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Abstract: Since the thermal environment of large space buildings such as stadiums can vary
depending on the location of the stands, it is important to divide them into different zones and
evaluate their thermal environment separately. The thermal environment can be evaluated using
physical values measured with the sensors, but the occupant density of the stadium stands is high,
which limits the locations available to install the sensors. As a method to resolve the limitations
of installing the sensors, we propose a method to predict the thermal environment of each zone in
a large space. We set six key thermal factors affecting the thermal environment in a large space to
be predicted factors (indoor air temperature, mean radiant temperature, and clothing) and the fixed
factors (air velocity, metabolic rate, and relative humidity). Using artificial neural network (ANN)
models and the outdoor air temperature and the surface temperature of the interior walls around
the stands as input data, we developed a method to predict the three thermal factors. Learning and
verification datasets were established using STAR CCM+ (2016.10, Siemens PLM software, Plano, TX,
USA). An analysis of each model’s prediction results showed that the prediction accuracy increased
with the number of learning data points. The thermal environment evaluation process developed in
this study can be used to control heating, ventilation, and air conditioning (HVAC) facilities in each
zone in a large space building with sufficient learning by ANN models at the building testing or the
evaluation stage.

Keywords: large space; ANN model; thermal environment

1. Introduction

In order to maintain the indoor environment of a building pleasant and comfortable using
heating, ventilation, and air conditioning (HVAC) facilities, we need to evaluate each zone’s thermal
environment, which changes in real time. The thermal environment of typical residential and
non-residential buildings is evaluated using one indicator, assuming that a single zone has the same
thermal environment in the same space [1]. Unlike ordinary buildings, the field and wide stands
are configured as one large zone in large space buildings such as indoor stadiums; uneven thermal
environments can be established in the same zone. Previous studies raised issues about uneven
thermal environments and excessive energy consumption in large space buildings’ occupant areas
based on physical measurements and simulation methods [2,3]. Some of the most noticeable thermal
environment problems with large space buildings include thermal stratification, in which a large
temperature difference occurs between concentrated stands (i.e., the occupant zone) and the upper
area, and uneven temperature distributions in different parts of the stands. Therefore, the thermal
environment of each zone should be evaluated to properly assess the uneven thermal environments in
a large space and to control HVAC.
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The thermal environment felt by occupants can be evaluated by a variety of thermal environment
indices that consider many different thermal factors together [4]. The thermal environment indices
that comprehensively reflect the physical state of the occupants and the building [5,6] enable the
control of the thermal comfort level of occupants rather than the HVAC control, which is only based
on the set indoor air temperature. More importantly, the radiant temperature via a high ceiling has
a significant effect on the thermal environment felt by occupants in large space buildings; therefore,
it is important to evaluate the thermal environment in a way that comprehensively incorporates
various thermal factors [7]. This thermal environment evaluation method requires an area to install
the sensors to measure a variety of thermal factors and an additional computation process to evaluate
the thermal environment.

In the application of the thermal environment evaluation method to large space buildings, a larger
area is required to install sensors every time the large space is divided into more zones. Since the
top priority is to ensure that people can view the field from the stands and occupant density in the
stands is high, it is more difficult to install sensors effectively. Accordingly, to evaluate the thermal
environment of a highly dense occupant area in real time, the sensors are placed around the stands.

Prediction methods using artificial neural networks (ANN) [8], which are machine learning
methods, are widely applied in many different fields [9-14], such as the prediction of a building’s
energy consumption or prediction of the weather, as ANNs do not require a process to simulate
a complex system for accurate prediction [9-11]. If learning is done properly based on the correlation
between target data and input data, the ANN has a high level of prediction performance. Antoine [12]
developed a model that predicts the thermal environment of a two-story non-residential building at
the next point in time using physically measured data. Furthermore, Antoine [12] implemented the
HVAC system’s predicted mean vote (PMV) control into EnergyPlus and confirmed that it reduced the
building’s energy consumption. To implement a real-time model-based prediction control on middle
school buildings, Ferreira [13] used the radial basis function (RBF) network model and predicted
the thermal environment. Castilla [14] compared the ANN and polynomial regression to predict the
thermal environment and reported that the ANN has accurate higher prediction performance.

For HVAC control that considers the use and area characteristics in a large space building,
it is important to predict various thermal factors in each zone and comprehensively evaluate the
thermal environment. To evaluate a large space’s thermal environment using the minimum number of
measuring sensors and models, we derived a method to predict the thermal environment reflecting
the features of the large space. This study was conducted as follows: (1) we analyzed six thermal
factors to evaluate the comprehensive thermal environment of the large space and determined the
factors that required measuring and the factors that did not; (2) we built datasets to predict the
thermal factors that required measuring and established a prediction method that used ANN; (3) to
apply the established prediction method, we collected data from previous studies and simulations
and established ANN models; and (4) we evaluated the ANN models” accuracy according to data
characteristics and model structure.

2. Deriving Prediction Process for Thermal Environment in Large Space

2.1. Setting Parameters for Predicting Thermal Envrionment

A building’s indoor thermal environment consists of physical factors and personal factors.
The physical factors are objective parameters that define the thermal environment and include the
indoor air temperature, the mean radiant temperature, relative humidity, and air velocity. The personal
factors are subjective parameters that vary with the occupant and include clothing and the metabolic
rate. These six physical and personal factors are key thermal factors to comprehensively evaluate the
thermal environment and used to develop thermal environment indices such as the predicted mean
vote. To predict a large space’s comprehensive thermal environment using ANN, these six thermal
factors should be divided into the factors that require measuring and the fixed factors. To do this,
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we analyzed the characteristics of each thermal factor via a literature review considering a large space’s
thermal environment characteristics and determined the factors that required measuring and those
that did not. Then, we used the ANN and established datasets to predict the thermal environment.

The indoor air temperature (T) and the mean radiant temperature (MRT) are some of the thermal
factors that have the largest effect on the changes in the thermal environment [7]. In a large space
building, lightweight roof sheets and walls consist of materials with a high level of thermal conductivity,
unlike other typical buildings, and as a result, these can lead to bigger changes in the mean radiant
temperature. Thus, the mean radiant temperature and the indoor air temperature need to be measured
together to predict the thermal environment. Air velocity (V) is a physical factor that affects occupants’
thermal comfort along with the indoor air temperature. The maximum airflow of the HVAC system in
a large space might be too high, but the airflow is controlled at a particular value around the occupant
zone. The average air velocity is usually kept at 0.5 m/s around the stands [3]. Therefore, the indoor
air velocity in a large space can be controlled at around 0.5 m/s.

Relative humidity (RH) is the amount of water vapor contained in the air and varies depending
on the indoor air temperature. In general, RH does not have a significant effect on thermal comfort
in a moderate environment. ISO7730 [6] states that the effect of humidity on thermal comfort under
a moderate temperature (26 °C or less) and a moderate metabolic rate (2 met or less) is limited.
Accordingly, we assumed an RH of 50% [6,15] and set it to a fixed value. Clothing (CLO) refers to
the degree of insulation by clothing, in other words, thermal resistance. While it also depends on
personal attributes, it mainly varies with outdoor air temperature. In this regard, this study applied
a method that predicted the clothing value based on outdoor air temperatures. The metabolic rate
(MET) indicates the amount of energy consumed by an occupant in the amount of heat generated per
surface area of the human body and 1.0 met is 58.15 W/m?. This study referenced a previous study on
the evaluation of an indoor stadium’s thermal environment [16] and set the MET at 1.0 met.

Upon analysis of the thermal factors considering the characteristics of large space buildings
based on the literature review, this study set the indoor air temperature, mean radiant temperature,
and clothing as measuring (or prediction) factors to predict the thermal environment in a large space.
Referencing previous studies, we set the air velocity, relative humidity, and the metabolic rate as fixed
factors at 0.5 m/s, 50%, and 1.0 met, respectively.

2.2. Prediction Methodology Using ANN Models

ANNSs are one of the most widely used machine learning methods to predict a particular value
using large datasets. There are many different ANN models depending on how the neural networks
function and the multilayer perceptron model is the most popular one [17].

Datasets should be established to develop prediction models for three thermal factors, which
require the measurements of air temperature, mean radiant temperature, and clothing. Figure 1
illustrates the output datasets of the prediction models for the three thermal factors. When the input
data of a prediction model is easy to measure in a large space and is correlated to the target data to be
predicted, a high level of prediction performance can be expected from an ANN model.

Tg > Tg >
Ty — Ty —
ANN model T ANN model MRT T, ANN model CcLo
Ts > Ts >
Ty — Ty —

Figure 1. Input/output data set for T (indoor air temperature), MRT (mean radiant temperature) and
CLO (Clothing) estimation model.

We selected the surface temperature of the interior walls as input data to predict indoor air and
mean radiant temperatures, both of which are physical factors. The indoor air temperature and the
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mean radiant temperature are affected by the outdoor air temperature and heat transferred to the wall
due to insolation and by the HVAC system and other sources of heat inside. Interior walls come into
contact with the outdoor air and their surface temperature is affected by the HVAC airflow; therefore,
the interior wall surface temperature is correlated with the indoor HVAC airflow and the indoor air
temperature affected by the outdoor air temperature. In addition, when calculated in simple terms,
the mean radiant temperature uses the interior wall surface temperature and heat radiated from the
wall. In this regard, the interior wall surface temperature can explain the changes in the indoor and
outdoor environment in relation to the indoor air temperature and mean radiant temperature. If used
as input data along with insolation, the outdoor air temperature, and other related factors, the interior
wall surface temperature can accurately predict the indoor air temperature [18]. Since the interior wall
surface temperature is affected by insolation in cardinal directions, this study set four interior wall
surface temperature values: east, west, south, and north (Tg, Ty, Ts, and Tyy).

Clothing as a personal factor is closely related to the outdoor air temperature. Based on a previous
study on a CLO model, we selected the outdoor air temperature (Tp) at 6 a.m. as input data. Unlike
physical factors that are required to be predicted at suitable time intervals to control, we assumed that
clothing selection of the day was determined at 6 a.m. according to the outdoor air temperature.

2.3. Thermal Environment Prediction Development Process Using ANN Models

A prediction model using ANN is developed in the order of data collection, model establishment,
model learning, and model verification. At the data collection step, the data to be predicted (model
output) and the data to be used for prediction (model input) are selected. Input and output datasets
should be collected considering that the data characteristics and the prediction performance of a model
can vary with the range of the dataset used for the model’s learning. To develop ANN models
that predict indoor air temperatures, mean radiant temperatures, and clothing, data were collected
from zones whose thermal environment was to be evaluated (Figure 1). We also collected data on
temperature changes that fluctuate sharply in the large space under heating conditions in winter.

At the model establishment step, the type of learning method is determined by setting the ANN
structure. For better model learning, the number of neural network layers, the number of neurons,
the neuron transfer function, and the learning algorithm should be set at suitable levels. In general,
the more hidden layers and hidden neurons exist, the more complex learning takes place, increasing
the prediction performance. However, these values are not necessarily proportional to the prediction
performance [19]. According to a study conducted by Carpenter [20], the number of hidden neurons
should be at least one more than that of input data points. Therefore, prediction models for three
thermal factors show different levels of prediction performance depending on the model structure.
In this regard, based on the findings of previous studies, this study set the basic model conditions and
established the data characteristics and model structure.

At the model learning step, a learning algorithm is used to learn the model structure established
based on the collected data. The learning algorithm compares the target data and output data
learned from the model structure and controls the weights connected between the neurons in a way
that minimizes the error between the output data and target data. The rate of convergence of the
error and the learning outcomes can be different depending on the type of the learning algorithm.
The Levenberg-Marquardt (LM) algorithm is a good learning algorithm for most systems. To apply the
LM algorithm to each of the prediction models, this study evaluated each model’s learning accuracy
based on the data characteristics (the range and size of datasets) and the model structure (learning
algorithm and the number of hidden neurons).

At the model verification step, data that are not used in learning (i.e., verification data) are used to
evaluate the prediction performance of a learned model. By evaluating the model’s prediction results
using the statistical measures of R%, RMSE (Root Mean Square Error), and MAE (Mean Absolute Error)
to determine whether the errors are at similar levels, the learning data are verified.
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This section established a thermal environment prediction method for a large space using ANN.
To predict the thermal environment, thermal factors should be predicted first from the temperature
measured all around the large space in accordance with the workflow of input and output data for the
model (Figure 2). The thermal environment is then derived from the six thermal factors. Data on the
interior wall surface temperature and outdoor air temperature are used as input data to predict indoor
air temperatures, mean radiant temperatures, and clothing.

. Thermal
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Measurement data

Prediction data Fixed data Derived data
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Air temperature

Air velocity -

Mean radiant . - Thermal
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Metabolic rate
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Outdoor air
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Figure 2. Input/output data for predicting thermal environment.
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3. Development of Prediction Model for Thermal Environment in Large Space

3.1. Setting ANN Model Cases

Datasets for T and MRT models were obtained from the simulation results of the target building.
Datasets for the CLO model were collected from the literature. For indoor air and mean radiant
temperatures, the data that varied in each zone were used to evaluate the model accuracy according
to the data characteristics. For clothing, as the data were collected from the literature based on the
experimental results or computational models, the same results were used to evaluate the model
accuracy based on the model structure.

To collect data in a period with the largest changes, we analyzed the lowest and highest
monthly average temperatures in the last 30 years and set the target period. To consider radiant
heating from the building envelope in a large space under heating conditions in winter, in which
the temperature changes are most pronounced, this study selected the 28-day period that showed
the largest temperature gap (8 °C) in January (the month with the lowest average temperature).
Considering the available simulation resources, we set 12:00-13:00 (most insolation received) for three
days (two days for learning and one day for verification) from 28 to 30 January 2015 as the data
collection period. In addition, we assumed that the target building’s occupancy rate was 100% and
limited effects were caused by from the changes in the body heat. We also assumed in regard to HVAC
conditions that heating was started for the first time during the day. The initial indoor temperature
was set at 14 °C based on a previous study by Seok [21].

We set the basic model structure as one hidden layer, the hidden layer’s transfer function logistic
sigmoid, the output layer’s transfer function linear, the LM algorithm, and the number of hidden
neurons one more than that of input data points (Table 1).

Based on the basic set conditions, ANN models were selected for each data characteristic and
structure (Tables 2 and 3). To collect the data patterns that appear in each zone of a large space, ANN
models were divided into four cases (Cases 1 to 4) depending on the floor level (1 F to 4 F) and time
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interval (60 s and 300 s). Cases 5 and 6 represent the learning algorithm and the number of hidden
neurons, respectively. As an example, Case 1-1 indicates a model that uses the data collected at 60-s
intervals on the first floor of the building while Case 5-1 is a model that uses the LM algorithm with the
number of hidden neurons one more than that of input data points. As the scaled conjugate gradient
(5CG) algorithm is known to have a higher level of prediction performance than the LM algorithm
when there are many weights and deviations (100 or more), it was selected as a comparison algorithm.

Table 1. Default setting conditions for artificial neural network (ANN) model.

Contents Values
Target period 28 January 2015~30 January 2015, 12:00 to 13:00
HVAC condition Heating on (initial temp. 14 °C)
Occupancy rate 100%
Number of hidden layers 1
Number of concealed neurons Number of input data +1
Transfer function Logistic sigmoid, linear
Learning algorthim LM algorithm

Table 2. ANN models by data characteristics.

Case 1 Case 2 Case 3 Case 4
1-1 1-2 2-1 2-2 3-1 3-2 4-1 4-2

Data classification (floor) 1F 2F 3F 4F
Number of data (collection interval) 60s 300s 60s 300s 60s 300s 60s 300s

Table 3. ANN model by model structures.

Case 5 Case 6
5-1 52  5-3 5-4  6-1 6-2 6-3 6-4
Learning algorithm LM SCG

Number of concealed neurons 1lh 2h 3h 4h 1h 2h 3h 4h

h =i+1 (h: number of default concealed neuron, i: number of input data).

3.2. Dataset Collection: T and MRT

The dataset consists of learning data and verification data. Two different datasets were acquired
for learning and verification of T and MRT models. Simulations were performed to develop T and MRT
models. The interior wall surface temperature, indoor air temperature, and mean radiant temperature
derived from the simulation were used as the learning data, employing CATIA (V6 R2016, Dassault
systems, Vélizy-Villacoublay, France) [22] to model the target building and STAR CCM+ [23] to perform
the simulation. This section describes the target building and the simulation steps after setting the
prediction points in each zone for T and MRT prediction and modeling.

The target building is a stadium located in Guro District, Seoul. It is 67.59 m tall and has a dome at
the top. It consists of two floors below ground and four floors above ground and the area is 29,120 m?
with 16,847 seats in the stands (Figure 3).

The south-north side of the target building is longer than the east-west side and the area for which
the thermal environment will be predicted is where the stands are placed. The stands are placed all the
way from the first to the fourth floors to the north of the infield and south of the outfield. The thermal
environment data collection in each zone was based on the cardinal directions, floor level (height),
envelop materials, and the layout of air inlets. Figure 4 demonstrates the data collection points.
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Figure 3. Target building.

North

West East

O Measuring point on 4* floor
O Measuring point on 3% floor
X Measuring point on 2* floor
== Measuring point on 1* floor
O Used data

Figure 4. Measuring points for data collection on each floor.

The plan of the actual building was simplified to model the building more efficiently. As the
stands were used for the analysis of the thermal environment, only the height of the stands was
considered; the chairs in the stands and other indoor structures were not included in the analysis [24].



Energies 2018, 11, 418 8 of 15

Simulation boundary conditions were categorized into air inlets, air outlets, physical properties of
a structure, and human body heat conditions. Since the HVAC plan of a large space building is
extremely complicated, air inlets and outlets on the same floor were simplified and combined into
11 groups. Based on a reference facility design, the flow rate and the temperature at the air inlet were
set at 4.6 m/s and 31 °C, respectively. The physical properties of structures such as glass, concrete,
galvanized sheets, membranes, and outdoor conditions were set depending on the location of the
building. For human body heat, the human skin temperature was set at 34 °C in the stands according
to Chen [25] considering that it ranges 28 to 36 °C when it is cold and is approximately 36 °C when it
is hot.

The simulation was performed for the data collection purposes (i.e., learning and verification
data). The simulation program can produce different results depending on the simulation conditions
set by the user. Therefore, we analyzed the trends in the data reported in previous studies [14,26] and
determined the learning dataset suitable to evaluate the model accuracy. The simulation results for
the interior wall surface temperature, indoor air temperature, and mean radiant temperature varied
with the cardinal direction and floor level. The indoor air temperature was affected more strongly
by the floor level than the cardinal direction; the indoor air temperature on each floor is depicted in
Figure 5. Since the heating temperature of 31 °C lasted about an hour at the initial temperature of
14 °C, we were able to determine the overall tendency even though all values increased, time intervals
for the collected data were very short, and the values were not stable.

T
\
\

Air temperatures on 1F ( C)

30

)
8 R O®
; T

Air temperatures on 3F( C
=

Time(min)

(A) Air temperature, 1F

60

Time(min)

(B) Air temperature, 2F

3e
3n
3ne
3w
3s
3se
Isw
3w

)

Air temperatures on 4F( C

N
T

S
T

) = = 4s

WHN

v e
—_—l — 4n
4ne
4nw.

ase
asw
4w

L
20 30 40
Time(min)

(C) Air temperature, 3F

60

L . L
10 20 30 40 50 60
Time(min)

(D) Air temperature, 4F

Figure 5. Distribution of air temperature on each floor.

The temperature ranged from 12 °C to 19 °C on the first and second floors depending on the
cardinal direction and as the dataset size gradually increased. The temperature ranged from 13 °C to
24 °C on the third floor and from 13 °C to 20 °C on the fourth floor. On the third floor, in particular,
the temperature varied significantly with the cardinal direction after one hour and showed larger
changes than on the first, second, and fourth floors. The third floor was affected by air buoyancy from
the height and hot air coming from the first, second, and fourth floors. The fourth floor showed smaller
changes than the third floor because the fourth floor was in contact with the roof, which is affected by
the outdoor air temperature.
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Cases 1 to 4 were selected based on the point of each floor that showed the largest changes in the
indoor air temperature on 28 January (Table 2) and further specified into more cases such as Case 1-1
or Case 1-2 based on the time intervals of data collection (60 s, 300 s). Within the data collection period
of 28-30 January 2015, we used the data collected on 28 and 29 January for learning and on 30 January
for verification. Table 4 shows the range of the interior wall surface, indoor air, and mean radiant
temperature values for the points selected (Figure 4).

Table 4. Maximum and minimum range of dataset for T and MRT prediction models.

Class  Indoor Surface Temperature T (°C) MRT (°C)
Case 1to4 11 21 31 41 11 211 31 41
) 2600 > Fast West South North 1F 2F 3F 4F 1F  2F 3F  4F
(120data) nro 468 464 644 601 1929 1788 2385 2173 3201 3354 1573 1576
Min 231 220 251 246 1335 1246 1394 1431 30.62 3092 1402 13.86
Case 1to4 12 22 32 42 12 22 32 42
Zioc? : Fast West South North 1F 2F 3F 4F 1F  2F 3F  4F
(24data) \r 468 464 636 575 2173 3199 3343 1573 1572 464 636 575
Min 312 307 442 318 1501 3097 3120 1453 1459 307 442 3.8
Case l1to4 1 2 3 4 1 2 3 4
; 06?15 East West South North 1F 2F 3F 4F 1F 2F 3F  4F
(60data) \r\ 318 294 495 441 2029 3144 3306 1479 1479 294 495 441
Min 176 161 184 183 1444 3060 3090 1362 1346 161 184 183

3.3. Dataset Collection: CLO

The CLO model was developed using the 6 am outdoor air temperature data from the ASHRAE
RP-884 public database [27]. The data used in this study included the Ottawa Canada-winter, Grand
Rapids MI-winter, and Peshawar Pakistan-winter and summer data [27]. All these locations are
mid-latitude regions with a climate similar to that of Korea. The range of outdoor air temperatures in
the learning dataset was set in a way that fully included the temperature changes during the season.
A total of 64 datasets were collected; 57 of them were used for learning and seven for verification.
Table 5 presents the range of data used in the CLO model.

Table 5. Maximum and minimum range of dataset for CLO prediction model.

Learning Data Range  Verification Data Range

T (°O) CLO (clo) T (°O) CLO (clo)
Max 29.5 1.2 11 1.2
Min -—-18.7 0.48 -5 0.65

3.4. Deriving Thermal Environment Prediction Process in Large Space

ANN prediction models were divided into the indoor air temperature prediction model (T model),
the mean radiant temperature prediction model (MRT model), and the clothing model (CLO model).
Interior wall surface temperature data were input to the T and MRT models to predict indoor air and
mean radiant temperatures; the outdoor air temperature data were input to the CLO model to predict
clothing. The predicted values on indoor air temperatures, mean radiant temperatures, and clothing,
and the set values on air velocity, relative humidity, and MET allowed the large building’s thermal
environment to be evaluated comprehensively.

Occupants in a large space feel different thermal environments depending on their location and
surroundings. Therefore, a large space should be divided into multiple zones to measure its thermal
environment and control HVAC. The thermal environment prediction process that represents this idea
is shown in Figure 6. Note that this study aims to predict three parameters (i.e., T, MRT, and CLO) in
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a large space, and the thermal environment evaluation was not included in this paper. The applicability
of the thermal environment evaluation for an actual building is discussed in Section 4.2 and conclusion.
For the thermal environment prediction in each zone, the prediction model was expanded into multiple
models to predict indoor air and mean radiant temperatures that varied in each zone. Clothing was
predicted in all zones with one value. The measured factors, which served as variables for thermal
environment prediction in each zone, were indoor air temperature and mean radiant temperature.
Using MATLAB's neural network tool (2016, The MathWorks, Natick, MA, USA), we designed the
ANN models in such a way to learn each case that predicted indoor air temperatures, mean radiant
temperatures, and clothing.

Thermal environment
prediction Start
! i

‘ Surface temperature sensors

‘ Air temperature sensor

Measuring each zone (1 to nj Measuring ouiside

Measurement data(temperatures)

Indoor wall surface
/emperalun'x
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Figure 6. Thermal environment prediction process in a large space.

4. Evaluation of Thermal Environment Prediction Performance

4.1. Evaluation of ANN Model According to the Data Characteristics

The accuracy of T and MRT models was evaluated according to their data characteristics. For ANN
model cases selected in Section 3.1, we developed T and MRT models using the learning datasets
of indoor air and mean radiant temperatures in Section 3.2 (Tables 2 and 4). In this section, we set
the number of neurons (4-5-1: number of input neurons, number of hidden neurons, and number of
output neurons), the learning algorithm, and the transfer function at basic conditions for the model
structure (Table 1) and evaluated the model accuracy depending on the floor level and the number of
data points. Table 6 presents the accuracy of each prediction model case evaluated using the statistical
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measures of Coefficient of determination (R?), Root Mean Square Error (RMSE), and Mean Absolute
Error (MAE). R? is obtained from the linear regression and indicates how well the variation of the
data can be explained. It has a value between 0 and 1, and the closer the value is to 1, the higher
the correlation between the two values. RMSE represents the accuracy of the model as a measure of
how far the predicted value is from the target value, and MAE is the average of the absolute error
between the predicted value and the target value. The prediction performance is higher as the values
are close to 0.

Table 6. Accuracy of T and MRT prediction models according to the data characteristic.

Cases Structure R? RMSE MAE

1-1 093577 0518748  0.3862

Casel 4, 095792 0454533  0.2986

2-1 097336 0313050  0.2384

Case 2 22 095142  0.408167  0.2290

T model 3-1 451 0.88317  1.013262  0.7828
Case 3 3-2 0.62419  3.710472  1.6408

41 0.87422  0.840655  0.6914

Cased 4, 076318 0970464  0.7472

1-1 095603  0.092195  0.0696

Case 1 1-2 0.88480  0.128062  0.1068

Case 2 2-1 097728  0.132288  0.1029

2-2 098157  0.114891  0.0867

MRT model 31 451 097230  0.086603  0.0617
Case 3 3-2 0.74884 0308221  0.2175

41 095823  0.110905  0.0828

Cased 4, 0.84077 0162173  0.1260

Figure 7A shows the T model’s accuracy on each floor for Cases 1 to 4. R? was closer to 1 while
RMSE and MAE were closer to 0 for Case 2 followed by Cases 1, 4, and 3. Each case’s learning data
range (Tables 4 and 5) demonstrates that accuracy was higher in the floor with smaller data variations
(in the order of the second floor, the first floor, the fourth floor, and third floor). We also evaluated
the accuracy in Cases 1 to 4 according to the number of data points. For Cases 1 and 2, which had
smaller variations in the data, the number of data points did not have a large effect on the model
accuracy. By contrast, in Cases 3 and 4, which had large variations, a larger number of data led to
higher accuracy. Therefore, the third and fourth floors with larger variations would need more data
than the first and second floors.
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Figure 7. Results of RMSE for T and MRT prediction models according to the floors and number
of datasets.

Figure 7B shows the MRT model’s accuracy for Cases 1 to 4. There was no clear trend in the model
accuracy with data variations (smallest in Case 1, followed by Cases 3, 4, and 2), which is attributable
to the simulation method. Nonetheless, the error of the model with the same number of data points
was lower in the order of Case 3-1 > Case 1-1 > Case 4-1 > Case 2-1 and lower in the order of Case 2-2 >
Case 1-2 > Case 4-2 > Case 3-2, confirming that a larger number of data resulted in higher accuracy.

4.2. Evaluation of ANN Model According to the Model Structures

The accuracy of the CLO model was evaluated according to the model structure. For the ANN
model cases selected in Section 3.1, the CLO model was developed using the learning dataset of
clothing described in Section 3.3 (Tables 3, 5 and 6). This section describes the evaluation of the model
accuracy on cases according to the learning algorithm and the number of hidden neurons. Table 7
shows the CLO model accuracy on each case evaluated using the statistical measures of R?, RMSE, and
MAE. The clothing learning results showed that the model had the explanatory power of 0.5 and did
not vary with the number of hidden neurons. Figure 8 shows that the learning algorithm’s accuracy on
Cases 5 and 6, albeit small, was higher in Case 5 than in Case 6 and that the LM algorithm was more
accurate. In addition, RMSE value decreased as the number of hidden neurons increased.

An evaluation of the ANN models showed that smaller variations in data and a larger number of
learning data points led to a higher level of accuracy. An evaluation of the prediction performance of
the three models using the verification data showed that the prediction performance was in the order
of CLO model > MRT model > T model. In the MRT and T models, learning data did not fully explain
the verification data. The number of hidden neurons did not have a significant effect on the learning
accuracy and a structure with one more hidden neuron than the number of input data points would be
sufficient as suggested in the literature review.

The result of this study showed the applicability of the ANN model to predict thermal
environment in a large space. This method not only enables users to install sensors on easy-to-install
locations such as interior wall surface, but also to minimize the number of its installations (See Figure 9).
The ANN applied in this study is a highly accurate prediction method and is used in various energy
and environmental problems [13,14,26]. However, the prediction performance of the model depends
on the learning data in the ANN. In order to increase the prediction accuracy, it is important to obtain
learning data that can sufficiently explain the target area’s thermal environment. In practice, the actual
building’s thermal environment does not change drastically but tends to show repeated patterns as
per the building’s schedule. Therefore, if sufficient data were collected through experiments including
testing, adjusting, and balancing (TAB) of a building’s system during commissioning, an ANN model
with high prediction performance can be developed.
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Table 7. Accuracy of CLO prediction models according to the model structures.

CLO Model Structure R? RMSE MAE
5-1 1-2-1 049846  0.110454  0.0797
Cases 52 1-4-1 047733  0.112250  0.0802
ase 5-3 1-6-1 048607  0.111803  0.0810
CLO model 5-4 1-8-1 051527  0.109087  0.0760
6-1 1-2-1 043525  0.123693  0.0869
Cases 62 1-4-1 046441  0.112694  0.0807
ase 6-3 1-6-1 049102  0.110905  0.0821
6-4 1-8-1 053189  0.108167  0.0799
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Figure 8. Results of RMSE for CLO prediction models according to the floors and number of datasets.
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Figure 9. An example of the method for predicting thermal environment in a large space. In a stadium,
it can be difficult to directly install measuring devices on the seats. The ANN based prediction algorithm

enables user to install measuring devices on easy-to-install locations.
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5. Conclusions

A thermal environment prediction method is proposed using ANN models to evaluate the
thermal environment in a large space divided into zones. Three of the six key factors that have
a significant effect on the thermal environment felt by the occupants in a large space were the factors
to be predicted and the other three were the fixed factors. The three factors to be predicted included
indoor temperature, mean radiant temperature, and clothing. To develop ANN models for these three
factors, we established learning and verification datasets and built a thermal environment prediction
process. We also developed ANN models based on the data characteristics and the model structure
and examined their applicability as an effective prediction method.

The prediction method was derived to improve two limitations of the thermal environment
evaluation studies of stadiums; it is difficult to install measuring sensors directly on the stands and
the stadium stands have different thermal environments depending on the location. Our prediction
algorithm used interior wall surface and outdoor air temperature as measurement data; therefore,
sensors can be installed in places where it is easy to control them. Furthermore, as the algorithm
predicts thermal factors in each zone using ANN models, it can evaluate the thermal environment
of the stands depending on the location. The six factors can be used as key input data for thermal
environment evaluation indices. The thermal environment evaluation process derived in this study can
be used to control HVAC facilities in each zone of a large space building via learning by ANN models.
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