Impact of Outdoor Air Exchange Rates on Sleep Quality

and the Next-Day Performance with Application of Energy
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Abstract

Sleep quality can affect human health and the next-day performance. High indoor CO2 concentration
levels due to insufficient supplied air ventilation could cause poor sleep quality. Bedrooms in condominium in
Thailand commonly use a wall mounted split type system without supplied outdoor air ventilation. The rooms
are typically constructed having airtight envelope which have air infiltration rates ranging 0.4-0.64 ACH. This
study aims to evaluate the impact of increased ventilation rates on sleep quality and the next-day performance,
which the surveys were collected from two occupants living in a one bedroom condominium. The field
measurement and survey were conducted for twenty days with supplied outdoor airflow rates at 0, 40, and 60
m® hr'' through an energy recovery ventilator (ERV). The room air exchange rates were calculated from a linear
regression method obtained from a decay tracer gas technique using indoor carbon dioxide generated by
occupants. To overcome the maximum limit of 002 concentration level specified in the standard health guidelines,
the ERV unit has to supply outdoor air ventilation rate at 60 m® hr'. Overall, the increase of outdoor air
ventilation rates can improve sleep quality by 2-13 percent and occupants have better work performance in
the next day by 2-20 percent. The increase of outdoor air ventilation through the ERV unit does not affect

indoor relative humidity.
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1. Introduction

Sleep quality is generally considered to be a
significant role on learning and memory function
(National Institutes of Health [NIH], 2012). It is
recommended that people sleep at least 8 hours/day.
Less sleep could make people unhealthy and lose
concentration on their daily living. Moreover, it might
lead to loss of memory and cognitive ability (Slats,
Claassen, Verbeek & Overeem, 2013, pp. 188-200).
Lack of sleep also influences working ability, safety
issues, and financial cost (Rosekind et al., 2010, pp.
91-98; Mulgrew et al., 2007, pp. 42-53). Furthermore,
previous studies showed that the less sleep had
positive correlation with employee productivity
(Mulgrew et al., 2007, pp. 42-53). Workers who do
not get enough sleep or have sleep problem usually
come to work late and produce low outcome.
According to Rosekind et al.’s study (2010), an
individual productivity was dropped due to sleepiness,
which further made the company loss an average
annual cost of $1,967 per employee. According to
these evidences, sleep problem is an important issue
which affects physical health, productivity, as well as
organization’s economy.

Insufficient ventilation rate resulting in poor
indoor air quality has been considered as an influential
factor on poor sleep habits. Low ventilation rate leads
to high indoor carbon dioxide concentration levels,
which cause sleeplessness. Few studies investigated
the impact of high carbon dioxide concentration due
to insufficient ventilation rate on subject’s sleep
efficiency and ability to concentrate. The tenants who
live in the environment with high ventilation rates
usually feel asleep easier, get more rest, and have
better mental state. These evidences show significantly
greater when the ventilation rate is increased (Fisk
et al., 2013; Str@m-Tejsen et al., 2014; Str@m-Tejsen
et al., 2016, pp. 679-686). Fisk et al. (2013) investigated

the effects of high indoor carbon dioxide concentration

levels on subject’s decision-making performance.
Their results revealed that people who live in the
condition with low carbon dioxide concentration levels
had better decision-making performance for doing
basic and applied activities, task orientation, initiative,
and information utilization. At present, limited studies
have investigated the impacts of air ventilation on
indoor concentration levels that adversely affects the
subject’s sleep quality and their next-day performance.

Theoretically, building ventilation accounts
outdoor air intake through mechanical system and
unintentional airflow called air infiltration through
adventitious or leaks on building envelopes. The room
studio and one bedroom types in condominium in
Thailand generally use a wall mounted split type air
conditioning unit, which its system typically does not
provide outdoor air ventilation. Consequently, the
ventilation in these room types mostly relies on the
air infiltration only. However, the air infiltration is not
accepted to be a good air quality as defined in the
ASHRAE Standard 62.1-2010 since the quality of air
and amount of the air taking into the space cannot
be controlled. As a consequent, such insufficient
ventilation and quality of the air infiltration could lead
to high concentration of indoor-generated pollutants,
which further increases sick building syndrome
problems in these room types.

The energy recovery ventilator (ERV) is one of
solutions to enhance both quality and quantity of the
outdoor air before it was supplied into the room while
maintaining energy efficiency. The ERV system
transfers heat and humidity of the outside air via
energy transfer process, which makes the condition
of the supplied outdoor air closes to the room
conditions before the air is supplied into the space.
Previous studies revealed that the ERV unit could
save cooling energy by 18-49 percent depending on
the climate conditions (Fan et al., 2014, pp. 412-422;
Wang et al., 2015, pp. 47-52; Yang et al., 2015, pp.
438-445).
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In summary, the existing ventilation rate from
the air infiltration through leakage paths on building
envelope might be insufficient to provide acceptable
indoor air quality. Such significant issue could cause
sleep deprivation or insomnia, which further affects
subject’s working ability, safety, and business’s
financial cost. According to the literatures, the number
of field studies regarding the relationship among
ventilation, indoor air quality, and sleep quality, which
impact the subject’s working ability are limited.
Consequently, this present study aims to investigate
the potential use of the ERV unit to improve indoor
air quality, which could promote the better subject’s

sleep quality and next-day performance.

2. Research Methodology

The experiment was performed in the project’s
sale gallery room with an area of 10 m’ and 2.7 m.
ceiling height and two occupants had lived in a master
bedroom during the test period. A 9,000 Btu wall-
mounted split type air conditioning unit provides not
only human thermal comfort but also the air movement
in the space. The layout of the test room and the
installation locations of three sets of sensors are

presented in Figure 1.

o | Outdoor CO,, temperature and
humidity sensors

[ i ERV unitand indoor CO,,

| temperature, and humidity sensors

Indoor CO,, temperature, and

i
H
H humidity sensors

Figure 1. A layout of the test room and the installation locations
of three sets of sensors.

The experiment of this study comprises of two
parts as the followings:

1) To assess the air exchange rates in the test
room for normal operation when the ERV unit was

switched off (no outdoor air intake), and
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2) To evaluate the impacts of outdoor air
ventilation rates on indoor carbon dioxide concentration
levels in relation to the occupant’s sleep quality as
well as next-day performance.

The experiment had performed for four weeks
with three-step controlled ventilation: 0, 40, and 60
m® hr'. The schedule of controlled ventilation rates
is shown in Table 1. During the test period, two male
occupants were asked to perform daily activities and
spend their normal lifestyle. They were asked to leave
the room in the morning and come back to the room

in the evening.

Table 1. Schedule of the supplied outdoor ventilation rates
through the ERV unit during the test period.

4" week
Mon-Tue | Wed-Fri

1% week | 2™ week | 3 week
Mon-Fri | Mon-Fri | Mon-Fri

Outdoor air

ventilation rate
(m®hr?)
0

3. Assessment of Room Air Exchange Rates

For the air exchange rate assessment, this
present study chose a tracer gas decay method since
it is the simplest technique and requires less
instruments than other tracer gas techniques. The
carbon dioxide generated by occupants was used as
a tracer gas. During the test period, the gas sample,
air temperature, and relative humidity were collected
every five-minute interval using a HOBO MX carbon
dioxide data logger, which has an accuracy of
+0.21 °C for temperature sensor, £50 ppm for carbon
dioxide sensor, and 2% RH for relative humidity
sensor. Three sets of sensors were validated by the
manufactory. This present study did calibrate the
sensors by placing them together and compared the
results. The carbon dioxide concentration level of one
sensor had lower reading so the sensor was adjusted
against with two others. Two sets of sensors were
installed in the room and one set of sensor was used
to measure the ambient condition outside the room.

One set of the indoor sensors was installed at 1.1 m



to prevent high error reading from direct exposure to
the occupants and another set of sensor was placed

at the exhaust of the ERV unit (as shown in Figure 2).

Figure 2. Installation locations of the indoor and outdoor

sensors and the ERV unit.

The regression model, Equation (1), as defined
in the ASTM E741-11 (2011) was used to calculate
the outdoor air exchange rates. The equation was
obtained from the plot of difference between the
logarithms of the initial carbon dioxide concentration
level (after the occupants left the room) and final
concentrations (when the carbon dioxide reached the
background concentration) divided by the time period.
“a” (in Equation (1)) represents a term of outdoor air
exchange rate (A), ACH, in Equation (2). X is elapsed
time (), min. “b” represents the logarithmic function
of the difference between the initial indoor carbon
dioxide concentration (C(O)), ppm, and the background
carbon dioxide concentration (C(a)), ppm. Y represents
the logarithmic function of the difference between
indoor carbon dioxide concentration at time t (Cm)‘

ppm, and the background carbon dioxide concentration,

ppm.

Y = aX+b 1)
ln(Cm—Ca) = —At+ln(Cm)—Ca) 2)
Vbz = Rp*Pz+Ra*Az (3)

According to the ASTM E741-11 (2011), the
tracer gas decay measurement is effectively applied
in the buildings, which have constant airflow rate and
well-mixed condition. In order to investigate the mixing
condition of the test room, the difference of indoor
carbon dioxide concentration levels monitored from
the two sensors was calculated. Before the sensor
installation, three HOBO MX carbon dioxide data
loggers were tested the consistency of the
instrumentations.

The calculated air exchange rates were then
compared to the calculation of required outdoor air
ventilation rate (Vbz) (shown in Equation (3)), as
defined by the ventilation rate procedure (VRP)
prescribed under the ASHRAE Standard 62.1-2010.
Rp is the minimum occupancy based ventilation rate,
Ls" people”. Pz is number of people, people. Ra
is the minimum floor area based ventilation rate,

Ls' m?2 Az is floor area, m”.

4. Recommended Air Exchange Rate for the Test

Room

The ventilation rate procedure (VRP) defined
in the ASHRAE Standard 62.1-2010 recommends
ventilation rate based on building types and functions.
The floor area based ventilation rates recommended
for dwelling unit is 0.6 Ls™ m™ and occupancy based
ventilation rate is 2.5 Ls" person”. Besides the
calculated ventilation rates based on the VRP method,
this study also used the indoor air quality procedure
method (IAQP) to determine the appropriate outdoor
air ventilation rate, which can control indoor carbon
dioxide concentration levels under the maximum limit
of 1,000 ppm (NIOSH, 2002). However, the ASHRAE
Std. 62.1-2010 allows the target of indoor carbon
dioxide concentration levels, which should not exceed
the local outdoor concentration by more than 650
ppm. The calculated air exchange rates obtained from
the tracer gas measurement were used to determine
the volume airflow rates when the ERV unit was

switched off (OOA nor) using Equation (4). Then the
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source strength (S) can be obtained from Equation
(5). In order to determine the new outdoor air
exchange rate which provides acceptable indoor
carbon dioxide contaminant levels, it is assumed that
the indoor carbon dioxide concentration levels (C )

SS

should not exceed 1000 ppm. Consequently, QOA

_new

can be calculated using Equation (6).

ACH = QOA,no‘r (4)
volume
_ S
Qosnor = Css_nor — Coa ()
S
Qoanew = Css—Con (6)

5. Survey of Sleep Quality and Next-Day Performance

A questionnaire used for evaluation the
occupant’s sleep quality and the next day performance
contains six topics including 1) personal information,
2) daily activity, 3) working performance, 4) indoor
environment satisfaction, 5) sleep performance, and
6) building related iliness. The survey related to
personal information was conducted before the test
period. Another survey asked how occupant were
satisfied the indoor conditions including air temperature,
humidity, air movement, lighting quality, and noise
level (with five ordinal responses) in the test room
and this survey had been conducted before the
occupants fell asleep and after they woke up for four
weeks. Regarding the survey of sleep performance,
this present study used the questionnaire developed
by the Pittsburgh Sleep Quality Index (PSQI) (Buysse
et al, 1989, pp. 193-213), which contains seven
components regarding subjective sleep quality, sleep
latency, sleep duration, habitual sleep efficiency, sleep
disturbances, use of sleeping medication, and daytime
dysfunction, to evaluate the occupant’s sleep quality
and irritating symptoms. The sum of scores from the
seven components represents how quality of sleep
is. The total score greater than 5 (> 5) means poor

sleep quality.
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In this present study, the survey data on
Sunday night was not used in order to allow the
occupants could adapt themselves to the room
environment. Only the survey data collected from
Monday night to Friday morning was used for analysis.

Each survey took 3 to 5 minutes to complete.

6. Results

Figure 3 presents the outdoor and indoor
carbon dioxide concentration levels when the ERV
unit was turned off and the shaded area on the figure
represents the time period when the occupants lived
in the room. When the bedroom was unoccupied, the
indoor carbon dioxide concentration levels ranged
from 350-480 ppm, which had the same range as
ambient carbon dioxide concentration levels. After
the occupants come in the test room, the indoor
carbon dioxide concentration levels increased above
2000 ppm with an average value of 1,722 ppm (s.d.
= 530). To calculate outdoor air exchange rates for
the test room, the indoor carbon dioxide concentration
levels in the time period after the occupants left the
room were extracted for data analysis. The indoor
carbon dioxide concentration levels were plotted on
the axes of the logarithmic function of C(t) against
the time period, t, as prescribed in the ASTM E741-
2011. The examples of the plotted data are shown
in Figure 4. The outdoor air exchange rates were
calculated using a linear regression model. The room
air exchange rates when the ERV unit was not
operated (no outdoor air intake) ranged from
0.50-0.64 ACH with an average value of 0.54 ACH
(s.d. = 0.09). This range was within the air infiltration
range investigated in Thai modern houses (Jareemit,
2015). Such room air exchange rates were quite low,
which could lead to poor indoor air quality while the
recommended outdoor air ventilation rate calculated
based on the VRP prescribed in ASHRAE Standard
62.1-2010 required 1.07 ACH (28 m® hr"). From the
Figure 4, the concentration levels monitored at 9.00
pm. in Day 1 and Day 2 were dropped since the
occupants left the test room and came back around
11.00 pm.
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Figure 3. Measurement of indoor CO2 concentration levels

when the ERV unit was switched off (no outdoor air
ventilation).
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Figure 4. The plot of In(Ct) against time period, which further
used for calculating the room air exchange rates
when the ERV unit was turned off (no outdoor air
intake).

Figure 5 illustrates the indoor carbon dioxide
concentration levels when the outdoor air intake rate
of 40 m® hr' (1.5 ACH) was added into the room
through the ERV unit. The night-time indoor carbon
dioxide concentration levels dramatically dropped to
1,000-1,250 ppm with an average value of 930 ppm
(s.d. = 210), with an exception to Day 4 when the
occupants forgot to switch on the ERV unit. Although
the supplied outdoor ventilation rate was increased
by 1.4 times of the rate recommended by the VRP
method, the night-time carbon dioxide concentration
levels were still above the maximum limits of 1,000-
1,200 ppm as defined by the ASHRAE Standard
62.1-2010 and NIOSH (2012), which did not meet the
IAQP method.

Time

CO2_Exh ———CO2.0A = - —NIOSH (2002) Standard 62.1-2010

Figure 5. Measurement of indoor CO2 concentration levels
when the outdoor air ventilation rate of 40 m® hr”
was added into the room through the ERV unit.

This present study increased the supplied
outdoor air ventilation with the rate of 60 m® hr. The
increased ventilation rate could reduce the night-time
indoor carbon dioxide concentration levels to 800-900
ppm with an average value of 869 ppm as shown in
Figure 6. However, some scatter points were above

1,000 ppm, since the ERV unit was switched off.

According to the results, the required ventilation
rate calculated based on the VRP method could not
maintain indoor carbon dioxide concentration levels
in this test room within the standard health guidelines.
To maintain good indoor air quality, the outdoor air
ventilation rate supplied in the test room needed to

be increased by twice.
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Figure 6. Measurement of indoor CO2 concentration levels
when the outdoor air rate of 60 m® hr" was added
into the room through the ERV unit.
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Table 2 summarizes an average room air
exchange rate when the ERV unit supplied outdoor
air ventilation rates at 0, 40, and 60 m® hr”'. For normal
operation when the ERV unit was switched off, the
room air exchange rates (air infiltration) varied due

to an influence of local wind speeds.

Table 2. Average room air exchange rate when the ERV unit
supplied the outdoor air ventilation rates at 0, 40, and 60 m® hr".

Outdoor air Average room air

ventilation rate (m® hr) exchange rate (ACH)

0 0.54 (s.d. = 0.09)
40 15
60 23

7. How occupants were satisfied indoor thermal
condition when increasing the room air exchange

rates?

During the test period, the survey was asked
two male occupants on how they were satisfied with
indoor temperature, humidity, air quality, air movement,
lighting, and noise before they went to bed and after
they wake up. Figure 7 presents the psychrometric
plots of average values of indoor air temperature and
relative humidity during the room was occupied when
the ERV unit was operated at 0, 40, and 60 m® hr".
According to the ASHRAE Std. 55-2010, the graphical
plot can be used for determining thermal comfort in
the space where the occupants have activity levels
with metabolic rates between 1.0 met and 1.3 met.
Consequently, the sleep and reclining activity (0.8
met), is not covered in the ASHRAE Standard 55.
However, besides the sleep, the occupants usually
do seat or relax (met = 1.0) when they live in the
bedroom. Consequently the plots on the chart were
used to determine the thermal comfort for seating
and relaxing activity. Most of the time, the indoor air
conditions were not within the comfort zone defined
by the ASHRAE Std. 55-2013 due to the air had high
humidity although the air temperatures were kept in
a range of 23-25 °C. From the plots, the increase of
outdoor air ventilation rates could not affect the

change of indoor air temperature and humidity.
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According to the survey results, both occupants did
feel comfortable at high humidity and temperature at
no more than 24-25 °C.

/o
5
/o

ASHRAE PSYCHROMETRIC CHARTNO.1 £\

‘‘‘‘‘‘‘‘‘‘‘‘

Figure 7. Plots of indoor air temperature and relative humidity
on the psychrometric chart.

The five-scale point survey was used to
evaluate occupants’ satisfaction on air quality, air
movement, lighting, and noise level. Interestingly, both
occupants were satisfied with the air cleanliness and
air movement before they went to sleep (Figure 8a)
and after they woke up (Figure 8b) in the condition
when the ERV unit did not supplied outdoor air
ventilation. They had neutral satisfaction for lighting
quality and noise level as shown in Figure 9.

Before bed time
2.0

1.0
—
—
0.0

Fresh air Air movement

Satisfaction levels

Or O: Or 0:

After waking up

20

Satisfaction levels
o
>

Fresh air Air movement

Or O: Or 0:

2 - very satisfied 1 - satisfied 0 - neutral

-1 — dissatisfied -2 — very dissatisfied

Note: O1 and O2 are occupant 1 and occupant 2, respectively

Figure 8. Occupant’s satisfaction ranges (shaded area) and
average value (horizontal line) on indoor air
cleanliness and air movement in the condition when
the ERV was turned off. The questionnaires were
conducted before occupants fell asleep (a) and
after they woke up (b).
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Figure 9. Occupant’s satisfaction ranges (shaded area) and
average value (horizontal line) on noise level and
lighting quality in the condition when the ERV was
turned off. The questionnaires were conducted before
occupants fell asleep (a) and after woke up (b).

Table 3. Improvement of occupant’s satisfactions on air
cleanliness, air movement, noise level, and lighting quality
when the ERV unit supplied outdoor air ventilation rate at 40
and 60 m® hr'' comparing when the ERV unit was turned off.

Before bedtime | After waking up
40vent | 60vent | 40vent| 60vent
Air cleanliness | Occupant 1 3% 7% 13% 15%
Occupant 2 15% 19% 22% 24%
Air movement | Occupant 1 3% 12% 7% 1%
Occupant 2 12% 7% 24% 22%
Occupant 1 0% 5% 0% 0%
Occupant 2 8% 1% 2% 1%
Lighting quality| Occupant 1 0% 0% 0% 0%
-4% -4% -2% -3%

Occupant’s satisfaction

Noise level

Occupant 2

Table 3 presents the occupant’s satisfaction
on air cleanliness, air movement, lighting quality, and
noise level when the ERV unit supplied outdoor air
ventilation at the rates of 40 and 60 m® hr'. Increasing
the room air exchange rates could increase occupant’s
satisfaction, especially indoor air movement and
quality of air. When supplying outdoor air ventilation
rate at 40 and 60 m® hr', occupant’s satisfactions
on the air cleanliness and air movement were
increased up to 24 percent and up to 22 percent,

respectively, comparing to those when the ERV unit

was switched off (no outdoor air intake). However,
the increase of the outdoor air ventilation rates slightly
affected occupant’s satisfactions on lighting quality
and noise level, which indicated that the occupants
could accept mechanical noise when the ERV unit

supplied more outdoor air intakes.

8. Impact of the increase of outdoor air ventilation
rates on the subject’s sleep quality and next-day

performance

Overall, the increase of outdoor air ventilation
rates dramatically improved the occupant’s sleep
performance. Table 4 presents the improvement of
occupant’s sleep performance when the ERV unit
supplying outdoor air ventilation rates at 0 (no
ventilation), 40 (40vent) and 60 (60vent) m® hr. For
normal condition when the ERV unit was switched
off, the Occupant 1 and Occupant 2 had an average
time before asleep of 17 minutes (s.d. = 5) and 14
minutes (s.d. = 4) after they went to bed. The average
actual sleep hour for Occupant 1 and Occupant 2
was 5.4 hours (s.d. = 0.5) and 6.1 hours (s.d. = 0.27)
respectively. When adding the outdoor air intake rates
at 40 m® hr', the average time before the occupant
fell asleep was reduced to 14 minutes (s.d. = 4) for
Occupant 1 and 12 minutes (s.d. = 3) for Occupant
2. The average sleep hour was increased to 6 hours
(s.d. = 0.24) for Occupant 1 and 6.2 hours (s.d. =
0.18) for Occupant 2. The increase of outdoor air
ventilation rate to 60 m® hr”' could decrease the time
before asleep to 11.7 minutes (s.d. = 2.) for Occupant
1 and 7.8 minutes (s.d. = 1.8) for Occupant 2,
respectively. The actual sleep hour surveyed from
Occupant 1 and Occupant 2 was increased to 6.2
hours (s.d. = 0.2) and 6.6 hours (s.d. = 1.5). The sleep
satisfaction is increased when the room has more
outdoor air ventilation. The Occupant 1 was satisfied
with the night sleep up to 57 percent when the ERV
unit supplied outdoor air ventilation rate at 60 m® hr”
whereas the sleep satisfaction of the Occupant 2

gradually increased only 9 percent.
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Table 4. Improvement of occupant’s sleep performance when the room had no outdoor air ventilation (No vent), with supplied

outdoor ventilation rates at 40 (40vent) and 60 (60vent) m® hr'.

Sleep performance No ventilation 40vent 60vent
Time spent on bed before fall asleep, min Occupant 1 17 13.8 (18%) 11.7 (31%)
(% improvement) Occupant 2 14 12.1 (14%) 7.8 (44%)
Actual sleep hour, hr Occupant 1 5.4 6.0 (10%) 6.2 (13%)
(% improvement) Occupant 2 6.1 6.2 (2%) 6.6 (8%)
Occupant 1 - 32% 57%
Sleep satisfaction, %
Occupant 2 - 3% 9%

The sleep quality score was calculated from
the survey data of seven components defined by the
Pittsburgh Sleep Quality Index (PSQI) (Buysse et al.,
1989, pp. 193-213). When the test room had no
outdoor air ventilation, the calculated score obtained
from the questionnaire was 5 (greater than 5 scores
mean poor sleep quality). It represents that the
occupants had quite good sleep quality even though
there was no outdoor air ventilation. The results
showed a significant improvement of the occupant’s
sleep quality after adding the outdoor air ventilation
into the test room through the ERV unit. The total
score was significantly decreased to 3-4 scores when
the ERV unit supplied outdoor air ventilation rate of
40 m® hr' and 1-3 scores with the ventilation rate at
60 m® hr'.

This present study also investigated how
ventilation rates affected the occupant’s next-day
performance using the questions regarding level of
concentration, enthusiasm, falling asleep during the
day, and overall working performance. Both occupants
had better enthusiasm and level of concentration on
their work. The enthusiasm in the work was increased
by approximately 4 percent when the room was
supplied with the outdoor air ventilation rate of 40
m® hr' and 9 percent with the supplied rate of 60 m®
hr'as presented in Table 5. The occupants were more
focused on their tasks by approximately 8 and 13
percent when the outdoor air ventilation rate was
increased to 40 and 60 m® hr', respectively.
Furthermore, the increase of outdoor air ventilation
rates could improve the occupant’s sleep duration,

which results in the less next-day sleepiness. Falling

30 | JARS 14(1). 2017

asleep during the day was dropped by 5-26 percent
and the overall daily work performance was improved
from 2-20 percent, which showed that the occupants

had more ability to work.

Table 5. Improvement of occupant’s next-day performance
when the outdoor air ventilation rate was increased to 40 and
60 m® hr' comparing to the condition with no outdoor air
ventilation.

Next-day performance 40vent | 60vent

Occupant 1 4% 9%
Enthusiasm at work
Occupant 2 4% 9%
Occupant 1 12% 13%
Concentration on work
Occupant 2 8% 13%
Occupant 1 -5% -7%
Fall asleep during the day
Occupant 2 -25% -26%
Occupant 1 2% 9%
Overall working performance

Occupant 2 10% 20%

In this present study, the survey of sleep quality
and next-day performance was conducted only two
male occupants living in the test room due to the
limit of the test period and number of the ERV unit.
Consequently, the results can be applied for specific
case study. To obtain more reliable data for general
implementation or using these findings as a reference,
the future study should investigate more number of
respondents and monitor real time conditions on their
sleeping and working performances. Another research
limitation, this present study only focused on the
effects of the test room conditions, especially the
indoor carbon dioxide concentration levels, air
temperature, and humidity, on the occupant’s next-
day performance. However, we did not monitor or

control the environmental conditions of the occupant’s



workplace, which can also affect the occupant’s
working performance. In order to mitigate this effect,
the future studies should control or monitor the
workplace conditions, which could provide more
accurate results. In addition, the future works might
study the relationship among occupant’s physical
factors such as sex, age, activity, sleep quality, and

the next-day performance.
9. Conclusions

This present study investigates the impacts of
increasing the outdoor air ventilation rates through
the ERV unit on the occupant’s sleep quality and
next-day performance. The air exchange rates were
calculated using the tracer gas decay technique.
When the ERV unit did not supply outdoor air
ventilation into the test room, the room had outdoor
air ventilation contributed by air infiltration rate ranging
from 16.5 to17 m°® hr" (0.50-0.64 ACH), which resulted
in the night-time indoor CO2 concentration levels
exceeded 2000 ppm. Adding the outdoor air ventilation
rate at 40 m® hr' (1.5 hr") could reduce the indoor
concentration by one-half. However, the ventilation
rate of 40 m® hr' could not control the night-time
indoor CO2 concentration levels within the maximum

limit as defined by the IAQP method. Consequently,
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