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Abstract: Previous studies show that moderate thermal mass in school building elements can pos-
itively impact the winter indoor thermal environment in a temperate climate with mild, humid
winters. Based on a field study, this research contributes new physical data of the summer indoor
thermal environment of Auckland school buildings with different designs of moderate thermal mass
in their building elements to add to the previous winter field-study data and demonstrates that a
school building with moderate thermal mass is adequate in a temperate climate with mild, humid
winters and warm, dry summers. This field study compared and evaluated the summer indoor
thermal environment of classrooms with different moderate thermal mass in their building elements
during the summer school term and the summer school holidays. This study found that a classroom
with thermal mass in its building elements has 19% to 21% more time in summer than a classroom
without any thermal mass in its building elements when indoor air temperatures are within the
thermal comfort zone, which was solely impacted by the building’s thermal performance. This study
established a suitable research method to analyse the field-study data and identify the differences in
the indoor thermal environments of the school buildings with different designs of moderate thermal
mass in their building elements.

Keywords: building elements; building thermal design; indoor thermal environment; school building;
thermal comfort; thermal mass

1. Introduction

Auckland, New Zealand, has a temperate climate with warm, dry summers and mild,
wet winters [1]. An Auckland school commonly includes a number of isolated, low-rise
buildings with timber structures and lightweight envelopes, spread over a large site. Most
Auckland schools have a number of isolated, low-rise (one or two-storey) buildings with up
to four classrooms in rows. Most classrooms have a big external surface area that includes
two sides (in the middle of a row) or three sides (on the end of a row) of external walls,
and roof surface areas. For this type of school building, the building envelope becomes the
most important element for thermal performance. During the summer, most conventional
Auckland school buildings rely on natural ventilation through windows, plus ceiling fans,
with no air-conditioning. The previous studies [2,3] show that classrooms with thermal
mass in their building elements have a better winter indoor thermal environment in relation
to students’ thermal comfort and health. Since a construction system will only prove to be
adequate when considering the performance in both winter and summer conditions, this
study focused on the summer indoor thermal environment of classrooms with or without
thermal mass in their building elements under the local temperate climate conditions with
a warm and dry summer.
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According to a review of thermal comfort studies in classrooms over the last fifty
years, most previous studies were mainly related to energy efficiency in school buildings
rather than indoor environment quality and lacked available standards and sufficient
reference documents related to the impact of school building design on indoor environment
quality [4]. There are recent field studies of the summer thermal comfort of free-running
or naturally ventilated classrooms in primary schools [5–7], secondary schools [8,9], both
primary and secondary schools [10,11], and institutes [12–14] in different countries and
climates. These field studies mainly focused on indoor thermal environment quality, and
there are limited studies [7,11] related to the impact of school building design on indoor
thermal environment. Information on the correlations between indoor environments, health
and educational outcomes are sorely limited in New Zealand [15]. There are also limited
data and studies on measurements of the indoor environment quality of New Zealand
schools, especially for indoor thermal conditions and indoor air quality [16]. There are
recent studies of the impact of thermal mass on summer indoor thermal environment
related to occupants’ thermal comfort of school buildings in other countries [7,17–20].
Research methods used for those studies on summer indoor thermal environment of school
buildings are mainly building simulations (mathematical model) [17–20] and limited field
studies of indoor thermal environments [7]. Research methods for students’ thermal
comfort are survey questionnaires. Those studies were mainly carried out in hot-dry or
semi-arid climates or more severe summer conditions than in Auckland. Based on the
field studies, this study identified differences of indoor thermal environments of school
buildings with different thermal mass in their building elements in a temperate climate
with relatively comfortable warm and dry summer conditions.

As a classroom’s thermal environment quality is very important for students’ health
and performance, the classroom should provide a conducive environment to promote
teaching and learning. Several review articles are available on the thermal environment
in classrooms or relationships between thermal conditions and students’ performance or
health [4,15,16]. Due to high occupant density in classrooms, an unsatisfactory thermal
environment can have a negative impact on students’ learning and performance [21–23]. De-
signers and architects use the most recent thermal comfort standards such as ISO 7730 [24],
ASHRAE Standard 55 [25], and EN 16789-1 [26] as reference documents for school building
design [27–29]. The database for these standards is mainly collected from healthy adults in
public buildings, which are not directly related to school students in education buildings.
In accordance with these standards, the adaptive thermal comfort principal and predicted
mean vote (PMV) are used to evaluate the indoor thermal comfort of classrooms. Previ-
ous studies have found that both the adaptive and PMV methods underestimate thermal
sensation and predict higher temperatures for the comfort of students [7,30–32]. The air
temperature in classrooms should be kept a few degrees lower than in office buildings to
maintain thermal comfort for students [33–35]. The definition of thermal comfort as “a
condition of mind, which expresses satisfaction with the thermal environment” indicates
the subjective nature of thermal comfort, based on 80% of acceptation by occupants [24,25].
The acceptable measure of thermal comfort across the world can be influenced by the
type of climate, geographical conditions, and the built environment [36–38]. This study
also compared and evaluated indoor thermal environment related to occupants’ thermal
comfort in classrooms with different thermal mass in their building elements, which can
be used in the processes of thermo-modernisation of school buildings in New Zealand or
overseas under similar climatic conditions.

The first field study of the summer indoor thermal environment of classrooms with
different moderate thermal mass in their building elements was carried out during the
summer of 2015–16 at Avondale College, Auckland. As several important data loggers
were damaged, the inadequate data could not be used for the study. The second field study
of the summer indoor thermal environment of eight classrooms (A15, A32, A21, A39, D16,
D21, D8, and D9) with different moderate thermal mass in their building structures, walls,
floors, and partitions was carried out at Avondale College during the summer months from
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14 December 2017 to 12 March 2018. The eight classrooms are in the middle of four buildings
with a north-facing orientation. Figure 1 illustrates the four school buildings used for this
study. Classrooms D16 and D21 are in Building One (Figure 1A), classrooms D8 and D9 are
in Building Two (Figure 1B), classrooms A15 and A32 are in Building Three (Figure 1C), and
classrooms A21 and A39 are in Building Four (Figure 1D). Materials used in the building
elements of the eight classrooms are listed in Table 1. Construction characteristics related
to thermal mass of the building elements are listed in Table 2.
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Table 1. Materials used in the building elements of the eight classrooms.

Classroom
Number A15 A32 A21 A39 D16 D21 D8 D9

Level Downstairs Upstairs Downstairs Upstairs Downstairs Upstairs Ground Ground
Roof SR SR SR SR SR SR SR SR

Structure LTF LTF LTF LTF PCISWP PCISWP Old LTF Old LTF
North wall BV LCP BV TW PCIP PCIP LCP LCP
South wall PCIP PCIP BV LCP LCP LCP LCP LCP

Floor FCS FCS FCS FCS FCS FCS HF HF
Partition HIP HIP HIP HIP PCP PCP HIP HIP

Key: SR = steel roofing; LTF = lightweight timber frame; PCISWP = precast concrete insulated structural wall
panel; PCIP = precast concrete insulated panel; PCP = precast concrete panel; BV = brick veneer; TW = timber
weatherboard; LCP = laminate cladding panel; FCS = floor concrete slab; HIP = high-impact plasterboard;
HF = hardwood floorboards.

Table 2. Construction characteristics related to thermal mass of the four buildings (key: NTM = no
thermal mass).

Buildings Roof Structure Wall Floor Partition

Building One NTM 125 mm concrete
structural panel.

N, E, W walls: 70 mm
external and 150 mm

internal precast concrete
panels; S wall: NTM.

First floor: 100 mm
concrete slab; ground

floor: 125 mm concrete
slab.

75 mm concrete panel

Building Two NTM NTM NTM NTM NTM

Building Three NTM NTM

First floor N, E and W
walls: 70 mm brick veneer;
ground floor N, E and W

walls: NTM; S wall: 70 mm
external and 150 mm

internal precast concrete
panels.

First floor: 100 mm
concrete slab; ground

floor: 125 mm concrete
slab.

NTM

Building Four NTM NTM
First floor: NTM; ground
floor N, S, E and W walls:

70 mm brick veneer.

First floor: 100 mm
concrete slab; ground

floor: 125 mm concrete
slab.

NTM

2. Material and Methods

Air temperatures and relative humidity (RH) adjacent to the ceiling and the floor, and
in the shaded outdoor spaces under the roof eaves of the eight classrooms, were continu-
ously measured at 15 min intervals, 24 h a day, from 14 December 2017 to
12 March 2018 using a HOBO UX100 Temp/RH Data Logger (ONSET, Bourne, MA, USA;
environment temperature range: −20 to 70 ◦C, accuracy: ±0.21 ◦C from 0 to 50 ◦C; ±3.5%
or ±2.5% accuracy from 15 to 95% or from 1 to 95% RH, respectively; memory for 84,650
measurements, user-selectable sampling rates, 1 s to 18 h intervals). The field-study time-
frame includes the summer school holiday without students, from 14 December 2017 to
30 January 2018, and the summer school term with students, from 31 January 2018 to
12 March 2018. The measuring points adjacent to the ceiling and the floor were located
close to the south internal walls. The measuring points under the roof eaves were on the
south side of classrooms, which can minimise the impact of solar gain during the daytime.

The field-study data gathered during the summer school holiday, without the impact
of natural and mechanical ventilation and occupants’ heat gain, were used to compare and
evaluate the summer indoor thermal environment in the classrooms, which was purely
impacted by the building’s thermal performance (building thermal design) under the local
climate conditions.

During school hours of the summer school term, the indoor thermal environment of
classrooms can be strongly impacted by opening windows and using ceiling fans, and by
the occupants’ heat gain. The field-study data of school hours in the summer school term
were used to generally compare and evaluate the indoor thermal environment, which was
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impacted by all the factors, including the buildings’ thermal design with or without thermal
mass in their building elements, natural ventilation, mechanical ventilation, and occupants’
heat gain. During school hours of the summer school term, each sample classroom could
be used for different courses, and could accommodate about 25 students. As the daily
occupancy of each classroom during the summer school term (the field-study time) could
be different, it was difficult to monitor or account for the heat gain of occupants, and time
with open windows and fans in use for this study. As one of the data the loggers in one of
the classrooms did not work and stopped recording after 10 February 2018 for unknown
reasons, the field study data in the seven remaining classrooms during the summer school
term were used for this study.

Surface temperatures of the ceilings, floors, walls and windows of four of the class-
rooms (D8, D9, D16, and D21) with or without thermal mass in their building elements were
measured over several weekends, while empty, with windows and doors closed and ceiling
fans turned off. Indoor surface temperatures were measured at about 45 min intervals from
11 a.m. to 3 p.m. (the warmest period) under different weather conditions (sunny, overcast,
and rainy) using an FLIR E4 thermal imaging camera (object temperature range: −20 ◦C
to +250 ◦C; thermal accuracy: ±2 ◦C or ±2% of reading, for ambient temperature 10 ◦C to
35 ◦C and object temperature above +0 ◦C; emissivity correction: variable from 0.1 to 1.0).
The emissivity of the FLIR E4 thermal imaging camera was set up according to the surface
material. There were at least two testing points for different surface materials or areas.
Figure 2 illustrates a sample of the indoor surface temperature testing plan. Meanwhile,
indoor dry bulb temperature, wet bulb temperature, globe temperature, and RH were also
measured in the four classrooms with or without thermal mass in their building envelopes,
structures, and partitions. Temperatures were taken using a 3M QUES Temp 36 Thermal
Environmental Heat Stress Monitor (operating temperature range: −5 ◦C to +100 ◦C for
sensor assembly and −5 ◦C to 60 ◦C for electronics; accuracy: ±0.5 ◦C between 0 ◦C and
120 ◦C temperature, ±5% between 20 to 95% RH) at seating height, on a desk in the middle
of each of the four classrooms, at about 45 min intervals from 11 a.m. to 3 p.m. The dry
bulb temperatures measured at seating height were used as indoor mean air temperature
(ambient air temperature) to calculate the difference between surface temperature and air
temperature for a comparison study.
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Indoor air movements were measured to compare the indoor thermal environment
without ventilation (as described above) and with ventilation, and to evaluate ventilation
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design for restoring thermal comfort. Measurements were taken with a TSI Hot Wire
Anemometer (air velocity range: 0 to 30 m/s, accuracy: ±3% of reading or ±0.015 m/s,
resolution: 0.01 m/s) at seating height in the middle of the two classrooms D9 and D21
with or without thermal mass in their building elements at about 45 min intervals from
11 a.m. to 3 p.m. (the warmest period). Measurements were taken in different weather
conditions (sunny, overcast, and rainy) on weekends (with no students in the classrooms);
doors and windows were opened, and ceiling fans were turned on from 8.30 a.m.

The CBE thermal comfort tool for ASHRAE Standard 55 to calculate thermal comfort
(https://comfort.cbe.berkeley.edu/ (accessed on 20 November 2023)) [39] was used to
calculate predicted mean vote (PMV) and predicted percentage of dissatisfied (PPD), where
the metabolic rate is 1.0 met for seating occupants and the clothing level (thermal insulation)
is 0.57 clo for summer clothing. Mean radiant temperatures (MRT) were calculated accord-
ing to globe temperature and air velocity at seating height in the middle of classrooms
(Equation (1) [40]) for the comparison study.

MRT = GT + 2.42V(GT − T) (1)

where
MRT = mean radiant temperature (◦C);
GT = globe temperature (◦C);
V = air velocity (m/s);
T = air temperature (◦C).

3. Results

3.1. Indoor Relative Humidity during the Summer School Holiday

Indoor RH and percentages of time related to different ranges of RH throughout the
summer school holiday in the eight sample classrooms, based on the field-study data, are
listed in Table 3; the summer indoor mean RH of these classrooms was
58–60%; the indoor RH was lower than 70% for 75–94% of the time, and lower than 80% for
96.2–100% of the time. The indoor hourly mean RH of the eight sample classrooms was
lower than 65% (Figure 3). Indoor RH is not a major issue for the summer indoor ther-
mal environment related to occupants’ thermal comfort [33,34], and this study mainly
used indoor air temperatures to evaluate indoor thermal comfort related to students’
thermal comfort.

Table 3. Indoor relative humidity and percentages of time related to different ranges of RH throughout
the summer school holiday in the eight sample classrooms.

Classroom Number A15 A32 A21 A39 D16 D21 D8 D9 Outdoor

Mean RH (%) 60 58 62 57 65 60 58 58 68
STDEV (%) 7 7 8 6 7 8 9 9 13

Max. RH (%) 77 75 83 70 80 79 85 88 95
Min. RH (%) 35 34 42 39 45 38 38 38 31

Fluctuation (%) 42 41 41 31 34 40 47 50 64
% Time when RH ≤ 60% 49% 64% 42% 69% 26% 55% 58% 65% 27%
% Time when RH ≤ 70% 94% 95% 84% 100% 75% 89% 90% 89% 52%
% Time when RH ≤ 80% 100% 100% 99% 100% 100% 100% 100% 96% 80%

https://comfort.cbe.berkeley.edu/
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Figure 3. Hourly mean relative humidity of the eight sample classrooms during the summer school
holiday.

3.2. Indoor Air Temperature of Classrooms during the Summer School Holiday

Table 4 lists indoor temperatures and percentages of time related to different ranges of
temperature of the eight classrooms during the summer school holiday without students.
The eight classrooms are in the middle of buildings with north orientation and have
sufficient insulation according to the current building codes [41,42]. Mean indoor air
temperatures of the downstairs classrooms A15, A21, and D16 were 0.4 ◦C, 0.7 ◦C, and
1.1 ◦C lower than those of the upstairs classrooms A39, A32, and D21, respectively. The
probable reason for this is because the downstairs classrooms have fewer external surface
areas (north and south walls) than the upstairs classrooms (roof, north and south walls) for
outdoor heat exchange (heat gain from outdoors). The downstairs classrooms have more
buffering spaces (roof space and upstairs classroom) than the upstairs classrooms (roof
space only) and have more resistance to prevent downward heat flow through the ceiling.

Table 4. Indoor temperatures and percentages of time related to different ranges of temperature in
the eight classrooms during the summer school holiday, without students.

Classroom Number A15 A32 A21 A39 D16 D21 D8 D9 Outdoor

Mean T (◦C) 24.6 25.3 24.9 25.3 23.4 24.5 25.0 25.1 22.7
STDEV (◦C) 1.2 1.4 1.2 1.4 1.0 1.4 2.3 2.3 2.6
Max. T (◦C) 27.6 28.7 28.4 28.8 26.1 27.8 30.3 30.6 31.3
Min. T (◦C) 21.3 21.3 22.3 21.8 20.9 20.8 19.0 19.1 16.2

Fluctuation (◦C) 6.2 7.4 6.1 7.0 5.2 7.0 11.3 11.4 15.1
% Time when T ≥ 20 ◦C 100% 100% 100% 100% 100% 100% 99% 99% 87%
% Time when T ≥ 21 ◦C 100% 100% 100% 100% 100% 100% 97% 97% 74%
% Time when T ≥ 22 ◦C 99% 99% 100% 100% 94% 98% 90% 91% 58%
% Time when T ≥ 23 ◦C 91% 94% 98% 97% 60% 87% 78% 79% 41%
% Time when T ≥ 24 ◦C 67% 78% 74% 81% 25% 62% 65% 66% 29%
% Time when T ≥ 25 ◦C 37% 52% 44% 56% 8% 34% 49% 51% 19%
% Time when T ≥ 26 ◦C 14% 28% 20% 31% 0% 15% 34% 36% 12%
% Time when T ≥ 27 ◦C 2% 10% 7% 13% 0% 5% 20% 22% 7%
% Time when T ≥ 28 ◦C 0% 2% 1% 4% 0% 0% 12% 12% 3%
% Time when T ≥ 29 ◦C 0% 0% 0% 0% 0% 0% 5% 6% 1%
% Time when T ≥ 30 ◦C 0% 0% 0% 0% 0% 0% 0.3% 0.7% 0.3%

Upstairs classroom D21 and classrooms D8 and D9 have the same external sur-
face areas (roof, north and south walls), but D21 has thermal mass in its building ele-
ments, while D8 and D9 do not. The indoor mean air temperature of classroom D21 was
0.6 ◦C lower than those of classrooms D8 and D9. Classroom D21 had 15% and 17% more
time when indoor air temperatures were lower than 25 ◦C than classrooms D8 and D9,
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respectively, and had 19% and 21% more time when indoor air temperatures were lower
than 26 ◦C than classrooms D8 and D9, respectively. According to the field-study data,
the summer indoor thermal environment of a classroom with thermal mass in its north
wall, structure, floor, and partition is significantly better than that of a classroom without
any thermal mass in its building elements. Without the impact of occupants’ heat gain,
natural window ventilation, and mechanical ceiling-fan ventilation, the summer thermal
performance of a school building with thermal mass in its north wall, structure, floor, and
partition is significantly better than that of a conventional school building without any
thermal mass.

Classrooms D8 and D9, without thermal mass, had larger fluctuations (11.3 ◦C and
11.4 ◦C, respectively) of indoor air temperatures than classroom D21 (7.0 ◦C), and the
standard deviation of classrooms D8 and D9 (2.3 ◦C) was significantly higher than that
of classroom D21 (1.4 ◦C). Classrooms D8 and D9 had about 21% of time when indoor
temperatures were higher than 27 ◦C; classroom D21 only had 5% of such time. Classrooms
D8 and D9 had 12% of time when indoor temperatures were higher than 28 ◦C; indoor
temperatures of classroom D21 never reached 28 ◦C. Large fluctuations in indoor air
temperatures can result in very high indoor air temperatures during the summer.

The recorded indoor hourly mean air temperatures show variation of indoor mean
air temperatures of the four classrooms during the summer school holiday (Figure 4).
Classrooms D8 and D9 had large variations of indoor hourly mean air temperatures during
the summer school holiday, which were closely related to variations of outdoor temper-
atures. The lightweight building envelopes of classrooms D8 and D9 were easily and
quickly heated up by solar radiation and rising outdoor temperatures during the daytime
and cooled down during the night-time, which can result in large fluctuations and very
high indoor hourly mean air temperatures. From noon to 9 p.m., indoor hourly mean
air temperatures of classrooms D8 and D9 were higher than 26 ◦C, and from afternoon
(2 p.m. to 3 p.m.) to 7 p.m., indoor hourly mean air temperatures of classrooms D8 and
D9 were higher than 27 ◦C. Classrooms D21 and D16 (which had thermal mass in their
building elements) had more stable indoor hourly mean air temperatures than classrooms
D8 and D9 (without any thermal mass in their building elements). Indoor hourly mean air
temperatures of upstairs classroom D21 were at times higher than 25 ◦C but never reached
26 ◦C. Indoor hourly mean air temperatures of downstairs classroom D16 never reached
25 ◦C. The thermal mass in the wall panels (PCIP—precast concrete insulated panel), es-
pecially on the north wall, can delay heat flow through the wall (time lag) and reduce
heat gain from the outdoors (solar radiation and rising outdoor temperature). The thermal
mass in the indoor surfaces (such as the floor, the indoor side of precast concrete insulated
wall panels, and structural panels exposed to indoor space) can continuously absorb and
store the heat from warm indoor air when the indoor air temperature is higher the thermal
mass surface temperature. This can further reduce very high indoor air temperatures
and improve the indoor summer thermal environment. Indoor hourly mean air temper-
atures of classrooms A15, A32, A21, and A39, with limited thermal mass in their floors
and walls, were more stable than classrooms D8 and D9, with no thermal mass in their
building elements.

With fewer external surface areas (north and south walls only), the indoor mean air
temperature of downstairs classroom D16, with thermal mass in its building elements
(structure, walls, floor, and partition), was about 1.7 ◦C lower than classrooms D8 and D9,
with no thermal mass in their building elements. Classroom D16 had 42% more time than
classrooms D8 and D9, and had 26% more time than the upstairs classroom D21, when
indoor air temperatures were lower than 25 ◦C. Generally, the summer thermal performance
of a two-storey school building is better than that of a one-storey school building.
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Figure 4. Hourly mean air temperatures of the eight classrooms during the summer school holiday
without students.

Classrooms A32 and A39 have the same external surface areas (roof, north and south
walls) as classrooms D8 and D9. A32 and A39 have limited thermal mass (A32: floor and
south wall; A39: floor), and classrooms D8 and D9 have no thermal mass in their building
elements. The indoor mean air temperatures (25.3 ◦C and 25.3 ◦C, respectively) of upstairs
classrooms A32 and A39 were slightly higher than the indoor mean air temperatures
(25.0 ◦C and 25.1 ◦C, respectively) of classrooms D8 and D9. The upstairs classroom A39
had slightly more time than classrooms D8 and D9 when indoor air temperatures were
lower than 25 ◦C. Classroom A39 clearly had less time than classrooms D8 and D9 when
indoor air temperatures were higher than 26 ◦C, 27 ◦C, and 28 ◦C. The fluctuation of the
indoor air temperature of classroom A39 (7.0 ◦C) was clearly lower than that of classrooms
D8 and D9. As the concrete (thermal mass) in the floor is a high heat-capacity material,
it can absorb more heat from the indoor environment (e.g., warm air) and store it longer
than other low heat-capacity materials such as timber floors (classrooms D8 and D9: HF
(hardwood floorboards)). The concrete (thermal mass) continuously absorbs heat if the
indoor air temperature is warmer than its surface temperature, which can positively impact
the summer indoor thermal environment. Based on the field study data, a classroom with
thermal mass in the floor has a slightly better summer indoor thermal environment than a
classroom without any thermal mass in its building elements.

With the same external surface areas (roof, north and south walls) and some more
thermal mass (PCIP (precast concrete insulated panel)) on the south wall, the upstairs
classroom A32 had a slightly better summer indoor thermal environment for students’
thermal comfort than classroom A39, with no thermal mass in its walls (north wall: TW
(timber weatherboard); south wall: LCP (laminate cladding panel)). If the precast concrete
insulated panels were located on the north wall, as in classrooms D16 and D21, the thermal
mass could delay and reduce the major heat gain from the outdoors through the north wall,
and the indoor thermal conditions could be better. Carefully selecting materials for a school
building envelope can potentially impact the summer indoor thermal environment.

Upstairs classroom D21 has the same external surface areas (roof, north and south
walls) as upstairs classrooms A39 and A32. Classroom D21 has thermal mass in its north
wall, structure, floor, and partition; classroom A39 has thermal mass in its floor only; and
classroom A32 has thermal mass in its floor and south wall. Classroom D21 had 22%
and 18% more time when indoor air temperatures were lower than 25 ◦C than classrooms
A39 and A32, respectively. Classroom D21 had 16% and 13% more time when indoor air
temperatures were lower than 26 ◦C than classrooms A39 and A32, respectively. Downstairs
classroom D16 has the same external surface areas (north and south walls) as downstairs
classrooms A15 and A21. Classroom D16 has thermal mass in its north wall, structure, floor,
and partition; classroom A15 has some thermal mass in its walls (north wall: BV (brick
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veneer); south wall: PCIP (precast concrete insulated panel); and floor); classroom A21 has
limited thermal mass in its walls (north and south walls: BV). Classroom D16 had 29%
and 36% more time when indoor air temperatures were lower than 25 ◦C than classrooms
A15 and A21, respectively. Classroom D16 had 14% and 20% more time when indoor air
temperatures were lower than 26 ◦C than classrooms A15 and A21, respectively. Based on
the field study data, the more moderate thermal mass there is in the walls (especially in the
north wall) and in the indoor surfaces of the wall, partitions, floor, and structure, the better
the summer indoor thermal environment (for students’ thermal comfort) of the classroom
is in the local climate.

With the same external surface areas (north and south walls), the downstairs classroom
A15, with some thermal mass in its walls (north wall: BV, south wall: PCIP) and floor, had
7% and 6% more time than the downstairs classroom A21, with limited thermal mass in
its walls (north wall: BV; south wall: BV) and floor, when indoor air temperatures were
lower than 25 ◦C and 26 ◦C, respectively. The only difference between classroom A15
and classroom A21 was the south wall material. The south wall of classroom A15 (PCIP)
has higher thermal mass than the hollow brick veneer; in addition, the precast concrete
insulated panel has one side with concrete exposed to the indoor space, but the brick
veneer does not have any thermal mass exposed to the indoor space, which results in some
differences of indoor air temperatures between the two classrooms.

3.3. Indoor Air Temperature of Classrooms during Summer School Hours and the Summer
School Term

Table 5 lists indoor temperatures and percentages of time related to different ranges
of temperature of the seven classrooms during school hours in the summer school term,
with students present. As one of data loggers in classroom D16 did not work, for unknown
reasons, and stopped recording data after 10 February 2018, Table 5 excludes the field-
study data of that classroom. During school hours, the daily occupancies, time with
open windows, and time using ceiling fans in the seven classrooms were different and
were difficult to monitor. Classrooms D21, D8, and D9 all have the same external surface
areas (roof, north and south walls). D21 has thermal mass in its building elements, while
classrooms D8 and D9 have none. Under the influence of unstable heat gain from students,
uncertain natural ventilation from windows, and mechanical ventilation from ceiling
fans, the fluctuation of indoor air temperatures of classroom D21 (8.5 ◦C) was still clearly
smaller than that of classrooms D8 (10.9 ◦C) and D9 (11.6 ◦C). Though the indoor mean
air temperature (25.2 ◦C) of classroom D21 was slightly lower than that of classrooms D8
(25.4 ◦C) and D9 (25.7 ◦C) during school hours, classroom D21 had 11% and 18% more
time when indoor air temperatures were lower than 26 ◦C than classrooms D8 and D9,
respectively. Classroom D21 had significantly more time than classrooms D8 and D9 when
indoor air temperatures were lower than 27 ◦C, 28 ◦C, 29 ◦C, and 30 ◦C. The fluctuation of
indoor air temperatures of classroom D21 was still clearly smaller than that of classrooms
D8 and D9. The indoor thermal environmental condition of classroom D21 was more stable
than that of classrooms D8 and D9. During school hours, the positive impact of thermal
mass on the summer indoor thermal environment can still be identified.
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Table 5. Indoor temperature and percentages of time related to different ranges of temperatures
during summer school hours in the summer school term with students present (9 a.m. to 3:30 p.m.).

Classroom Number A15 A32 A21 A39 D21 D8 D9 Outdoor

Mean T (◦C) 24.8 26.1 26.6 26.0 25.2 25.4 25.7 24.8
STDEV (◦C) 1.2 1.6 1.6 1.4 1.4 2.1 2.2 1.2
Max. T (◦C) 28.7 30.0 30.2 29.8 29.3 30.4 31.2 28.7
Min. T (◦C) 20.9 20.8 21.0 20.8 20.8 19.5 19.6 20.9

Fluctuation (◦C) 7.9 9.1 9.2 8.9 8.5 10.9 11.6 7.9
% Time when T ≥ 20 ◦C 100% 100% 100% 100% 100% 100% 100% 100%
% Time when T ≥ 21 ◦C 100% 100% 100% 100% 100% 98% 99% 100%
% Time when T ≥ 22 ◦C 99% 99% 99% 99% 99% 95% 95% 99%
% Time when T ≥ 23 ◦C 96% 98% 99% 99% 94% 89% 90% 96%
% Time when T ≥ 24 ◦C 70% 91% 98% 94% 77% 74% 77% 70%
% Time when T ≥ 25 ◦C 40% 74% 83% 74% 57% 54% 60% 40%
% Time when T ≥ 26 ◦C 16% 56% 61% 49% 28% 39% 46% 16%
% Time when T ≥ 27 ◦C 5% 30% 38% 22% 9% 24% 27% 5%
% Time when T ≥ 28 ◦C 1% 12% 19% 7% 2% 14% 16% 1%
% Time when T ≥ 29 ◦C 0% 3% 7% 1% 1% 5% 10% 0%
% Time when T ≥ 30 ◦C 0% 0% 0% 0% 0% 0% 3% 0%

With the same external surface areas (roof, north and south walls), mean indoor air
temperatures during summer school hours of upstairs classrooms A32 (26.1 ◦C) and A39
(26.0 ◦C), with limited thermal mass in their building elements, were slightly higher than
those of classrooms D8 (25.4 ◦C) and D9 (25.7 ◦C), with no thermal mass. Classrooms A32
and A39 had more time than classrooms D8 and D9 when indoor air temperatures were
higher than 26 ◦C. Other factors, such as unstable heat gain from occupants, uncertain
natural window ventilation, and irregular mechanical ceiling-fan ventilation, could have
more impact on the indoor thermal environment than the positive impact of the limited
thermal mass in the buildings; in addition, different daily usages of the classrooms could
also impact the indoor thermal environment of the classrooms positively or negatively. For
example, classroom A32 was used as a projector room (movie room) and the windows were
covered by black curtains, which could negatively impact the indoor thermal environment.
The fluctuations of indoor air temperatures of classrooms A32 (9.1 ◦C) and A39 (8.9 ◦C),
with limited thermal mass, were still smaller than those of classrooms D8 (10.9 ◦C) and D9
(11.6 ◦C), with no thermal mass. Classrooms A32 and A39 had less time than classrooms
D8 and D9 when indoor air temperatures were higher than 28 ◦C, 29 ◦C, and 30 ◦C. Based
on the field study data, limited moderate thermal mass in school building elements can
still moderate indoor air temperature, which reduces very high or extremely high indoor
temperatures during summer school hours.

Figure 5 illustrates the hourly mean air temperatures of the seven classrooms during
the summer school term. Because of the impact of unstable heat gain from occupants,
uncertain natural window ventilation, and irregular mechanical ceiling-fan ventilation
during school hours, indoor hourly mean air temperatures of the seven sample classrooms
during the summer school term (and especially during school hours) were not as stable
as temperatures in the seven classrooms during the summer school holiday (see Figure 4.
Generally, fluctuations of indoor hourly mean air temperatures of the classrooms with
limited thermal mass or more thermal mass (A15, A32, A21, A39, and D21) are still smaller
than those of the classrooms without any thermal mass (D8 and D9) during the summer
school term. Indoor hourly mean air temperatures of classroom D21, with more thermal
mass in its building elements, were clearly more stable and lower than those of classrooms
D8 and D9, with no thermal mass in their building elements, and classrooms A15, A32,
A21, and A39, with some thermal mass in their building elements, during the summer
school hours. This reveals very good summer thermal performance of a classroom with
thermal mass in its structure, walls, floor, and partitions.
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Figure 5. Hourly mean air temperatures of the seven classrooms during the summer school term
with students present.

3.4. Indoor Surface Temperature, Mean Temperature and Thermal Comfort without Ventilation

Table 6 lists indoor surface temperatures and air temperatures at seating height in
classrooms D8, D9, D16, and D21 without the impact of natural and mechanical ventilation
during weekends under different weather conditions. In different weather conditions, inter-
nal surface temperatures of the north windows of the four classrooms were comparatively
higher than other indoor surfaces. On sunny days, the north window surface temperatures
of classrooms D8 and D9 were more than 3 or 4 ◦C higher than the mean air temperature
at seating height in the middle of the classrooms, and some indoor surface temperatures
of classrooms D8 and D9 were over 2 ◦C higher than the mean air temperature at seating
height in the middle of the classrooms. Those indoor surfaces with high temperatures
can negatively impact on students’ thermal comfort due to excessive radiative heat gain
from the warmer indoor surfaces [43–45]. On overcast and rainy days, some north window
surface temperatures were more than 2 or 3 ◦C higher than the mean air temperature at
seating height in the middle of the classrooms; other indoor surface temperatures were
less than 1 ◦C higher than the mean air temperature at seating height in the middle of the
classrooms. The high north window surface temperatures could result in radiant asymme-
try and negatively impact summer indoor thermal comfort for students, as the excessively
warm surfaces can make individuals feel excessively warm.

Table 6. Indoor surface temperatures and air temperatures at seating height in classrooms D8, D9,
D16, and D21 without the impact of natural and mechanical ventilation during weekends under
different weather conditions.

Classroom
Number Weather N Wall

(◦C)
N Window

(◦C)
E Wall

(◦C)
W Wall

(◦C)
Floor
(◦C)

Ceiling
(◦C)

S Wall
(◦C)

S Window
(◦C)

Indoor T
(◦C)

Outdoor
T (◦C)

D8 Sunny 31.1 32.5 30.8 30.6 31.0 31.4 30.5 31.1 28.9 25.3
D9 Sunny 31.5 32.7 30.9 30.7 31.0 31.5 30.4 30.7 28.6 25.3
D16 Sunny 26.7 31.2 26.7 27.1 26.6 27.1 27.2 27.6 28.5 25.3
D21 Sunny 27.8 30.7 28.6 28.8 28.0 29.0 29.0 28.9 28.1 25.3
D8 Overcast 28.2 30.9 28.2 28.1 28.7 28.7 27.9 29.1 28.2 24.4
D9 Overcast 28.9 32.1 28.5 28.5 29.4 29.5 28.2 29.1 28.9 24.4
D16 Overcast 26.1 28.7 26.4 26.7 26.0 26.9 26.5 27.1 26.1 24.4
D21 Overcast 27.6 28.1 27.0 27.3 26.6 27.1 27.1 28.1 27.6 24.4
D8 Raining 26.1 27.2 25.8 26.0 25.7 25.9 25.8 26.5 26.1 23.7
D9 Raining 26.3 29.6 26.2 26.2 27.0 26.1 26.1 27.2 26.3 23.7
D16 Raining 24.2 26.5 24.1 24.3 23.9 24.2 24.4 24.2 24.2 23.7
D21 Raining 25.1 26.0 25.6 25.6 25.2 25.7 25.6 26.0 25.1 23.7

With the same external surface areas (roof, north and south walls), during sunny
afternoons, the indoor mean air temperature at seating height in classroom D21 (with
thermal mass in its building elements) was 0.5 ◦C and 0.8 ◦C lower than those in classrooms
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D8 and D9 (without any thermal mass in their building elements), respectively. The indoor
surface temperatures of classroom D21 (with thermal mass in its building elements) were
significantly lower than those in classrooms D8 and D9 (without any thermal mass in their
building elements); the mean difference of indoor surface temperatures between classroom
D21 and classrooms D8 and D9 was 2.3 ◦C, with a range from 1.4 ◦C to 3.7 ◦C. With less
external surface area (north and south walls only), the indoor mean air temperature at
seating height in classroom D16 (with thermal mass in its building elements) was 0.4 ◦C
and 0.1 ◦C lower than those of classrooms D8 and D9 (without any thermal mass in their
building elements), respectively. The indoor surface temperatures of classroom D16 (with
thermal mass in its building elements) were significantly lower than those of classrooms
D8 and D9 (without any thermal mass in their building elements); the mean difference of
indoor surface temperatures between classroom D16 and classrooms D8 and D9 was 3.1 ◦C,
with a range from 1.3 ◦C to 4.8 ◦C. The presence of thermal mass in a building’s envelope
(especially in the north wall, facing the sun) allows for the storage of heat gain from the
outdoor environment. This can delay the heat passing through the building envelope and
mitigate temperature increases of indoor surfaces and indoor space during hot summer
conditions. Furthermore, the internal thermal mass in the floor, ceiling, and internal walls
can absorb the heat from warmer indoor air and can also reduce indoor air temperature.
In a building without thermal mass in its walls, the heat from the outdoor environment
can more easily and quickly penetrate through the building’s envelope and result in high
indoor surface and air temperatures.

Table 7 lists the indoor thermal environmental conditions at seating height in class-
rooms D8, D9, D16, and D21 without the impact of natural and mechanical ventilation
during weekends under different weather conditions. The indoor MRT of classrooms D8
and D9 were 1.8 ◦C and 2.1 ◦C higher, respectively, than that of classroom D21. The indoor
MRT of classrooms D8 and D9 were 2.2 ◦C and 2.7 ◦C higher, respectively, than that of
classroom D16. The thermal sensation of classrooms D8 and D9 was slightly warm (PMV:
1.46, close to warm) and warm. The thermal sensation of both classrooms D21 and D16
was slightly warm. Based on the field study data, high indoor mean surface temperature
results in high mean radiant temperature, which can negatively impact the indoor thermal
environment related to students’ thermal comfort. Although classrooms D21 and D16 (with
thermal mass in their building elements) clearly had better summer indoor thermal envi-
ronments than classrooms D8 and D9 (without thermal mass in their building elements),
the indoor thermal environments of all four classrooms did not meet the requirements of
thermal comfort for students, and they do need ventilation to achieve summer thermal
comfort for students.

Table 7. Indoor thermal conditions at seating height in classrooms D8, D9, D16, and D21 without the
impact of natural and mechanical ventilation during weekends under different weather conditions.

Classroom
Number Weather Dry Bulb

T (◦C)
Wet Bulb T

(◦C)
Globe T

(◦C) RH (%) MRT
(◦C) PMV Sensation PPD Outdoor T

(◦C)

D8 Sunny 28.9 23.7 29.8 57 29.8 1.46 Slight
warm 49% 25.3

D9 Sunny 28.6 23.8 30.3 58 30.3 1.5 warm 51% 25.3

D16 Sunny 28.5 23.5 27.6 56 27.6 1.03 Slight
warm 26% 25.3

D21 Sunny 28.1 23.2 28.2 59 28.2 1.05 Slight
warm 28% 25.3

D8 Overcast 27.4 22.7 28.6 58 28.6 0.97 Slight
warm 25% 24.4

D9 Overcast 27.7 22.8 28.8 57 28.8 1.05 Slight
warm 28% 24.4

D16 Overcast 26.8 22.9 26.8 62 26.8 0.58 Slight
warm 12% 24.4

D21 Overcast 26.9 22.7 27.4 62 27.4 0.7 Slight
warm 15% 24.4

D8 Overcast/Raining 24.9 20 26.2 51 26.2 −0.01 Neutral 5% 23.7
D9 Overcast/Raining 26.7 26 26.7 50 26.7 0.43 Neutral 9% 23.7
D16 Overcast/Raining 24.6 20 24.7 53 24.7 −0.3 Neutral 7% 23.7
D21 Overcast/Raining 25.0 20 25.4 51 25.4 −0.12 Neutral 5% 23.7
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3.5. Indoor Thermal Comfort with Ventilation

Table 8 lists the indoor thermal environmental conditions at seating height in class-
rooms D9 and D21 with the impact of natural and mechanical ventilation during weekends
under different weather conditions. The recorded mean air velocity at seating height in
classrooms D21 and D9 was 0.2 m/s, with a range from 0.1 to 0.3 m/s, which is used to
calculate indoor thermal comfort (predicted mean vote (PMV), thermal sensation, and
predicted percentage of dissatisfied (PPD)). With natural window ventilation and mechani-
cal ceiling-fan ventilation, the indoor thermal sensation at seating height in the middle of
classrooms D9 and D21 was neutral or marginal slightly cool. The current thermal-control
design, with natural window ventilation and mechanical ceiling-fan ventilation, can effi-
ciently maintain the indoor thermal comfort for classrooms with and without thermal mass
in their building structures, walls, floors, and partitions during the summer.

Table 8. Indoor thermal environmental conditions at seating height in classrooms D9 and D21 with the
impact of natural and mechanical ventilation during weekends under different weather conditions.

Classroom
Number Weather Dry Bulb

T (◦C)
Wet Bulb

T (◦C)
Globe T

(◦C)
RH
(%)

Mean V
(Min.–Max.) (m/s) MRT (◦C) PMV Sensation PPD Outdoor

T (◦C)

D9 Sunny 26.3 19.6 27.3 47 0.2 (0.1–0.3) 27.8 0.18 Neutral 6% 22.9
D21 Sunny 23.5 18.3 23.7 49 0.2 (0.1–0.3) 23.8 −1.07 Slightly cool 29% 22.9
D9 Overcast 26.0 22.6 26.6 71 0.2 (0.1–0.3) 26.9 0.18 Neutral 6% 25.3
D21 Overcast 25.9 22.6 26.2 71 0.2 (0.1–0.3) 26.4 0.08 Neutral 5% 25.3
D9 Raining 26.7 23.0 27.2 67 0.2 (0.1–0.3) 27.4 0.39 Neutral 8% 26.3
D21 Raining 26.2 22.4 26.4 67 0.2 (0.1–0.3) 26.5 0.13 Neutral 5% 26.3

Under the same weather conditions and with the same indoor ventilation conditions,
indoor air temperature, globe temperature and MRT at seating height in the middle of
classroom D21 were clearly lower than in classroom D9 in different weather conditions
(sunny, overcast and raining). The PMV of classroom D21 was clearly lower than that
of classroom D9 in different weather conditions during the summer. For example, the
summer indoor thermal environment of classroom D21 (slightly cool) was cooler than
that of classroom D9 (neutral) during a sunny day. With the current thermal-control
design of natural window ventilation and mechanical ceiling-fan ventilation, a school
building with thermal mass in its building structure, envelope and partitions can provide
better indoor thermal conditions for maintaining students’ thermal comfort during the
Auckland summer.

4. Discussion

The redevelopment of Avondale College from 2010 to 2014 (design by Jasmax) repre-
sented one of the biggest school rebuilding programmes in New Zealand’s history. The
project provided the school’s 2750 students with 92 new and refurbished teaching and
resource spaces. It was the first time that Thermomass precast concrete insulated pan-
els (thermal mass) had been used as the main structure and building envelope of a new
two-storey school building. Other one- or two-storey, new or refurbished buildings at
Avondale College are of conventional lightweight timber-frame construction with internal
insulation and external cladding. This redevelopment project provided an opportunity to
study indoor thermal environments of school buildings with different moderate thermal
mass in building elements in a temperate climate with warm, dry summers and mild,
wet winters.

According to the authors’ previous winter field-studies [2,3], a school building with
thermal mass in its building structure, walls, floors, and partitions has a significantly better
winter indoor thermal environment, related to students’ thermal comfort and health, than
a school building without any thermal mass in its building elements. Based on the winter
field-study data, a classroom with thermal mass in its building elements had 30%, 35%,
and 10% more time than a classroom without thermal mass in its building elements when
indoor air temperatures were greater than or equal to 16 ◦C, 18 ◦C, and 20 ◦C, respectively.
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The minimum threshold of indoor temperature required for limiting respiratory infections
is 16 ◦C [46]; 18 ◦C is the minimum indoor air temperature required by the WHO [47],
and 20 ◦C the WHO’s minimum for young children and ill or elderly people. A classroom
with thermal mass in its building elements had 21.4% more time than a classroom without
thermal mass in its building elements when indoor relative humidity was in the optimal
range from 40% to 60% during the winter, which can minimise indirect indoor health
effects such as bacteria, viruses, fungi, mites, respiratory infections, allergic rhinitis, asthma,
etc. [48]. This study contributes the summer field-study data to add to the previous winter
field-study data and demonstrates that a school building with thermal mass in its building
elements is adequate for students’ thermal comfort in the local climate.

Findings of this study can draw architects’ attention to the relationship between
summer indoor environment and a school building’s thermal design with moderate thermal
mass in the building elements for the local climate. The findings can be used as a general
strategy for retrofitting old school buildings or for new school building development.
The study was focused on school buildings in Auckland, New Zealand, but the findings
can be applicable to school building design in a temperate climate with a warm and dry
summer. If the findings are applied, this will lead to the improvement of the summer
indoor environmental quality of school buildings, related to students’ thermal comfort. The
findings can apply not only to local school buildings, but also potentially to other types of
free-running buildings of similar size—such as a small library, a small office building or a
small commercial building—mainly being occupied during the daytime, using ceiling fans
as the only mechanical thermal-control method during the summer.

The heat-storage capacity of thermal mass in the buildings is closely related to the
local diurnal temperature range. Thermal mass is most appropriate in a climate with a
larger diurnal temperature range. Recent studies of the impact of thermal mass on the
summer indoor thermal environments of school buildings [7,17–20] were mainly carried
out in hot-dry or semi-arid climates, with larger diurnal temperature ranges (over 10 ◦C),
or more severe summer conditions than Auckland has. Auckland has a temperate climate
and a relatively comfortable warm and dry summer with a 7.6–7.9 ◦C summer diurnal
temperature ranges (Table 9) within the medium diurnal temperature range (6–10 ◦C).
Building elements with moderate thermal mass, such as concrete floor slabs, brick veneer,
or precast concrete cladding panels, are normally used in a climate with the medium
diurnal temperature range [49]. According to the rule of thumb [50], adequate thermal
mass in a building can increase the upper limit of the local summer comfort zone by a
quarter of the local diurnal temperature. For example, the Auckland summer maximum
diurnal temperature is 7.9 ◦C in February, and the maximum effectiveness of thermal mass
is about 2 ◦C. According to this study, there is a difference of only 0.6–1.7 ◦C of indoor mean
air temperature between the classrooms with or without thermal mass in their building
elements (Table 4). It is hard for this study to only use indoor mean air temperature
to identify the differences of indoor thermal environments of classrooms with different
moderate thermal mass in their building elements. This study has tried to establish a
suitable research method to identify the differences in indoor thermal environments in
school buildings with different moderate thermal mass in their building elements, under
summer conditions with a medium range of diurnal temperatures. It is also crucial to
establish an appropriate research method to analyse the field-study data. For example, this
study used not only the mean indoor air temperatures but also the percentage of time in
summer when the indoor air temperatures were within the summer comfort zone.
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Table 9. Auckland mean climate data provided by NIWA (National Institute of Water and Atmo-
spheric Research).

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Max Temp. (◦C) 23.1 23.7 22.4 20.1 17.7 15.5 14.7 15.1 16.5 17.8 19.5 21.6
Min Temp. (◦C) 15.2 15.8 14.4 12.1 10.3 8.1 7.1 7.5 8.9 10.4 12.0 14.0

Average Temp. (◦C) 19.1 19.7 18.4 16.1 14.0 11.8 10.9 11.3 12.7 14.1 15.7 17.8
RH at 9 am (%) 79.3 79.8 80.3 83.0 85.8 89.8 88.9 86.2 81.3 78.5 77.2 77.6

Radiation (MJ/m2) 22.7 19.5 15.9 11.5 8.1 6.5 7.2 9.9 13.7 17.4 20.7 22.2
Wet days 8.0 7.1 8.4 10.6 12.0 14.8 16.0 14.9 12.8 12.0 10.3 9.3

Sun hours (h) 228.8 194.9 189.2 157.3 139.8 110.3 128.1 142.9 148.6 178.1 188.1 197.2
Rainfall (mm) 73.3 66.1 87.3 99.4 112.6 126.4 145.1 118.4 105.1 100.2 85.8 92.8

There are not universally accepted thermal comfort conditions across the world. For
a tropical climate, early studies suggest that the summer thermal comfort zone is from
23–29 ◦C with 30–70% RH [51] or from 22–26 ◦C with 30–80% RH [52]. A temperature range
from 22–27 ◦C with an optimum temperature of 25 ◦C and 60% RH has been proposed
as a summer thermal comfort zone [53,54]. In accordance with the Graphic Comfort
Zone Method of ASHRAE Standard 55 [25], the acceptable range of summer operative
temperatures for indoor space is from 24.5–28 ◦C for 80% occupant acceptability and 10%
dissatisfaction, where the occupants have activity levels that result in metabolic rates
between 1.0 and 1.3 met, clothing is worn that provides 0.5 clo of thermal insulation, and
the air speeds are not greater than 0.20 m/s.

Auckland has a warm and relatively dry summer from December to February. Ac-
cording to Auckland climate data (Table 9), February is the warmest month. Based on
the adaptive model [25] and the mean outdoor temperature To (19.7 ◦C) in February,
the neutral temperature (Tn) (Equation (2)) is 23.3 ◦C and the summer comfort zone is
from 21.9 ◦C (the lower comfort limit: Tn − 2 ◦C) to 25.9 ◦C (the upper comfort limit:
Tn + 2 ◦C). Based on another study (using the adaptive model) [55] and the average outdoor
temperature (To.av), the summer comfort zone has been set at 2.5 ◦C above and below the
neutral temperature (Tn) (Equation (3)) for 90% acceptability. The neutral temperature
(Tn) during the hottest summer month (February) in Auckland is 21.7 ◦C, and the summer
comfort zone for local people is from 21.2 ◦C (the lower comfort limit: Tn − 2.5 ◦C) to
26.2 ◦C (the upper comfort limit: Tn + 2.5 ◦C). The local researchers used 20–25 ◦C as the
summer comfort zone [56–58], or 16–26 ◦C for both winter and summer comfort zones for
their housing studies [59].

Tn = 0.31 × To + 17.8 (2)

where
To = the mean monthly outdoor temperature (◦C);
Tn = neutral temperature (◦C).

Tn = 17.6 + 0.31 × To.av (3)

where
To.av. = the average monthly outdoor temperature (◦C);
Tn = neutral temperature (◦C).
This study tried to identify the difference in indoor thermal environment between

classrooms with different moderate thermal mass in their building elements. According to
previous studies and thermal standards [25,52,55–59], 25 ◦C or 26 ◦C are more commonly
used as the upper summer comfort limit. This study used percentages of time related
to different ranges of indoor air temperature, especially when the temperatures were
higher or lower than 25 ◦C or 26 ◦C (the upper limit of the summer comfort zone), to
compare and evaluate the summer indoor thermal environment related to potential summer
thermal comfort of the sample classrooms. The field study data of indoor and outdoor
air temperatures were converted into percentages of time in summer related to different
ranges of indoor mean air temperatures using Microsoft Excel spreadsheet software 2021.
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The study also used hourly mean temperatures to compare the differences and the
variations of indoor air temperatures through the summer. All field-study data were
converted into hourly mean temperatures and RH through Microsoft Excel spreadsheet
software, which can be used to represent mean variation of indoor temperatures and RH
and compare differences throughout the summer. The hourly mean temperature or RH
was derived from averaging all temperature or RH data within a particular hour (e.g., at
1 a.m., 1:15 a.m., 1:30 a.m., and 1:45 a.m.) for all summer days. The hourly mean tempera-
ture and RH data used in this study are the averages of the hundreds of temperature and
RH measurements within a particular hour on all summer days. As the temperature and
RH at a particular testing time on different summer days could be significantly different,
the hourly mean temperatures and the hourly mean RH for the whole summer (or partial
summer: summer school term or summer school holiday) may not precisely follow the
correlation between air temperature and RH (RH decreases or increases in association
with increasing or decreasing temperature), but the correlation between ranges of their
variations can still be identified and used to compare the variations of summer indoor
thermal environments.

During the summer, indoor surface temperatures must be cool enough to avoid
occupant discomfort due to excessive radiant heat gain from warm indoor surfaces [43]. A
previous study showed that ceiling temperatures that are more than 4 ◦C above ambient
air temperature are likely to result in occupants experiencing radiant heat gain from the
ceiling [44]. Another study suggested that indoor air temperature should be between
20 ◦C and 24 ◦C, RH should be between 40% and 60%, and the surface temperature of
nearby objects should not be more than 2–3 ◦C higher than the air temperature to maintain
summer thermal comfort for occupants [45]. The current study also used indoor surface
temperatures and the difference between indoor surface temperature to indoor mean air
temperature at seating height (ambient air temperature) to compare and evaluate the indoor
thermal environment for students’ thermal comfort.

A high mean radiant temperature (MRT) and radiation asymmetry can negatively
impact summer indoor thermal comfort, a factor which is often ignored. The effect of a
one-degree difference between MRT and air temperature in a traditional air-conditioning
space equates to raising the air temperature by approximately one degree [60]. Radiant
asymmetry can cause local thermal discomfort, and people are generally more sensitive to
asymmetric radiation caused by a warm ceiling than that caused by a hot vertical surface. A
difference of one comfort vote interval could be attributed to a frontal radiant temperature
difference of about 2.8 ◦C. A 33 ◦C difference brought about a one vote difference for
persons side-on to the radiant source [61]. According to the ASHRAE thermal comfort
standard, the allowable radiant temperature asymmetry for a warm ceiling is less than 7 ◦C,
and for a hot vertical surface less than 23 ◦C, for maintaining indoor thermal comfort [25].
The current study also used globe temperature and air velocity at seating height in the
middle of classrooms to calculate and compare indoor MRT and thermal comfort.

A limitation of this study is the lack of survey data on students’ thermal comfort.
During the school term, the sample classrooms could be used for different courses or by
different groups of students; the original plan of a survey could not be carried out as it
was difficult to identify the appropriate participants (students) for the survey related to the
sample classrooms.

5. Conclusions

Based on the field studies, this study contributes new physical data of the summer
indoor thermal environments of school buildings, either with, with limited, or without
moderate thermal mass in their building elements (structure, walls, floor, and partitions),
in a temperate climate with a relatively comfortable warm and dry summer and a summer
diurnal temperature in the medium range. This study identified the differences in summer
indoor thermal environments between those school buildings with different moderate
thermal mass in their building elements. This study provided evidence to prove that
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moderate thermal mass in school building elements can positively impact the summer
indoor thermal environment of school buildings in a temperate climate with a relatively
comfortable warm and dry summer.

During the summer school holiday, without the impact of occupants’ heat gain and
natural or mechanical ventilation, the indoor thermal environment of a classroom was
solely impacted by the building’s thermal performance. During the school holiday, the
classrooms with moderate thermal mass in their building elements had an average of 16%
and 18% more time than classrooms without any thermal mass in their building elements
when indoor air temperatures were lower than 25 ◦C and 26 ◦C, respectively. Temperatures
of 25 ◦C and 26 ◦C are commonly used as the upper summer comfort limit according
to previous studies and building codes. The north window surface temperatures of the
classrooms without any thermal mass in their building elements were over 3 ◦C or 4 ◦C
higher than the mean air temperatures at seating height in the middle of the classrooms,
and some indoor surface temperatures of those classrooms were over 2 ◦C higher than
the mean air temperatures at seating height. Those high indoor-surface temperatures can
negatively impact the thermal comfort of occupants. Architects and designers should
pay more attention to the high surface temperatures of north-facing windows. The indoor
surface temperatures of the classrooms without any thermal mass in their building elements
were significantly higher than those of the classrooms with thermal mass in their building
elements; the mean difference of indoor surface temperatures between the classrooms
with and without thermal mass in their building elements was 2.3 ◦C, with a range from
1.4 ◦C to 3.7 ◦C. On sunny days, the indoor MRTs of the classrooms without any thermal
mass in their building elements were significantly higher than those of the classrooms with
thermal mass in their building elements; the mean difference of indoor MRTs between the
classrooms with and without any thermal mass in their building elements was 2.15 ◦C,
with a range from 1.6 ◦C to 2.7 ◦C. The thermal sensation scale of the classrooms without
any thermal mass in their building elements was from 1.48, slightly warm (but very close to
1.5, warm), to 1.5, warm; the thermal sensation scale of the classrooms with thermal mass
in their building elements was from 1.03 to 1.05 (slightly warm only).

During school hours in the summer term, the indoor thermal environment of a class-
room was also impacted by occupants’ heat gain, natural window ventilation, and mechan-
ical ceiling-fan ventilation. During summer school hours, the classrooms with moderate
thermal mass in their building elements had an average 15% more time when indoor air
temperatures were lower than 26 ◦C than classrooms without any thermal mass in their
building elements. The classrooms with moderate thermal mass in their building elements
had significantly less time when indoor air temperatures were higher than 26 ◦C than the
classrooms without any thermal mass in their building elements. The fluctuation of indoor
air temperatures in classrooms with moderate thermal mass in their building elements
(8.5 ◦C) was still clearly smaller than that of classrooms without any thermal mass in their
building elements (10.9–11.6 ◦C). Under the influence of occupants’ heat gain, natural
window ventilation, and mechanical ceiling-fan ventilation, based on the field-study data,
the positive impact of thermal mass on the summer indoor thermal environment can still
be identified during school hours.

Based on the field-study data, the current design of natural window ventilation and
mechanical ceiling-fan ventilation can restore summer thermal comfort for students under
the local climate. When the windows were opened and ceiling fans were used, without
students, the PMV value of the classrooms with thermal mass in their building elements
(−1.05, marginal slightly cool) was clearly lower than that of the classrooms without
any thermal mass in their building elements (0.22, neutral) for summer conditions. With
natural window ventilation and mechanical ceiling-fan ventilation, a school building with
thermal mass in its structure, walls, floor, and partitions can provide better indoor thermal
conditions to maintain students’ thermal comfort during the Auckland summer than a
building without any thermal mass.
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This study established suitable research methods to identify the differences in the
indoor thermal environments of school buildings with different moderate thermal mass
in their building elements under summer conditions with a medium range of diurnal
temperatures. The research method included the field study of recording air temperature
and relative humidity adjacent to the ceiling, the floor, and shaded outdoor spaces, measur-
ing indoor surface temperatures, indoor dry bulb temperatures, wet bulb temperatures,
globe temperatures, relative humidity, and air velocity at seating height in the middle
of the sample classrooms. Indoor mean air temperature, percentage of time related to
different indoor air temperature ranges, indoor surface temperature, mean radiant temper-
ature, PMV, thermal sensation, and PPD were used to compare and evaluate the indoor
thermal environment.
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