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OPTIMAL THERMAL SENSORS PLACEMENT BASED
ON INDOOR THERMAL ENVIRONMENT
CHARACTERIZATION BY USING CFD MODEL

Faridah™? Sentagi Sesotya Utami'*, Ressy Jaya Yanti', Sunarno’, Emilya Nurjani?, Rony Wijaya’

'Universitas Gadjah Mada, Faculty of Engineering, Department of Nuclear Engineering and Engineering
Physics, Yogyakarta, Indonesia
2Universitas Gadjah Mada, Graduate School, Doctorate Program in Enviromental Science, Yogyakarta, Indonesia

This paper discusses an analysis to obtain the optimal thermal sensor placement based on indoor thermal character-
istics. The method relies on the Computational Fluid Dynamics (CFD) simulation by manipulating the outdoor climate
and indoor air conditioning (AC) system. First, the alternative sensor's position is considered the optimum installation
and the occupant's safety. Utilizing the Standardized Euclidean Distance (SED) analysis, these positions are then
selected for the best position using the distribution of the thermal parameters' values data at the activity zones. On-
site measurement validated the CFD model results with the maximum root means square error, RMSE, between both
data sets as 0.8°C for temperature, the relative humidity of 3.5%, and an air velocity of 0.08m/s, due to the significant
effect of the building location. The Standardized Euclidean Distance (SED) analysis results are the optimum sensor
positions that accurately, consistently, and have the optimum % coverage representing the thermal condition at 1,1m
floor level. At the optimal positions, actual sensors are installed and proven to be valid results since sensors could
detect thermal variables at the height of 1.1m with SED validation values of 2.5+0.3, 2.2+0.6, 2.0+1.1, for R15, R33,

and R40, respectively.

Key words: sensor placement, indoor thermal environment, euclidean distance, CFD model, monitoring system

INTRODUCTION

Electricity consumption that meets the thermal com-
fort demand is currently a strategic issue in the build-
ing sector. In Indonesia, energy consumption for the air
conditioner (AC) system reached 20-30% in upper-mid-
dle-class residential buildings [1]. Meanwhile, in com-
mercial buildings, AC is estimated to cover more than
half of electricity consumption. According to ASHRAE
55, thermal comfort is a state of mind that describes
someone's satisfaction toward the thermal environment,
assessed through subjective evaluation [2]. Besides the
human factor, thermal comfort is significantly influenced
by environmental factors, such as the occupants' thermal
environment conditions [3][4]. Every indoor environment
has unique thermal environment characteristics that cre-
ate a unique pattern of its thermal comfort needs. The
uniqueness is due to the room's form and orientation,
building envelope, outdoor thermal environment, and air
conditioning system.

Good building management allows a building to produce
an indoor environment with a high thermal comfort level
but minimum energy use. A suitable management strat-
egy is obtained by understanding the characteristics of
the indoor thermal environment. Therefore, it is essen-
tial to have an indoor environment monitoring system.
Environmental parameter sensors installed in the indoor
environment will provide information that describes the
indoor environment's characteristics. Table 1 shows sev-
eral studies related to the indoor environment monitoring
system. The accuracy of the monitoring results depends

*sentagi@ugm.ac.id

on the number of sensors installed. More sensors create
a more accurate monitoring system representing the in-
door environment's characteristics. Hence, Muriel et al.
conducted a study in a church where sensors were dis-
tributed at several positions of different heights to obtain
a detailed distribution of measured environmental pa-
rameters at all zones [5]. A similar study was found in [6].
However, the utilization of many sensors would raise the
budget and difficulties of its installation, maintenance,
and data processing to produce useful information [7].

Measurement errors of the environmental parameters
caused by a limited number of sensors can be reduced
by optimizing those sensors' placement. Several ap-
proaches are found in the previous research used to
study sensor placement in indoor environments, aiming
to obtain a measurement that could accurately represent
the indoor environment's characteristics. Sensor place-
ment, which considers the room's topology, was pro-
posed by T. Seabrook [8] and cited by [9]. The topology
strategy was used to place four sensors in 16 rooms in
a building optimally and have the minimum number and
useful sensors. The building topology was divided into
six categories, which are line, star, circle, island, com-
pact-grid, and dispersed-grid. Each of them has a suit-
able sensor placement location.

Using the thermal parameter values distribution to deter-
mine sensor placement can improve the measurement
accuracy in representing the indoor environment char-
acteristics. In the case of air quality monitoring systems,
the distribution of air quality parameter values can be
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Table 1: Consideration perspective used for sensors' placements in the indoor environment monitoring system

Th | fort Visual comfort | Air quality , , :
Ref Authors ermal comfort parameters parameter parameter Consideration perspective
(Year) — - - — - for sensors placement
Temperature | Humidity | Air velocity | lllumination | Contaminant
Muriel, Sensors were spread in sev-
[5] | MV.J., etal. o o o eral positions in the building
(2014) with different heights.
Rattanong- Sensors were plaged in
; several positions in the
[6] | phisat, W., o o o .
et. Al (2017) building, but there is no fur-
: ther detailed explanation.
(8] | Seabrook, T Sensors are placed
9] (2016) o based on the room or
building topology.
The placement of the
Eliades sensor is based on the
[10] : o calculated impact of the
D.G,, (2013) ) ) .
contaminant dispersion
event scenario.
The method was based
[11] Sharma, H. 5 on the operator move-
(2019) ment pattern (transfer op-
erator based framework).
[12] Waeytens, J., 5 Based on the maximum source
et al. (2018) location collected in the room.
Yogana- Sensors placement using
[15] than, D. o K Means Clustering and
(2018) Pareto principal.
Lee, S., et Sensor placement is based
[14] o on errors and entropy of
al. (2019)
the measurement results.
[16] Erickson, P, 5 5 Sensor placement is based
et al. (2015) on the Gaussian process.
Al-Kuwari, Sensors were placed inside
[17]] M., etal. o o o o the room, particularly under
(2018) the ceiling.
Sensors were placed at
[18] Zhou, P., et 5 the height of 2m for safety
al. 1 (2015) and to prevent interfer-
ence from its occupants.
Sensors were placed at the
[19] Jin, Y., et al. 5 5 o height of 1.6m (represent-
(2018) ing the environment around
the occupant's neck).
Sensor placement is based
Yanti. R. J.. on thg G_au33|.an process
[13] etal. (2019) o analysis in variable values
' distribution at the height of
1.1m using CFD simulation.
Sensors placement based
on analysis of Standardized
This paper R o o Euclidean Distance in variable
pap values distribution at the height
of 1.1 m using CFD simulation
for several scenarios.
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traced using contaminant dispersion scenarios [10], op-
erator displacement patterns [11], and CFD simulations
to localize the maximum source [12]. Meanwhile, in a
thermal environment monitoring system, the thermal en-
vironment parameter value distribution can be obtained
using CFD simulations, as done in [13].

Several methods could be used to analyze the environ-
ment parameters' value distribution. One can obtain the
sensors' locations to provide the most accurate mea-
sured values, such as the calculation of errors and entro-
py of the measurement results [14], K-Means Clustering
[15], and Gaussian process [16].

Another essential consideration is the occupants' activ-
ities. The installed sensors should not interfere with the
occupants' activities, such as placing the sensors on the
ceiling [17] or at the height of 2 m [18]. Hence, occupant
activities' type and location will determine the number of
sensors and their location. The value measured by the
sensor is the value of the environmental parameter per-
ceived by the occupants. Jin, Y. et al. [19] used a sensor
at the height of 1.6 m on a thermal environment monitor-
ing system in a city residence in China that represents
the environment around the occupation's neck when per-
forming an activity while standing.

Yanti, R. J., et al. [13] considered the thermal parameters
value distribution at a height determined by its occupant
activity in an educational building classroom. The stu-
dents carried out studying activities while sitting and feel-
ing the exposure to thermal conditions at the height of
1.1m [2]. The data was obtained from a CFD simulation
using IESVE software. Meanwhile, the method used to
determine the sensor location from the distribution data
is the Gaussian method. The study is limited in its val-
ue distribution data of the indoor thermal environment

FIELD OBSERVATION

CFD MODEL SIMULATION

-

parameter, representing one thermal parameter and one
room condition scenario. A condition that is not quite
enough to describe the indoor thermal environment in
the reviewed case. Furthermore, validation of the anal-
ysis results on the installed sensor is not yet discussed.

Given the discussion above, it can be assured that a
method for finding the optimal thermal sensor placement
is not yet available. Hence, the sensors data should ob-
tain indoor thermal characteristics on the occupant's ac-
tivity using three thermal parameters: temperature, rela-
tive humidity, and air velocity.

This paper discusses an analysis of optimal sensor place-
ment positions by considering indoor thermal character-
istics on the occupant's activity area. The indoor thermal
environment characteristics are obtained from the data
distribution of the thermal environment parameters value
for several possible room conditions using CFD simu-
lation by manipulating the outdoor climate and air con-
ditioning system. The alternative sensors' positions are
determined by considering installation convenience and
occupant's safety. Utilizing the Standardized Euclidean
Distance analysis, these positions are then selected for
the best position using the distribution of the thermal pa-
rameters' values data at the activity zones. This meth-
od was chosen since it can present three dimensions of
thermal environment parameters measurement, includ-
ing temperature, humidity, and air velocity [20].

MATERIALS AND METHODS

The methodology used in this research consists of 3
stages: field observation, simulation of indoor thermal
environment condition scenario using the CFD model,
and sensors placement analysis, as shown in Figure 1. It
will be further explained in the next section.

SENSOR PLACEMENT ANALYSIS

CFD Modelling

Collecting indoor and school
area data, including
geometry, materials, and
layout

l

School area and indoor
environment variables
measurement

I

L

Sensor installation and -

CFD model validation
(comparing model output
and measurement results)

Several scenarios simulation
of indoor environment
condition

CFD modelling for school
area and indoor environment

Determining alternative
sensor positions based on
considerations, including
occupant's activity, safety,
and installation convenience

|

Sensor placement analysis
based on Euclidean and
errors from simulation
results

—_—

validation

Figure 1: The methodology of research
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Study case

The case studied in this research is an educational build-
ing room in SMKN 3 Yogyakarta, a vocational high school
located in Yogyakarta, Indonesia, with 30,000m? (Figure
2). Its buildings consist of old buildings with Yogyakarta-lo-
cal design and new buildings with modern design. Gener-
ally, a classroom's geometry is typical with the same form
and envelope. The air conditioning systems vary, but most
of the classroom still use natural ventilation.

The three classrooms observed are R15, R33, and R40
classrooms (Figure 2b), which have typical materials and
envelopes. R15 classroom's dimension is 15x9m? with
three Air Conditioners; meanwhile, R33 and R40 dimen-
sions are 9x9m? with natural ventilation. Their geometry
is shown in Figure 3.

(@)

AC3

DOOR

WINDOW

CFD modeling

The indoor thermal environment's characterization was
conducted by analyzing the thermal environment param-
eters value for several possible room conditions using
the CFD model results by manipulating the outdoor cli-
mate and air conditioning system. One of the essential
factors in CFD modeling for the indoor thermal environ-
ment is the school area where rooms or buildings exist.
The closer it is to the ground, where most of the living
things are, the more the atmosphere's elements change
rapidly. For example, the wind velocity will decrease as it
gets closer to the ground due to friction and less air mix-
ture. The climate in the land surface, called microclimate,
is vertically estimated up to 1.5-2m [21]. The main factors
that influence microclimate are land surface conditions,

Classroom
R33

Classroom
R15

(b)
Figure 2: School area, (a), and rooms layout, (b), of SMKN 3 Yogyakarta
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Figure 3: The geometry of (a) R15, (b) R33 and R40
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which includes soil, vegetation, and building infrastruc-
tures. These factors will affect the amount of solar radia-
tion energy received and reflected on the surface and the
air movement on the land surface. For an indoor envi-
ronment with fixed form, orientation, envelope, function,
and occupants, the indoor thermal environment would be
influenced by microclimate and air conditioning systems.

In this research, the indoor environment that consists of
R15, R33, and R40 classrooms were modeled into the
SMKN 3 Yogyakarta school area. The CFD model was
built in software called Integrated Environmental Solu-
tion - Virtual Environment (IES-VE). IES-VE is a com-
mercial software to perform a comprehensive building
simulation needed by professionals to conduct a detailed
environmental assessment and optimize building design
[22] [23]. Three essential tools in IES-VE used to perform
CFD simulation for gaining value distribution of indoor
thermal environment parameters are ApacheSim, Mi-
croflow, and Suncast. ApacheSim is a dynamic thermal
simulation program based on the mathematical model
of heat transfer. Simulation in ApacheSim resulted in a
resultant value of indoor thermal environment conditions
that will change dynamically due to the alteration of dis-
turbance from time to time. Microflow simulation is used
to obtain the value distribution of indoor environment pa-

-

rameters at certain heights, which requires CFD simula-
tion. Meanwhile, Suncast is utilized to gain the irradiation
flux value on the building envelope surface. Table 2 is the
list of IES-VE settings used in the CFD modelling.

CFD simulation is a numerical solution related to three
fluid flow conservation equations, including continuity,
momentum, and energy conservation [24]. CFD mod-
el's quality can be shown from the convergence test and
mass balance test. The convergence test is performed
by reviewing the residual value that indicates an imbal-
ance from the conservation equation. Meanwhile, the
mass balance test is conducted to ensure if the system
satisfies the mass conservation law in which the mass
flow entering the system through an inlet should equal
the mass flow leaving through an outlet.

Model validation was done by comparing the model re-
sults in IES-VE with field measurement. For the school
area thermal environment model, the irradiation flux
variable is represented by the building envelope's tem-
perature [25]. Measurement of the building envelope
temperature used a thermal camera on the R15, R33,
and R40 classrooms' wall surfaces. Meanwhile, wind ve-
locity measurement was done in several locations in the
school area and measured at the height of 1.5m and 3m.
Model validation of the indoor thermal environment was

Table 2: IES-VE setting in CFD modeling

Input

Weather data

Yogyakarta (file .epw from meteonorm)

Parameter Model

Heat transfer coefficient

Roof (clay Tile, wood-cavity-plywood)
Internal wall (plaster-brick-plaster)
External wall (plaster-brick-plaster)
Door

Floor

R15 (concrete tiles — synthetic carpet)
R33-R40 (concrete tiles)

Grille ventilation

Clear glass window

:0.2585 W/m? K
12,4910 Wim? K
: 3.078 W/m2 K

1 2.2967 W/im?2 K

:0.6518 W/m? K
:0.8949 W/m? K
: 3.8502 W/im? K
: 6.3962 W/m? K

Room geometry 3D

Location

Latitude 6.97° South
Longitude 110.37° East
Elevation 113 m

Wind exposure Normal
Terrains type Suburbs
Window Top hung
Door Side hung
Output

School area thermal environment

: Wind velocity, Irradiation flux

Indoor thermal environment

: Temperature, Relative humidity, Air velocity
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conducted for the model output variables, including air
temperature, humidity, and air velocity. Those three vari-
ables measurement was done in 5 measurement points
inside the classrooms at the height of 1m, 2m, and 3m.

Simulation of thermal environment condition
scenario

The thermal environment model's simulation aims to
obtain the distribution of thermal environment parame-
ter values data on occupants living zones. In our model,
students as occupants are doing learning activities in a
classroom while experiencing thermal conditions at the
height of 1.1m [2]. Several input scenarios are given to
obtain simulation results representing the characteristics
of the indoor thermal environment. Table 3 shows the
outdoor climate and air conditioning input scenarios by
varying the IES-VE weather data settings. The four dif-
ferent dates represent the sun's annual path from the
equator towards 23.5°N and 23.5°S.

Sensors placement analysis

Two steps of approaches are used to determine thermal
sensor locations. First, the method is considered an alter-
native position where the sensor installation is convenient
and ensures the occupant's safety. Secondly, the sensor
locations were decided by representing the indoor thermal
environment (temperature, humidity, and air velocity) at
the height of 1.1 m. The representation level is described
by the Euclidean distance between the installed sensor
measured value and the thermal condition measurement
value at the height of 1.1 m, as shown in Figure 4.

e &0

l.lml

Figure 4: Sensors and the represented thermal
condition positions

The Euclidean distance is the conventional distance
measurement commonly used for data classification due
to its simplicity and applications. If there are two vectors
of j-dimension, namely x and y, the Euclidean distance,
d, , between these two vectors can be formulated,

d,= Z,J-=1(Xf'y/)2 (1)

Equation (1) is used to obtain the representation level of
the thermal conditions at the height of 1.1 m, x, with the
results of sensor measurement at the alternative posi-
tion, y, for three dimensions of thermal condition mea-
surement, including air temperature, t, humidity, RH,
and air velocity, v, in the indoor environment. Thus, re-
sulted in Equation (2),

d,, = (Xj_yj)2+(xRH-yRH)2+(xvs Y, )2 (2)

A problem would arise because the measurement's three
dimensions are three different variables with three differ-
ent units. Therefore, a data transformation is required to

Table 3: Input variables variation in CFD model simulation of the school area and indoor environment

Model input variable

Classroom I :
Building outdoor climate

Indoor air conditioning

Output Variable

Weather data date setting

on: AC ON/OFF:
R15 Classroom M-21 March Acgi 2(F:FON
(16 scenarios) J-21 June
S-23 September AC2-2 AC ON School area thermal environment
AC3-3 AC ON parameters:

D-22 December

Weather data date setting

Window Opening

e Distribution of solar flux irra-
diation on classroom external

on: JO-Closed envelope.
R33 Classroom M-21 March J1-Opened +  Wind velocity distribution at
(12 scenarios) J-21 June Door Opening the height of 1.5 m.
S-23 September JO-Closed Indoor thermal environment pa-
D-22 December J1-Opened rameters:
Weather data date setting Window Opening Distribution of temperature, humid-
on: JO-Closed ity, and air velocity at the height of
R40 Classroom M-21 March J1-Opened tAm.
(12 scenarios) J-21 June Door Opening
S-23 September JO-Closed
D-22 December J1-Opened
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balance the data distribution. One of the easiest ways
is making variants from the three distributions equal to
1, and placing the distribution center in the mean value
equals 0. The data transformation will produce a stan-
dardized value [20],

original value-mean value 3)
standard deviation

Thus, Equation (2) could be written into Standardized
Euclidean Distance (SED),

2 2
d,,= | 2V +(XRH Y jz i 2oV ()
’ Sta Sk Sva

Where S is the standard deviation calculated for all data in
each dimension or measurement variable, the mean val-
ue is not included because it is eliminated in Equation (4).

Sensor placement analysis based on SED described in
this paper is using IES-VE model output data. Thermal
environment parameter data at the height of 1.1m, x, and
at sensor's position, y, are gained from IES-VE model
output data simulated with scenario shown in Table 3.
The analysis was conducted by observing SED's mean
and standard deviation from all simulation scenarios and
SED scenarios within the tolerance range. Each SED's
mean and standard deviation would show the accuracy
and consistency of sensor measurement results in an
alternative position. Meanwhile, SED's scenarios within
the tolerance range show the sensor's coverage level
in an alternative position. Based on those three values,
a sensor position with the best performance is select-
ed, representing the indoor thermal environment at the
height of 1.1m.

standardized value=

Implementation and validation of sensor placement
analysis result

The sensor placement analysis results discussed in sec-
tion 2.4 is then implemented into a real indoor environ-
ment. The output of the installed sensors is compared
with the result of thermal condition measurement at the
height of 1.1m as a validation technique. Both data are
taken at the same time.

RESULTS AND DISCUSSION

CFD model for school area and indoor thermal
environment

Geometry models of the school area and indoor ther-
mal environment are shown in Figure 5. Residual val-
ues indicate the quality of the CFD model's numerical
results from the convergence test in Figure 6. The sim-
ulation result had reached convergence where there is
no change, which means additional iteration does not
change the quality with the residual value less than 102,
It could be achieved through 6000, 1200, and 1000 itera-
tions for each school area, R15 classroom, and R33/R40
classroom. The mass balance test shows that mass flow
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entering the system through an inlet, and the mass flow
leaving through an outlet equals 0 kg/s.

Classroom
R40
Classroom
R15
(a)
(b) (c)

Figure 5: Geometry models of (a) school area, (b) R15 classroom,
(c) R33 and R40 classrooms using IES-VE software

Classroom
R33
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Iterations
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=
HEv
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My —
Mk

Me —
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(c)
Figure 6: Residual values from model simulations of (a)
school area, (b) R15 classroom, (c) R33 and R40 classrooms
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Table 4: RMSE between simulation and field

measurement results

Thermal environment

School Area | R15 | R33 | R40

parameter

Envelope temperature (°C) 1.7 - - -
Air temperature (°C) - 03 08|02
Relative humidity (%) - 06 | 3.5 | 3.0
Air/wind velocity (m/s) 0.60 0.00 | 0.08 | 0.05

Model validation is conducted by comparing model output
values with field measurement values (Figure 7). RMSE
values show the difference between these two values, as
shown in Table 4. Several factors cause the difference
between model output with field measurement, including
the simulation weather data that is not quite the same
with the weather during the field measurement, simpli-
fication of vegetation model in the school area, and a
difference in occupants' activity on-site and simulation.

(a)
Figure 7: Model validation through building's wall temperature measurement using thermal camera (a) and indoor
thermal environment parameter (b)

Characterization of thermal environment through
CFD model simulation results

CFD model simulation results of the thermal environ-
ment in R15, R33, and R40 classrooms for all scenari-
os are shown in Figure 8. Thermal environment param-
eters include temperature, humidity, and air velocity at
the height of 1.1 m. The occupants will perceive thermal
conditions at this height in a sitting position.

The indoor thermal environment is significantly influ-
enced by the school area's thermal environment, includ-
ing fabric, surface cover, dimension, structure of building
composition, and human activities [26]. The dominant
thermal environment parameters that affect the indoor
thermal environment are irradiation flux on the building
envelope and wind velocity on its surrounding area. In-
door heat gain is contributed by conduction on opaque
surfaces due to the outdoor irradiation flux or radiation
through oblique surfaces. Meanwhile, wind infiltration
and exfiltration through small openings create changes

(b)
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Figure 8: CFD model simulation result of thermal environment in R15, R33, and R40 for all scenarios
635 Istrazivanja i projektovanja za privredu ISSN 1451-4117

Journal of Applied Engineering Science Vol. 19, No. 3, 2021



Trradiation Flux (W/m®)

Faridah, et al. - Optimal thermal sensors placement based on indoor thermal

enviroment characterization by using CFD model

[
¢ [T 1T

in the airflow rate. Both processes shall influence the
room temperature, humidity, and air velocity.

Figure 9. shows the value of roof and wall irradiation flux in
each classroom. The roof and wall irradiation flux in R15,
R33, and R40 classrooms increases during the one-year
climate cycle, with a maximum value of 310W/m?, and it
happens in December. It is influenced by the sun's annual
path and Yogyakarta city position, located at 6.97°S and
110.37°S. R15, R33, and R40 classrooms use roofs and
walls with the same materials but have different dimen-
sions and structures due to other school areas' positions.
A triangular prism-shaped roof, orientation, and shading
caused by the structure's density will affect the irradiation
flux amount on the classroom's roof and walls. The north-
south orientation of R15, without shading, and a relatively
dense structure makes R15 has the highest roof and wall
irradiation flux than two other rooms, with an average of
238 W/m? and 213 W/m?, respectively, for the ceiling and
walls. The roof and wall irradiation flux of R33 is the low-
est among the two other rooms, with an average of 175
W/m? and 176 W/m? for roof and walls, respectively. The
orientation in the east-west direction causes the roof side
to get maximum solar radiation exposure alternately. The
massive structure of R33 in the school area causes the
wall to experience shading from the surrounding buildings.

Shading also occurs on the roof of R40 by the second-floor
building from the north side. It is shown by the exposure
time distribution in Figure 10, where the roof of R40 is not
exposed to full solar radiation. With a north-south orienta-
tion, the irradiation flux value on the roof of R40 is not as
high as R15, with an average of 176 W/m2. The relatively
dense structure causes the wall irradiation flux of R40 to
be higher than R33, with an average of 186 W/m?.

Roof ° Wall
300 -
250
.
3
.
.
200 * > -
s ° ° : ®
L d RIS 8 L d RIS
< R33 < R33
150 3 4 ng . 0 R“;
<
March June September December March June September December

Figure 9: The average of irradiation flux on the roof and
wall of R15, R33, and R40 classrooms

0.00
Figure 10: Exposure hour distribution that shows
shading on R40's roof by the northern building
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The roof and wall irradiation flux's value will affect the
air temperature and humidity in the classroom, shown in
Figure 8. The air temperature in R33 is the lowest com-
pared to R15 and R40 due to the low irradiation flux val-
ue of R33's roof and walls. Meanwhile, although the wall
and roof flux irradiation in R15 is the highest, the wider
area causes the air temperature in the R15 classroom to
be lower than in R40 classrooms. In the condition without
AC, all doors and windows are closed in all rooms and
R15's AC is off, the air temperature in the classrooms
reaches 30.7+0.2°C, 28.9+0.1°C, and 30.9+0.3°C, for
R15, R33, and R40, respectively. The highest average
air temperature is reached in June, during the dry sea-
son. Except for R33, due to heat stored from the adjacent
workshop building (east of the R33), the highest average
air temperature happens in December. The value of air
humidity in the indoor environment is inversely propor-
tional to the air temperature. The higher the air tempera-
ture at the same location and time, the lower the air hu-
midity is [27]. The highest indoor air humidity values are
achieved in March of 62.3% + 3.1% and 82.5% + 1.4%
for R33 and R40, respectively, with the doors and win-
dows open, and in March for R15, which reached 85.3%
* 0.8% when all the air conditioners are on.

Figure 11 shows one of the dominant directions (330°) of
the wind velocity distribution at the school area and the
average initial rate of 2 m/s. Wind velocity in the school
area will affect the indoor thermal condition for natural-

Velocity
m/s

0.22
0.33 ‘ D
0.42

(b)
Figure 11: Distribution of school area's wind velocity in
the direction of 320° and average initial rate of 2m/s (a),
according to Windrose diagram of SMKN 3 Yogyakarta (b)
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Figure 12: Distribution of air temperature in (a) R33 and (b) R40 with opened door and windows
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Figure 13: Distribution of air velocity in (a) R33 and (b) R40 with opened doors and windows

ly ventilated rooms (R33 and R40). Figure 8 shows that
additional openings could decrease the indoor air tem-
perature. Orientation and the number of openings would
influence the indoor temperature and air velocity. R33
classroom has openings on the west and east walls. The
west wall is attached to another building. The wind ve-
locity in front of R33 at 1.5 m above the ground level is
up to 0.5 m/s, while the indoor air velocity is 0.07+0.05
m/s. Wind entering the east opening could not compen-
sate for the heat or cold effect from the building attached
on the west side. It creates temperature and humidity
variations that are relatively high when the windows and
doors of R33 are opened. A different condition happens
in R40. Wind velocity at 1.5 m reaches 0.3 m/s from the
north and 0.4 m/s from the south. The wind enters from
both openings in north and south, causing relatively
higher air velocity variations in R40 than in R33, which is
0.12+0.14 m/s with a relatively even air temperature dis-
tribution. The distribution of temperature and air velocity
in R33 and R40 is shown in Figures 12 and 13.

Sensors placement analysis results

Figure 14 shows an alternative position for installing sen-
sors in the indoor environment. There are 20 alternative
sensor positions in each room, with an equal distance
of 1 m on the front (D) and rear (B) windowless walls.
Determining alternative sensor positions should consider
avoiding interference with occupants' activity, positions
unreachable by occupants, and convenient installation.

The critical success of analysing sensor placement
based on the indoor thermal environment characteri-
zation is how far the scenarios can represent all possi-
ble conditions in the real situation. Figure 15 shows the
distribution of SED calculation results for all simulation
scenarios in each alternative sensor position. In R15
and R40, a significant deviation occurs in the alternative

637

sensor position 1 or 10 near the AC placement and the
opening (see Figure 13), with values reaching 8.1+2.6
and 6.7+1.4 for R15 and R40, respectively. For the R33
classroom, the largest variation in SED value among oth-
er classrooms happens caused by variations in thermal
conditions at 1.1 m due to heat stored from the workshop
building attached to the east side of R33.
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Figure 14: Alternative installed sensor positions in the
indoor environment
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Figure 16 shows SED's mean and SED's standard de- parameters represented by the sensor's value at an al-
viation and the percent (%) coverage for all simulation ternative position. The smallest mean and standard de-
scenarios. Percent (%) coverage states the number of viation of the SED indicate the accuracy and consistency
scenarios with the distribution of thermal environment of sensor measurements at an alternative position. In this
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Table 5: Measuring instrument specifications installed in the selected position

Measured variables Measuring instrument Name/Model Model Range Accuracy | Resolution
Air temperature | 1-Wire Parasite-Power Digital Thermometer | DS18B20 | (-55)-100°C | +0.50 °C 0.01°C
Relative humidity Humidity and Temperature Sensor IC SHT20 0-100% +3% 0.7%
Air/wind velocity Hot Wire Anemometer Lutron 0-20 m/s 5% 0.1 mls

paper, the SED tolerance value is set at 2.5. The thermal
environment parameters distribution of a scenario can
be represented by the sensor's data at an alternative po-
sition if it has an average SED value of less than 2.5.

Validation of sensor placement results

Figure 17 shows the installed sensor in the R40 class-
room based on the analysis results in 3.3. Similar sensor
installations are also done for R15 and R33. The sen-
sor specifications are shown in Table 5. Figure 18 shows
the distribution of SED values between the thermal en-
vironment parameter from 5 locations of equal distance
at 1.1m from the ground level and the installed sensor's
measurement result. Validation results of SED values
are 2.5+0.3, 2.2+0.6, 2.0+1.1, in R15, R33, and R40, re-
spectively. In general, these results can be said to meet
the design demands with an average SED of less than
2.5. However, large variations occur in the test results
in naturally ventilated classrooms, R33 and R40. If we
look at the SED graph of the test results in Figure 18,
this considerable SED variation is caused by the large
SED variations in the air velocity dimensions. SED varia-
tions in the air velocity dimension arise because, during
the test, the classroom's door and windows are opened.
There is a difference in the air velocity value detected by
the measuring instrument at the test point position with

N

Figure 17: The installed sensor in the selected position
in the R40 classroom

the installed sensor value. This difference is more visi-
ble because the measuring instrument's resolution is 0.1
m/s. In contrast, according to the simulation results, the
difference can occur with a value smaller than the mea-
suring instrument's resolution.

CONCLUSIONS

Based on the discussion, it can be concluded that,

1. Models of indoor and school area environments suc-
ceed in IES-VE software with a residual value of less
than 10-2. Model validation using field measurement
resulted in a maximum RMSE value of 0.8°C, 3.5 %,
and 0.08 m/s for indoor temperature, relative humid-
ity, and air velocity variables.

2. The indoor environment position in the school area
significantly influences the indoor thermal environ-
ment. With the same materials, north-south orientation
and no shading from surrounding building cause the
roof and wall irradiation flux of R15 classroom is high-
er than R33 and R40, with an average of 238 W/m?
and 213 W/m? respectively for the ceiling and walls.
The heat stored in the building attached to the R33
classroom makes the indoor air temperature not fluc-
tuating throughout the year, and reaching 28.9+0.1°C.
Wind with a velocity of 0.4 m/s enters from both sides
of openings in R40 classroom, which have a non-solid
structure, causing air velocity variation inside the room
with a value of 0.12+0.14 m/s and an even air tempera-
ture distribution.

3. Sensor positions with the best performance in repre-
senting the indoor thermal environment at the height
of 1.1m are B5 for R15, D4 for R33, and B6 for R40.
These positions are selected by considering the oc-
cupant's activity, safety, installation convenience,
and SED analysis, showing accuracy, consistency,
and % coverage of a sensor position. Validation
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Figure 18: Distribution of SED value from sensor measurement results in the selected positions and SED for each
dimension component, including temperature (t), relative humidity (RH), and air velocity (v,)
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results show that sensors in the selected positions
could detect thermal variables at the height of 1.1
m with SED validation values of 2.5+0.3, 2.2+0.6,
2.0+1.1, for R15, R33, and R40.

This paper focuses on the method in selecting the opti-
mal sensor positions to obtain the most accurate data to
represent the thermal environment characteristics of the
occupant activity area. The sensors’ accuracy influences
the overall performance of the BMS in its function as a
system to monitor indoor thermal comfort in an energy
efficient building. Data accuracy also depends on the
sensor’s specification, which includes the data resolution
during the sensor readings. Hence, the resolution should
match with the indoor thermal environment characteris-
tics produced from the CFD simulations. However, this
issue is still considered as the limitation of this research
and must be included in future work.
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