) The blood CO2 level and heart The indoor CO2 4 hours meeting, office
etal., 2016) | rate variability significantly increased | levels range 519— room (Finland), 4 healthy
at high CO2 level (no ventilation). 4917 ppm (no men subjects, 2-week
(4) Increased sleepiness (KSS) at ventilation), 446— periods,
high CO2 level (no ventilation). 1452 ppm (with
ventilation).
(Tsai, Lin (4) SBS symptoms in the office CO2 levels range 111 office workers, in
and Chan, reported when CO2 level above 800 | 375-484 ppm and office environment
2012) ppm, especially in eye irritation and 658-959 ppm. (Taiwan), 2 times exposure

of average 8 hours

4 Focus only exposure to CO, in case account of bioeffluents will be mentioned.

b Noted CO, concentrations are indoor level, the different between indoor and outdoor CO; stated as dCO..



Appendix I1l. MATLAB models, additional parameters, and source of data collection

Data for the model: minutes
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Figure A1l. MATLAB model designed for DAC on existing HVAC system in Finland.

99

Servie area

Data for the model: minutes

Figure A2. MATLAB model designed for DAC on existing HVAC system in Hong Kong.
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Table A3. Additional parameters used in MATLAB maodelling.

Parameter Units Model | (Ahola et al., 2018) | (FINVAC, 2020)
airflow dm?¥/s 3300

area m? 2200

number of people | people 206

airflow per 1 m2 dmd/s per m? 15 15 1

airflow per 1 person | dm%/s per person | 16.0 |16 6

area per person m2/person 10.7 |10-12

Table A4. Sources of data collection for parameters used in HYAC and DAC model and the influence of

DAC unit to model’s parameters.

Parameters

Finnish environment

Mega city
environment (Hong
Kong)

Notes about DAC

Airflow (m%/s)

Outdoor air flow rate, D2
National Building Code
of Finland, office space
1.5 L/s m?. With space
area 2200 m?, air flowrate
is 3.3 m%s.

ASHRAE 62.1 (2019
edition) outdoor air rate
office space 0.75 L/s
m2. With space area
2200 m?, air flowrate is
1.65 m%s.

DAC duct unit should
maintain constant
airflow rate.

Temperature ("C)

Minutes of annual data
from Finnish
Meteorological Institute
2019.

Daily annual data
meteorological
observation 2019.

Due to exothermic
process in CO;
adsorption, air
temperature should
slightly higher after the
DAC. (Bajamundi et
al., 2019)

Humidity (RH%)

Minutes of annual data
from Finnish
Meteorological Institute
2019.

Daily annual data
meteorological
observation 2019.

Decrease after the
DAC unit because
DAC adsorbs water,
about twice water
adsorbed per kg
adsorbed CO:..
(Bajamundi et al.,

SMEAR I research
station.

concentration (2009-
2010).

2019)
CO; levels Half-hourly of annual A study of 75% adsorption
data (2019) of GHGs measurement and efficiency.
measurement from analysis of CO;

Mean Pressure
(hPa)

Minutes of annual data
from Finnish
Meteorological Institute
2019.

Daily annual data
meteorological
observation 2019.

Adsorption pressure
drop across the bed is
400 mbar. Over
desorption is between
100 — 200 mbar(abs).
(Vazquez et al., 2018).

Only CO; levels and humidity are included in results of the model, other parameters maintain stable by
HVAC and/or DAC units.

100
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Appendix IV. Analysis results of HYVAC-DAC modelling

Scenario 1 Finland with fresh outdoor air

Table A5. The abbreviation used in graph results.

Abbreviations | Meaning

DAC With DAC duct unit

F Fresh air

NO DAC Without DAC duct unit
R Recirculated air

SUM Summer

WIN Winter

Table A6. Results of scenario 1 in fresh air condition at outdoor air flowrate 3.3 m3/s and outdoor CO,
concentration at 409 ppm for summer and 420 ppm for winter.

Parameters Winter period Summer period
With DAC Without With DAC Without
DAC DAC
COs levels (ppm) | 405 720 402 709
Humidity (RH%) | 24 31 37 43

Indoor CO2 level (Fresh air)
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Figure A3. CO; level with DAC duct unit and without DAC duct unit during winter and summer time.
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Figure A4. Relative humidity.

Scenario 2 Hong Kong with fresh outdoor air
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Table A7. Results of scenario 2 in fresh air condition at outdoor air flowrate 1.65 m%/s and outdoor CO,
concentration at 361 ppm for summer and 442 ppm for winter.

Parameters Winter period Summer period
With DAC Without With DAC Without
DAC DAC
CO; levels (ppm) | 708 1038 687 957
Humidity (RH%) | 34 39 56 60
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Indoor CO2 (Fresh air)
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Figure A5. CO; level with DAC duct unit and without DAC duct unit during winter and summer time.
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Figure A6. Relative humidity.
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Scenario 2 Hong Kong with recirculated air

Table A8. Results of scenario 2 in fresh air condition at outdoor air flowrate 0.825 m®/s (assume 50% air
recirculating) and outdoor CO- concentration at 361 ppm for summer and 442 ppm for winter.

Parameters Winter period Summer period
With DAC Without With DAC Without
DAC DAC
COy levels (ppm) | 745 1546 732 1466
Humidity (RH%) | 35 48 54 60

Indoor CO2 level (Recirculated air)
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Figure A8. CO; level with DAC duct unit and without DAC duct unit during winter and summer time.
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Relative humidity (Recirculated air)
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Figure A9. Relative humidity.



