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Abstract: One of the most important aspects of working in an office environment is ensuring that
the space has optimal thermal comfort and an indoor environment. The aim of this research is to
investigate the thermal comfort and indoor climate in three office rooms located at one of the
campus buildings at the University of Gavle, Sweden. The evaluated period is in the month of April
during springtime. During this period, parameters such as temperature, relative humidity, CO,
supply air flow rate, and room air velocities are measured on site. The results of the measurement
show that the indoor temperature is on average lower in the rooms facing north, at 21-23.5 °C,
compared to the rooms facing south, which reach high temperatures during sunny days, up to 26
°C. The results also show that the ventilation air supply rate is lower than the requirement for offices
in two of the office rooms. The ACH rate is also low, at = 1 h™! for all the rooms, compared to the
required levels of 2—4 h™'. The CO: levels are within the recommended values; on average, the
highest is in one of the south-facing rooms, with 768 ppm, and the maximum measured value is also
in the same room, with 1273 ppm for a short period of time.
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10156 comfort and indoor air quality in the working space. Humans spend roughly 90 % of their
time indoors, and studies have shown that thermal comfort and indoor air quality have
an impact on work performance and cognitive function [1,2]. One of the indicators when
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mechanical air distribution system in offices is mixing ventilation (MV) [9]. This system is
also used as a benchmark when comparing the ventilation effectiveness of other types of
ventilation systems, such as displacement ventilation and impinging jet ventilation, which
are classified as stratified systems [3,10], as well as stratum ventilation [11].

Karjalainen [12] evaluated the use of thermostats in offices and homes by using an
interview survey in Finland based on a large pool of samples. The results of that study
showed that people felt more discomfort in the office environment than in their homes,
both in summer and winter. The study also concluded that in offices, the opportunities to
control the thermal environment were lower than in homes.

Kuchen and Fisch [13] conducted a field study, a survey on thermal comfort in the
winter, which covered 345 measurements in 148 workspaces belonging to 25 office
buildings. The survey method was based on both on-site measurements and a
questionnaire form. In this study, the majority of the participants had access to alternative
means to modify the thermal environment. These consisted of accessing the control means
for operating solar protection elements, opening or closing windows, adjusting the
settings of the thermostats of heaters, and modifying the control panel settings for indoor
climate adjustment. This study concluded that occupants could accept a neutral
temperature of 21 °C when the imposed, pre-established value of the operative
temperature was 21 °C. When the temperature was increased to 23.5 °C, the imposed
value increased to 24 °C. However, the occupants made frequent adjustments to the
internal thermal conditions in order to decrease the thermal discomfort.

In a literature study conducted by Azuma et al. [14], several sources on how the
carbon dioxide content affects human health were investigated and compiled. The study
concluded that exposure to a carbon dioxide content above 10,000 ppm can cause physical
changes in the body, such as increased respiratory rate and respiratory acidosis. The latter
means a condition in which the lungs are unable to get rid of carbon dioxide to the extent
needed, which leads to a lower pH value in the blood. The study also points out that a
carbon dioxide content above 50,000 ppm can cause negative health symptoms such as
dizziness, headaches, and confusion. If the COz level exceeds 100,000 ppm, the symptoms
will be as bad as vomiting, high blood pressure, and unconsciousness.

Although the COz level normally does not reach such extreme levels that it becomes
harmful or deadly in an office environment, the Swedish Work Environment Authority
[15] has set a CO2 limit of 1000 ppm for office environments [16]. Another useful
application of CO: levels is the possibility of evaluating the ventilation effectiveness of a
room [17]. If the outdoor CO:z level is compared to the exhaust level, this can give an
indication of the performance of the ventilation system, especially if the evaluated room
is small in size. The CO: level can reach high levels (over 1000 ppm) over longer periods
of time if the evaluated space is small and the occupant density is high in combination
with a low ACH [18].

The COxz level outside is usually around 400 ppm, and according to [19], the level of
CO: indoors should not exceed 1000 ppm, which is an indication of good ventilation.

In a literature study done by Kownacki et al. [20], they identified and described how
heat waves can occur in urban environments and how they can be coped with. The study
examined different building types in urban environments in Scandinavia, such as schools,
apartments, and offices. The study found that during extreme weather (a heat wave), the
indoor temperature could increase by up to 50% more than the outdoor temperature (OT).
The study also mentioned some effective actions that can be taken to reduce the indoor
heat, such as the use of shading devices, fans, and ventilation. The results also showed
that there is a link between high OT and increased indoor temperatures. However, this
increase is dependent on the size of the building, the building material, window location,
and shading. In addition, the location of the room in a building also affects the
temperature, i.e., a room located at a higher floor level is typically warmer than a room
that is directly on ground level. Tamerius et al. [21] examined how metrological factors
affected indoor temperature and humidity in New York City. Relative humidity (RH) and
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temperature were measured in 10-min intervals between March 2008 and June 2011 for 5-
14 days per building in 327 different dwellings. Although the relationship between indoor
and OT varied for hot and cold seasons, the results showed that the OT had a significant
effect on the indoor temperature. When it was colder than 15 °C, the average indoor
temperature increased by 0.06 °C for each degree that the OT increased. When it is warmer
than 15 °C, the average indoor temperature increases by 0.43 °C for each degree that
increases outdoors. The relative humidity was lower indoors, on average, during the
measurements. The RH varied over the seasons and was lowest indoors in the winter,
during heating season. In summer, the OT increased and approached the same level as
the indoor temperature, which led to similar RH for indoor and outdoor.

In 2020, Hamid, Johansson, and Bagge [22] examined the indoor climate in offices
located in 12 Swedish heritage buildings. The field measurements were performed to find
out the air change rate, temperature, RH, and carbon dioxide content. The staff also had
to answer a questionnaire about how they experienced the climate . A total of 43 offices
were examined, and these were small cell offices where the occupants varied between one
and six people per room. All buildings had high ceilings and thick and heavy exterior
walls consisting of stone material, mainly brick. The heating system was waterborne,
mainly in the form of radiators, but some buildings also had electric heating. Most of the
buildings were ventilated through natural ventilation (only exhaust fans), but a few of the
buildings had mechanical ventilation. The air went out through ducts in chimneys, and
ventilation took place mainly through windows and infiltration. There were often blinds
or curtains on the windows. The measurements were performed both during and outside
of working hours, both in the winter and summer. The results showed that the average
air turnover for all buildings during working hours was 1.38 h™ in the winter and 2.46 h-!
in the summer. Outside working hours, air turnover was 0.90 h™' in the winter and 0.77
h-' in the summer. The results were compared with the Swedish Work Environment
Authority’s guidelines [15]. A total of 67% of the rooms surveyed complied with the
directive of not being colder than 20 °C indoors in winter, while 33% of offices reached
below that temperature for more than 10% of the working day. Further, 72.5% of the
offices complied with the directive of not having temperatures higher than 26 °C in the
summer, and 27.5% did not. During the winter and summer, 93% and 92% of the offices,
respectively, had a CO: level of <1000 ppm 90% of the time. The results from the surveys
showed that 60% of the staff felt it was too cold in the winter and about 25% felt that it
was too hot in the summer.

In terms of thermal comfort in combination with energy retrofits related to historic
buildings, Al-Sakkaf et al. [23] evaluated a heritage building in Riyad, Saudi Arabia. In
addition, by using numerical simulations, they tested various window configurations
with different panes and coatings. Their results showed that the best configuration was
double low-E glass with a double wall enclosing thermal insulation. This window reduced
the energy usage by 8.3% and yielded a good thermal comfort value in terms of PMV
during the entire year compared to the other configurations. A similar study was also
conducted by Vallati et al. [24], in which the authors evaluated window replacement for
energy retrofitting in a historic public building (Sapienza University) in Italy. Further, by
using a double-glazed window with a low emissivity coating, they managed to reduce the
annual energy usage by 14%.

Another aspect that needs to be taken into consideration is how the occupants view
the prospect of energy-retrofitting old and historical buildings. For example, Murillo
Camacho et al. [25] carried out a study that evaluated the decision-making process of
residents of heritage buildings in the historic center of Mexico City regarding energy
efficiency. The study focused on improving thermal comfort and reducing energy usage
while preserving heritage values. The results of the study showed that although the
residents perceived the building’s thermal comfort as poor, they preferred passive
thermal comfort actions (e.g., wearing more clothes indoors and closing windows) rather
than having the buildings retrofitted, which the residents associated with a potential loss
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in the building’s value and the high cost of changes. In a study by Rohdin et al. [26], an
energy audit was carried out in combination with an indoor environment survey for an
historic old building used for archiving and office rooms. The results of the survey showed
that four physical environmental factors —draught, varying room temperature, room tem-
perature too low, and stuffy “bad” air—were reported significantly in this building even
though the flowrates of the ventilation system fulfilled the requirements for the highest
category of indoor environment, according to EN 15251.

In 2022, Liu et al. [27] evaluated the effectiveness of passive cooling features (north-
south orientation, natural ventilation, window shading, and light-colored painted walls)
in historic residential buildings in Zanzibar. The results of the study showed that the oc-
cupants did not reach the level of thermal comfort stated in ASHRAE Standard 55. Addi-
tionally, the results showed that the average predicted mean votes were 1.23 and 0.85 for
the two historical case study buildings, and the average predicted percentages of dissat-
isfaction were 37.35% and 20.56%, respectively. In order to improve the thermal comfort,
the authors suggest the use of lime plaster and wash lime, which have been shown to
reduce the indoor temperature in hot climates [28].

In a study, Alwetaishi et al. [29] investigated the impact of thermal mass and orien-
tation on thermal comfort and temperature levels in historic buildings. They found that
in hot regions with high altitudes, it was possible to achieve thermal comfort for most of
the year, particularly when using a heavy thermal mass construction building type. How-
ever, they recommended the use of air conditioning systems for cooling when the outdoor
temperature rose above 35 °C. Their research also showed that the orientation of the build-
ing had a major influence on the indoor temperature, especially in the south and west,
which increased the incoming solar radiation considerably. They concluded that the use
of thermal mass had a slight effect on the indoor air temperature and energy usage, but it
helped to provide thermal comfort to the users during moderate outdoor temperature
levels.

The aim of this study is to investigate the indoor climate and thermal comfort in small
offices in an older, temperature-controlled historical stone building. Parameters such as
air temperature, air velocity, supply air flow rate, relative humidity, and CO: were meas-
ured or logged. These parameters are compared to different standards and regulations in
regard to thermal comfort. Additionally, the offices are evaluated based on the effect of
having their windows facing south or north and how this affects the overall thermal com-
fort level in the room.

2. Methodology

This study was based on quantitative field measurements that were carried out at the
University of Gavle in 2022 between 00.00 am on the 5th April until 23.59 pm on the 24t
of April. Measurements were performed on air temperature, globe temperature, and rel-
ative humidity inside three offices, which were compared with measurements on temper-
ature and relative humidity outdoors. The ventilation flows and carbon dioxide levels
were also measured to determine the air quality. The air velocities were measured in the
offices at three altitudes to examine whether there was any difference.

2.1. Study Object

The building in which the surveys were carried out is in Géavle, with coordinates of
latitude 60.67 and longitude 17.12. The building was used between 1909 and 1992 by the
Haélsinge Regiment, and it was later rebuilt to be used as a university. The city of Gavle
has a moderately continental climate, with cold winters, during which the average tem-
perature is a few degrees below freezing, and mild summers. The average annual temper-
ature is around 5.6 °C [30].

In total, three offices were used for evaluation and measurements. Two of the offices
had their windows facing southeast, and one was facing northwest. All the offices were
on the fourth floor, which in this case meant two floors up from the ground floor because
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the building had a basement floor that was designated as floor one. Figure 1 shows a pic-
ture of the building and the office windows from the outside. The offices were designed
for one person and had a computer installed in each room. They were equipped with a
separate, height-adjustable desk set at 0.8 m. One of the rooms facing south (S), room A,
had staff on weekdays while the other, room B, was empty most of the time. The room in
the north position (N), room C, usually had staff only until lunchtime. In addition to hav-
ing a computer in each room, rooms A and C both had two computer monitors, while
room B only contained one.

Figure 1. The windows to Rooms A and B face south, and the window to Room C faces north.

The ceiling height in all rooms was 3.4 m. The two rooms facing south had a floor
area of 10.5 m?, and the room facing north had a floor area of 10.7 m2. Information about
the different rooms can be found in Table 1. The exterior of the building consisted of 0.6
m of hollow brick with about 0.01 m of plaster on each side. The three offices in which the
measurements were performed had interior walls that varied between heavy and thick
walls as well as lighter and narrower walls. In addition, in the two rooms facing south,
the wall opposite the window consisted of glass with slatted blinds on the inside of the
room and a corridor and gathering space on the other side. Further, the doors to all the
rooms had a glass part in them. Figure 2 shows the wall in room B facing the corridor.
Each room was equipped with a radiator placed 2.5 cm from the wall with a thickness of
about 0.095 m, a width of 1.1 m, and a height of 0.45 m, resulting in a front surface area of
0.5 m?2. The radiator thermostat had a maximum value of three that could be adjusted by
the staff. The heating system was district heating.

Table 1. Room data and general information.

Room A(s) B(s) Cn)
Facing South South North
Area 10.5 m? 10.5 m? 10.7 m?2
Occupancy Mon-Friday 7-16 None Mon-Friday until 11
Sun protection Blinds and curtains Blinds and curtains Curtains
Computer screen 2x60W 1x60W 2x60 W

Computer 45 W 45 W 45 W
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Figure 2. Picture taken from inside room B(s) on the wall facing the corridor. The red marking shows
the supply air diffuser, and the blue marking shows the exhaust air diffuser.

The windows in all offices were double-glazed, which were subsequently supple-
mented with an extra layer of glass panes made by Grundels [31]. The total window area
per office, which consisted of four individual windows placed together as one large win-
dow, was 3.1 m? with a total glass area of 1.7 m2. Figure 3 shows the window layout. Ac-
cording to [31], the U-value of the windows was lowered to 1.3 W/m2?K after adding the
extra glass pane, which previously was 2.9 W/m2K. All offices were equipped with thin,
almost transparent curtains on each side of the windows that extended all the way from
the ceiling down to the floor, thus covering the elements that were placed under the win-
dows. The detailed information about the curtains can be found in Table 2. The south-
facing rooms also had blinds inside each of the four individual windows. There was no
external shading. There were no trees outside the offices that cast shadows on the win-
dows, and on the south side, there were no other buildings that cast shade. On the north
side, room C(n) was shaded by a part of the building in the afternoon (to the left side),
which meant that it received almost no direct sunlight; see Figure 1.
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Figure 3. Room B(s) window.

Table 2. Curtain information and dimension.

Material Flameproof Polyester, Trevira
Brand Trevira CS Day, Primetex
Width 2 parts, each1.4 m
Length 3.2m
Weight 108 g/m?

The ventilation was on from Monday to Friday between 05:00 and 18:00 and com-
pletely off at other times. The system was fan-controlled supply and exhaust air with heat
recovery, i.e., FTX ventilation. The unit had a rotary heat exchanger and a heating and
cooling coil. The ventilation was designed to supply 15 L/s to each office room. In the
offices, there were exhaust and supply air devices for mixed ventilation, placed high up
on the walls near the ceiling, as seen in Figure 2. The supply air nozzles in all rooms were
directed upwards, towards the ceiling, as shown in Figure 4. The supply air temperature
was configured depending on what the OT was; 20.0 °C when OT <-25.0 °C, 19.0 °C when
OT between -25.0 °C-24.9 °C and 18.0 °C when OT > 25.0 °C.

Figure 4. An air supply device with nozzles directed upwards towards the ceiling.

According to AFS 2020:1 [15], the minimum accepted supply ventilation flowrate for
each room should be around 10.7 L/s (calculated based on 7 L/s and 0.35 L/s'm?2 floor area).
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This corresponds to an air turnover of #1.07 h™'. The measurements were carried out in
the month of April. Figure 5 shows the room and building orientation. The figure also
shows the two loggers that are marked as 15 and 16 as well, which is where outdoor meas-
urements were taken, and they are listed in Table 3.

D

C Hus 11 ‘.15:

Figure 5. Overview of the building and room location and orientation. 15 and 16 indicate the loca-
tion of the outdoor sensors.

The measurements were performed in April. Figures 1, 5 and 6 show the three rooms
where the measurements were performed and where these rooms are located in the build-
ing, as well as the cardinal directions of each room. The information about the two loggers
marked in Figure 5 can be found in Table 3.

Figure 6. Drawing of the rooms that shows windows, doors, and desks as well as placement of the
loggers. Parentheses indicates the first placement before a change in location.
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Table 3. designation, location, height, and starting day and duration of the logger used. Arrows
represent a change of location and/or altitude, and the “Starting day” column indicates after the
arrow which day the change took place.

Logger Model Room Placement Height (m) Starting Day
1 SatelLite20TH A Desk 0.8 2
2 Globe thermometer B Desk — Floor 1.08 — 0.7 2—5
3 SatelLite20TH B Desk 0.8 — 0.7 2 —>6
4 SatelLite20TH B Desk 0.8 — 0.7 5—>6
5 Globe thermometer C Floor 0.7 1
6 SatelLite20TH C Floor 0.7 1
7 SatelLite20TH C Radiator surface 0.57 1
8 SatelLite20TH C Termostat 0.64 1
9 SatelLite20TH C Furniture — Desk 1.6 — 0.8 2 —>5
10 SatelLite20TH C Floor 25 3
11 SatelLite20TH C Floor 0.1 3
12 SatelLite20TH C Window 1.7 3
13 SatelLite20TH C Radiator pipe 0.42 4
14 SatelLite20TH C Supply inlet 31 5
15 SatelLite20TH  Outdoor Windowsill 3t floor 3
16 SatelLite20TH  Outdoor Behind sign 0.6 3
17 Rotronic CL11 A Desk 0.8 2
18 Rotronic CL11 B Desk 0.8 — 0.7 2 —>6
19 Rotronic CL11 C Furniture — Desk 1.6 — 0.8 2 —5

2.2. Measurement Procedure and Equipment

The SatelLite20TH from Mitec Instruments AB was used to log the temperature and
humidity. The air temperature is measured in the range of —20.0 °C to 50.0 °C with a res-
olution of 0.1 °C, and the humidity is measured in the range of 10% to 90% with a resolu-
tion of 0.1%. The loggers measured at 15 min intervals. In order to measure the operating
temperature, two data loggers were each supplemented with a globe thermometer (Mitec
Instrument AB), a diameter of 15 cm and a measurement uncertainty of + 0.2 °C.

Air temperature and humidity were also logged with CL11 data loggers from Ro-
tronic AG, which also logged the carbon dioxide content. The measuring range for the
temperature was from —20.0 °C to 60.0 °C, with a measurement uncertainty of 0.3 °C. For
the moisture content, the measuring range was from 0.1% to 99.9%, with a measurement
uncertainty of 3%. The carbon dioxide content could be measured from 0 ppm to 9999
ppm with a measurement uncertainty of 30 ppm + 5% of the value. The measuring interval
for this device was set to five minutes for this study.

The data from both the SatelLite20TH loggers and the CL11 loggers have been ana-
lyzed and processed in Excel, and the SatelLite20TH loggers have been calibrated through
calibration data at 20.0, 25.0, 30.0, and 35.0 °C. Based on this, the logged temperature val-
ues of the loggers were adjusted in relation to the calibration offset data to reduce the
uncertainty.

Table 3 shows a description of the location, height, and starting measuring day for
the different loggers. These are described in more detail for each room in upcoming sec-
tions. Figure 6 shows the location of the loggers in each of the rooms.

2.3. South Facing Room A

In room A, the person could control the radiator and sunshade freely. Some type of
sun protection was always used. The blinds were usually pulled down and angled hori-
zontally, and the curtains were half drawn, as shown in Figure 7. On sunny days, how-
ever, the sunshades were used to a greater extent. In the room, logs 1 and 17 were placed



Buildings 2023, 13, 156 10 of 26

on the desk to the left of the two computer screens at a height of 0.8 m (see Figure 8).
However, the interval on logger 17 had been forgotten to be specified and it was set to 10
sec previously.

Figure 7. The window configuration in Room A.

Figure 8. Placement of Loggers 1 and 17 in Room A.

2.4. South Facing Room B

In room B, the radiator thermostat was on the highest setting (max 3), and the staff
usually worked from home. In room B, loggers 3 and 18 were set up on the desk at a height
of 0.8 m, with the right side of the computer screen against the wall (see Figure 9). The
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globe thermometer 2 was also set up on the desk in front of the window at a height of 1.08
m with an interval of five minutes. Two identical loggers were used here: 3 and 4. The
difference between these was the measuring interval, which was set to 5 and 15 min re-
spectively. In order to compare the globe thermometer in room B with the one in room C,
globe thermometer 2 in this room was moved to the floor a few days after it was on the
desk. It was placed at a height of between 0.7 m and 0.9 m from the window wall in front
of the desk. See Figure 10 for the location of the globe thermometer before and after it was
moved. The next day, the desk was lowered to 0.7 m, so that half of the globe thermometer
ended up above the desk and therefore became more sunny. This meant that the log on
the desktop was also lowered.

Figure 9. Placement of loggers 3, 4, and 18 in Room B.

Figure 10. Placement of the globe thermometer in its first and second placements in Room B.

2.5. North Facing Room C

In room C, which was the only north-facing office investigated, the staff were usually
in place until lunch time. Similarly, the thermostat was set to maximum. The loggers 9
and 19 were placed to the left of the desk on a piece of furniture that was 1.6 m high at
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first and later moved to the desk behind the computer monitor at a height of 0.8 m to
resemble the placement in the other rooms. See Figure 11 for the location of the loggers
before and after they were moved. On day 5, logger 14 was placed in the supply air; see
Figure 12. The globe thermometer 5 was placed on a stand directly in front of the window
at a height of 0.7 m, 0.75 m in front of the radiator, which meant 0.9 m from the wall.

Figure 12. Placement of logger 14 (at the supply inlet) in Room C.

2.6. Outdoor Measurements

The loggers 15 and 16 were placed outdoors. The logger 15 was placed on a window-
sill facing northwest on the 3t floor, that is, the floor below the rooms where the meas-
urements were performed. The logger was shaded all day except in the evenings. In ad-
dition, the logger 16 was placed on the back of a sign that was located north of the building
(see Figure 13). The logger’s location was exposed to sunlight for approximately four
hours in the morning and two hours in the afternoon.

At the University of Givle, there was a measuring station where values for air tem-
perature and relative humidity outside were collected.
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Figure 13. Placement of logger 16 behind a sign outside the university.

2.7. Supply Inlet Measurements

A SwemaFlow airflow probe from Swema AB was used to measure the ventilation
flows. This device can measure air flows between 1.5 and 125 L/s with a measurement
uncertainty of 3% + 0.5 L/s. The measurements were carried out on one occasion in all
three rooms on the supply air devices. Figure 14 shows the measurement of the supply air
flow. The plug was placed over the device, and a reading of the flow was taken. During
the measurements, the doors were closed.

Figure 14. Show the airflow probe being used for measuring the ventilation flow rate of the supply
device in room A.

2.8. Airspeed Measurements

A SwemaAir 300 direction-independent comfort sensor from Swema AB was used to
measure air speed in the rooms, which in addition to speed could also measure the tem-
perature. The SwemaAir 300 has a working temperature range of 0.0 °C to 50.0 °C. The
comfort sensor measured velocities in the range of 0 m/s to 1.0 m/s with an accuracy of
0.03 m/s within 10.0 °C to 35.0 °C. The measurements were carried out in two of the rooms,
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room B in south orientation and room C in north orientation. The same measurement was
carried out on two different occasions during the day when the ventilation was running.
Further, no occupants were present during the air velocity measurements.

The air velocity measurements were done according to ISO 7726 at three different
heights: 0.1 m, 0.6 m, and 1.1 m. Three measurements were made at each height in each
room, and the measurement interval was set to 1 s. Each measurement period lasted for
30 s. Figure 15 shows the position of the air velocity measurements. The air measurements
were taken for Room B(s) and Room C(n).

Figure 15. Air velocity measurements at 0.1, 0.6, and 1.1 m in Room C.

3. Results and Discussion
3.1. Indoor and Outdoor Climate

The temperatures indoors and outdoors follow each other to some degree; that is,
there was an increase in the indoor temperature when it got warmer outside, as can be
seen in Figure 16. The temperature in room A was very high on April 5-6, but the reason
for this was that the thermostat was set to maximum, and then it was lowered on April 7.
Room C, in the north direction, had the lowest temperature for almost the entire period
and usually stayed below 23 °C. In addition, room B had the highest temperature during
the peaks. Both rooms A and B reached higher temperatures than 24 °C during the meas-
urement period —24.2% and 20.6% of the measurement period, respectively. The temper-
ature in room B also reached above 26 °C on certain occasions, which amounted to 1.6%
of the total measurement period. The weather notes shown in Figure 16 have been rec-
orded from 09:00 to approximately 16:00 during the day. The result for the air temperature
in the study shows that it does not completely stay within the existing guidelines. None
of the rooms gets below 20 °C, which is good, but on the other hand, both south-facing
rooms (A and B) get temperatures above 24 °C about 20% of the time, which is the highest
value during the winter according to ANSI/ASHRAE Standard 55-2017 [32]. Since there is
no cooling equipment installed in these rooms, the overheating of the rooms in the south
direction will only get worse when the outdoor climate gets warmer, i.e., during summer-
time.

The air temperatures in the north-facing room (C) remained fairly even at around 21—
23 °C. In a south-facing position, the air temperature varied between 22-27 °C in room B,
where sun protection was not used, and between 22-25 °C in room A, where sun protec-
tion was used to a certain extent. This matches relatively well with the results from other
studies, which have shown an indoor temperature of 20.5-23 °C at 5 °C outdoors in heavy
buildings in Sweden [22]. The difference between room A and room B is also consistent
with the results of other studies that have shown that using sun protection (curtains or
blinds) can lead to an approximately 1-2 °C lower indoor temperature [33].
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The relative humidity indoors follows that outside to some extent, as can be seen in
Figure 17. The RH increase and decrease at roughly the same times in many instances.
This can for example be observed at time periods between 6-8 April and between 14-15
April. Room C, facing north, usually has the highest relative humidity, and room A usu-
ally has the lowest. On most days, outdoor RH peaks in the early morning and is lowest
in the afternoon after 12:00. On April 8, the moisture content did not decrease outdoors
because of the snow. During the weekends, i.e., the dates 9-10, 16-17, and 23-24, the ven-
tilation is switched off, and therefore the RH indoors shows little variation.

The relative humidity indoors was very low and stayed mostly between 10-30%. The
guidelines [19] say it should be 40-60% indoors, which was never reached during this
study. The guidelines also state that a relative indoor humidity below 20% is not good for
health, and in the rooms, as mentioned, the humidity was often below that value. The RH
results from this study show similarity to the results that Hamid, Johansson, and Bagge
[22] reached, which showed a RH of 12-27% indoors at 5 °C outdoors in heavy buildings
in Sweden. The relative humidity was almost always highest in room C, which was the
room that always had the lowest temperature. As previously mentioned, this is because
colder air can carry a smaller amount of moisture, and the relative moisture content then
becomes higher for the same amount of moisture. On the other hand, there were occasions
where room B had a higher relative humidity than room C and at the same time the high-
est temperature, which should mean that the amount of moisture, i.e., the absolute mois-
ture content, was higher in room B. This can also be explained by the presence of people
inside the room.
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Figure 16. Comparison of indoor and outdoor temperatures and symbols of weather, with the in-
door temperature of the three rooms shown on the left axis and the outdoor temperature on the
right axis.
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Figure 17. Comparison of indoor and outdoor RH and symbols of weather, with the indoor RH of
the three rooms shown on the left axis and the outdoor RH on the right axis.

Figures 18-23 show temperature and humidity indoors and outdoors on selected
days when it was snowing, cloudy, and sunny. Figures 18 and 19 show 1.5 days when it
was snowing outside. During this period, there were staff in room A until 16:15 on the
first day and staff from 8:10-16:20 on the second day. There were no staff or curtains in
room B, but one blind was down. In room C, there were no curtains until 17:40 on the first
day, and then short curtains were drawn, and there was no staff presence except from
13:00-13:30 on the first day and a short period at 18:00 on both days. The outdoor temper-
ature was around 2 °C at the beginning of the period and gradually dropped to approxi-
mately 1 °C. Indoor temperatures dropped during the night but then increased again in
the morning, especially in room A when the staff arrived. Additionally, the relative hu-
midity outside increased at 18:00 on the first day when it started snowing heavily. At the
same time, the relative humidity indoors begins to drop, which may be due to the venti-
lation being turned off. The relative humidity indoors then increases at 05:00, and that is
because ventilation is started at that time.
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Figure 18. Comparison of temperature outdoors and indoors in all three rooms for 1.5 days when it
was snowing outside. The indoor temperature of the three rooms is shown on the left axis, and the
outdoor temperature is shown on the right axis.
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Figure 19. Comparison of RH outdoors and indoors in all three rooms for 1.5 days when it was

snowing outside. The indoor RH of the three rooms is shown on the left axis, and the outdoor RH
is shown on the right axis.

Figures 20 and 21 show a day when it was cloudy outside. During this time, room A
was staffed from 7:30 a.m. to 3:20 p.m. In room B, there were no curtains or blinds and no
staff. In room C, there were drawn curtains and staff from 7:30 to 11:30. The outdoor tem-
perature during this day was around 3 °C at night and 5 °C during the day. The indoor
temperatures for rooms B and C follow each other throughout the day, except during the
period when people are present in room C. Room A is slightly warmer at the night and
stays warmer during the day when people are there. The outdoor relative humidity is
between 85-90% at night and drops to approximately 75% between 9:00 and 17:00. The
indoor humidity increased at 05:00 when the ventilation was started. The highest value
was obtained in Room C(n) at around 27 %. The rooms B and C (on the south side) had

lower RH values, Room B around 25 % between 09.00-18.00 and Room C a little lower
than Room B.
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Figure 20. Comparison of temperature outdoors and indoors in all three rooms for 1 day when it
was cloudy outside. The indoor temperature of the three rooms is shown on the left axis, and the
outdoor temperature is shown on the right axis.
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Figure 21. Comparison of RH outdoors and indoors in all three rooms for 1 day when it was cloudy
outside. The indoor RH of the three rooms is shown on the left axis, and the outdoor RH is shown
on the right axis.

Figures 22 and 23 show measurements for two days when it was sunny outside.
There was no staff in all the rooms for the first 24 h. On the second day, there was staff in
room A between 7:50 and 19:00. In room B, there was staff presence between 8:20 and
15:50, and no curtains or blinds were used. In room C, the curtains were drawn the entire
period until day two at 14:40, and after that time they were not used. The staff's presence
was between 7:40 and 13:00. The outdoor temperature during the first day was around 16
°C and around 11 °C during the second day. The indoor temperature for the first day in
Room B reached 27 °C, while Room A stayed between 23-25 °C, which was probably due
to the curtains and blinds being drawn. The room C in the north had a temperature of
around 22 °C. During the second day, both rooms in the south orientation stayed relatively
even at around a maximum of 25 °C, while in the north orientation the temperature
reached just over 23 °C. The relative humidity outside was around 80-90% during the
nights. The first day it drops to 30% around 10:00, and the second day it goes down to
50%. Indoors, the relative humidity increased in all rooms when the ventilation was
turned on. All rooms have a slight dip in RH at around 12:00 and reach their peak at 19:00
on the first day. Room C has the highest relative humidity this day and room A has the
lowest, even though room B has a higher temperature than room A. On the second day,
room A has the lowest relative humidity. Room B has the highest rate between 09:00 and
11:00 and 15:00 and 16:30 when it rises above 32%; otherwise, room C has the highest rate.
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Figure 22. Comparison of temperature outdoors and indoors in all three rooms for 2 days when it
was sunny outside. The indoor temperature of the three rooms is shown on the left axis, and the
outdoor temperature is shown on the right axis.

Room A

Room B RoomC - - - Outdoor Sunshine

35

920
30

80

N
o

~

o

RH, indoor [%]

N

o
@
o

RH, outdoor [%]

50

15
40

!

1

1
N '

10 = 30

o o
Q e
s A
& o
s o
<< <
o
- o=

Figure 23. Comparison of RH outdoors and indoors in all three rooms for 2 days when it was sunny
outside. The indoor RH of the three rooms is shown on the left axis, and the outdoor RH is shown
on the right axis.

18 April 04:00
18 April 06:00
18 April 08:00
18 April 10:00
18 April 12:00
18 April 14:00
18 April 16:00
18 April 18:00
18 April 20:00
18 April 22:00
19 April 00:00
19 April 02:00
19 April 04:00
19 April 06:00
19 April 08:00
19 April 10:00
19 April 12:00
19 April 14:00
19 April 16:00
19 April 18:00
19 April 20:00
19 April 22:00
20 April 00:00

In comparing Figures 18, 20 and 22, which show the temperatures in the three differ-
ent weather conditions, it can be seen that in sunny weather the indoor temperature is
most affected by the outdoor temperature. On a cloudy day and a day when it snows, the
indoor temperatures are relatively similar. The factor that seems to affect the indoor tem-
perature the most during these days is the presence of people, more than the outdoor
temperature. When comparing Figures 19, 21 and 23, which show the relative humidity
in the three different weather conditions. It is difficult to establish a direct correlation be-
tween the outdoor and indoor humidity levels. The authors believe that the ventilation
supply inlet has the greatest impact on the RH indoors, followed by the presence of peo-

ple.
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The results of this study show that the indoor temperature and the outdoor temper-
ature had a relatively good correlation, which is in agreement with some previous studies
that found that higher outdoor temperatures lead to higher indoor temperatures [34,35].
The indoor relative humidity sometimes followed the outdoor relative humidity by in-
creasing and decreasing at the same time, but the majority of the time it decreased as the
outdoor relative humidity increased and vice versa. This is also supported by other stud-
ies that have reached the same conclusion, namely, that it’s difficult to see a direct corre-
lation between the relative humidity indoors and outdoors when evaluating the indoor
climate during the heating season [35]. The study by Tamerius et al. [21] showed that
when the temperature was above 15 °C outside, the indoor temperature increased more
per degree than when it was below 15 °C outside. In this study, the results concluded that
sunny weather, which usually means a higher temperature, affected both temperature
and relative humidity the most compared to when it was cloudy or snowing. However,
the results showed that the presence of people and equipment, such as lighting and com-
puters, as well as the ventilation, affected the temperature and relative humidity indoors
more than the outdoor climate. Due to the fact that the building is made of heavy stone
with thick walls, probably no direct heat from the sun enters through the walls; rather,
most of the heat from solar radiation is entering through the windows. A heavy stone
building has greater thermal inertia [36-38], which means that heat is stored in the build-
ing and therefore leads to a less variable interior temperature as this will act as a buffer
against rapid changes in the outdoor temperature. The result of the comparison of the
south and north-facing rooms clearly showed that it was warmer in the office with win-
dows facing south than in the north-facing room, which has been shown in other studies
[39,40]. This study also showed that the northern location had the highest relative humid-
ity almost throughout the measurement period.

3.2. Indoor Climate When People Are Present

Figure 24 shows the air temperature for room A in the south orientation and room C
in the north orientation during the times when there is a presence of people in both rooms.
The result shows that the room in the south orientation has a higher air temperature most
of the time than the one in the north orientation. The reason why room A had such a high
temperature during the first period, i.e., April 5, was because the thermostat was set to
maximum that day. When comparing days between cloudy and sunny days, the results
show that on cloudy days (April 14), the temperature gap is small between the room and
on sunny days (April 22), this gap is increased. The increase in temperature and its impact
on the overall thermal comfort, depending on which direction the room is facing, was also
shown by Bakhtiari et al. [41], who studied similar office rooms in an old building in the
city of Gavle, Sweden.

Figure 25 shows the relative humidity during the same period, and it can be seen that
in the room facing north (Room C), it is always higher than in the room facing south,
between 2-4% higher.

Figure 26 shows the globe temperature for rooms B and C when there are people
present in both rooms. The globe’s temperature was always higher in the south-facing
room. During the period on April 19 after 11:50, the temperature was much higher in the
south-facing room compared to the north-facing room due to the sunny weather. The in-
crease in globe temperature, due to solar radiation, reached as high as 13 °C.
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Figure 24. Shows air temperature on occasions when people are present in rooms A and C for com-
paring south- and north-facing rooms.
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Figure 25. shows RH on occasions when people are present in room A and room C for comparing
south- and north-facing rooms.
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Figure 26. shows the globe temperature on occasions when people are present in rooms B and C.

3.3. Ventilation Flowrates

The results from the air supply flow measurements are shown in Table 4. The results
show that the supply air flow rate is too low in two out of three rooms. In room A, the
required air flow rate is fulfilled; however, when evaluating the ACH, according to
ASHRAE 62.1 [19], the office room should have a value between 2-3 h-!. According to
Boverket’s building regulations—mandatory provisions and general recommendations,
BBR [8] and AFS 2020:1 [15] state that an office room’s height should be 2.4 m. In addition
to the normal ACH (which is based on the height of 3.4 m for this study), ACH" is also
included in the table, which assumed a normalized room height of 2.4 m. However, by
evaluating ACH™, the results show that the ventilation does not fulfill the requirements
set by the ASHRAE 62.1 standard for office environments.

Table 4. Shows the supply flow rate, required flow rate, ACH, and ACH" for all the rooms.

Required "
Room Supply Flowrate Flowrate ACH ACH
A (s) 10.7 L/s 10.7L/s 1.08 1.53
B (s) 9.31L/s 10.7L/s 0.94 1.33
C (n) 10.0 L/s 10.7 L/s 0.99 1.40

3.4. Vertical Air and Temperature Measurements

The air velocity measurements are shown in Figure 27 for room C(n) and Figure 28
for room B(s). The air velocity for the three heights is relatively similar in the room B(s)
and C(n). The measurements at 0.1 m and 0.6 m were very similar to each other for both
rooms. The highest velocities measured were at 1.1 m and the lowest at 0.1 m in both
rooms. The average values for 0.1 m and 0.6 m both in north and south orientation were
0.03-0.04 m/s. For 1.1 m, it was 0.05-0.06 m/s. The maximum value for room B(s) was 0.1
m/s, and for room C(n) it was 0.09 m/s, both at 1.1 m height. The temperature was lower
at lower heights and increased slightly at higher elevations. The temperature ranged be-
tween 22.1-22.7 °C for room C(n) and 23.3-23.7 °C for room B(s).

According to the guidelines in Boverket’s building regulations in Sweden (BBR) [8],
the air velocity in the occupied zone should not exceed 0.15 m/s during the heating season
and 0.25 m/s during other times, including the cooling season, at a height of 0.1 m. The
results show that the air velocities are well below these levels.
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Figure 27. Results for room C facing north, showing the minimum, average, and maximum value
for the air velocity measurements at three different heights and the mean temperature on the right
axis for the different measuring heights.
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Figure 28. Results for room B facing south, showing the minimum, average, and maximum value
for the air velocity measurements at three different heights, and the mean temperature on the right
axis for the different measuring heights.

3.5. CO:z Results

The result of the measured carbon dioxide levels for the three different rooms can be
seen in Table 5 as well as Figure 29. The results show that the average value for the CO2
level when people are present is below 800 ppm for all the rooms. When looking at the
highest value of COz, rooms B(s) and C(n) both reach above 1000 ppm, at 1273 and 1147
ppm, respectively. However, the timeframe for these high levels is very short, as can be
seen in Figure 29, i.e., for room B, there are two maximum levels on April 19 at 15:40 (1226
ppm) and April 20 at 14:15 (1273 ppm). The results also show that less than 1% of the time,
the CO: level was maintained above the 1000 ppm level. There was no occasion during
the measurement period where the level exceeded 5000 ppm, which is the maximum limit
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allowed for CO: exposure according to [15,19]. The results of the CO2 measurements are
in line with what other studies have shown for office environments [4,42].

Table 5. COz level for the three rooms when people are present.

COz2 Average  CO:2 Maximum Proportion of Time
Room When People When People Are CO2> 1000 ppm When
Are Present Present People Are Present
Room A(s) 695 ppm 884 ppm 0.0 %
Room B(s) 768 ppm 1273 ppm 0.9 %
Room C(n) 661 ppm 1147 ppm 0.6 %
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Figure 29. Results for CO2 measurements during April 8 24 for Rooms A(s), B(s), and C(n).

4. Conclusions

This study concluded that, as expected, a small office with windows mainly facing
south will be slightly warmer than a similar office with windows facing north due to ex-
tensive solar radiation during some periods. The indoor temperature is affected by the
temperature outside, but it is also affected by the presence of people and accompanying
equipment use. The relative humidity indoors is significantly more affected by the pres-
ence of people and the switching on and off of the ventilation than by the relative humid-
ity outdoors. The air supply flow rate was not adequate for two of the rooms (B & C), and
none of the rooms had an adequate level of ACH according to ASHRAE standards. This
was partly due to the unusual room height of 3.4 m.

The velocities in all rooms were lower than the maximum allowed according to
standards, which means that there was no risk for draught in the offices. The CO:z levels
were within the recommended limits set by standards >99% of the time when occupants
were present.

In order to expand on this research, the effect of curtains and blinds should be exam-
ined in future work, especially for the rooms that are facing south. Another area that is
worth looking into is testing out different air distribution systems in order to optimize the
thermal comfort in conjunction with lowering the energy usage, which can be done by
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using simulation software. It would also be interesting to evaluate and monitor these
rooms for an entire year rather than the limited time that was in this study.
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