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Abstract: An accurate air-temperature prediction can provide the energy consumption and system
load in advance, both of which are crucial in HVAC (heating, ventilation, air conditioning) system
operation optimisation as a way of reducing energy losses, operating costs, as well as pollution
and dust emissions while maintaining residents’ thermal comfort. This article presents the results
of an outdoor air-temperature time-series prediction for a multifamily building with the use of
artificial neural networks during the heating period (October-May). The aim of the research was to
analyse in detail the created neural models with a view to select the best combination of predictors
and the optimal number of neurons in a hidden layer. To meet that task, the Akaike information
criterion was used. The most accurate results were obtained by MLP 3-3-1 (r = 0.986, AIC = 1300.098,
SSE = 4467.109), with the ambient-air-temperature time series observed 1, 2, and 24 h before the
prognostic temperature as predictors. The AIC proved to be a useful method for the optimum model
selection in a machine-learning modelling. What is more, neural network models provide the most
accurate prediction, when compared with LR and SVR. Additionally, the obtained temperature
predictions were used in HVAC applications: entering-water temperature and indoor temperature
modelling.

Keywords: outdoor temperature forecasting; HVAC systems; Akaike information criterion; neural
networks; predictor selection

1. Introduction
1.1. General Context

The building sector is responsible for a major part of global energy consumption. It
uses about 40% of the generated power, which is more than that used in industry and
transport [1,2]. Depending on the climate, heating and cooling consumes as much as 70%
of the power used by buildings [1]. At the same time, this sector, being the highest energy
consumer, has great potential for improving energy efficiency thanks to modernisation
activities, including insulation and the use of modern HVAC (heating, ventilation, air
conditioning) systems that are managed in a smart way [3,4].

A rational HVAC system operation, which consists of reducing energy losses, opera-
tional costs, and the volume of pollution and dust emissions while maintaining thermal
comfort, should be based on heating-load prediction. There are several factors that influ-
ence the heating load, which include the energy-efficiency standard of the building, its
heating capacity, and the position of the premises in relation to each other or to external
walls. Another important aspect is the position of the building in terms of the directions of
the world and the density of development in the surrounding area [5]. Scientific research
has proven that the operational habits and routines of residents in relation to their tem-
perature preferences also have a significant influence on the heating demand [6,7]. The
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so-called human factor that affects the internal heating-load balance has been discussed,
among others, in the work of Stevenson and Leaman [8].

To estimate the amount of heating consumed in buildings, the analyses usually attempt
to find empirical correlations between weather conditions and heating demand. Among the
basic meteorological parameters, outdoor air temperature is the most important element in
calculating the heating demand, which constitutes the basis for designing heating systems
and heating sources of buildings [9]. What is more, it is also used in indoor thermal-comfort
forecasting [10,11].

Kovac et al. [12] used historical data of outdoor temperature, heat load, heat-consumer
configuration, and the seasons for short-term prediction of energy consumption and heat-
production planning for the period from 1 November 2014 to 31 March 2015 using wavelet
transform and neural networks. The authors concluded that outdoor air temperature is
one of the most important inputs in heat-consumption forecasting.

Manasis et al. [13] studied the impact of outdoor temperature on the performance
of an open-cycle gas turbine. They tested Kalman filtering as a preprocessing technique
on temperature data, which was an input variable for turbine output power as well as
power-generation prediction in power plants. The obtained results indicated that accurate
temperature prediction leads to output-power prediction improvement by 65% and power-
generation prediction improvement by 73%.

Zhao et al. [14] tested the Monte Carlo method (MCM) to preprocess meteorological
data (including temperature) before a 24 h cooling load-prediction modelling using a
support vector machine (SVR). The authors pointed out that the most important input
variable was the one-hour-ahead temperature, where the load-prediction error decreased
with MCM from 11.54% to 10.92%.

Futawatari et al. [15] investigated the energy-saving capacity of HVAC systems in
data centres, where information-technology equipment needs permanent cooling and
ventilating. Among others, they predicted computer-room air conditioning (CRAC) power
consumption on the basis of outside temperature. Using air temperature in Tokyo in 5 °C
classes ranging from —10 °C to 35 °C, they created a method for optimizing the total energy
consumption, with a reduction of 10%.

Kim and Nam [16] developed a performance-prediction equation for a heat exchanger
to provide cost reduction as well as operation improvement for a ground-source heat pump.
The authors considered ground and outdoor air temperature as the potential effecter of
the exchanger’s performance and concluded that the former had a larger influence. They
also calculated errors in the equation and numerical data and obtained an RMSE standard
deviation not exceeding 5.20%, indicating that the obtained models were valid.

Another issue that emerges from the present research is the importance of the applica-
tion of computational intelligence methods (including the neural approach) in widely un-
derstood engineering. Numerous studies have raised the subject. For example, Sadeghzadeh
et al. [17] developed a multilayer perceptron (MLP-ANN), a radial basis function (RBF-
ANN), and Elman backpropagation (Elman BP-ANN) to the improve thermal efficiency of
a flat-plate solar collector. Baghban et al. [18] implemented machine-learning methods like
MLP, adaptive neuro-fuzzy inference system (ANFIS), as well as least squares support vec-
tor machine (LSSVM) in the heat transfer of a helically coiled tube. Ahmadi et al. [19]
proposed LSSVM and a genetic algorithm to improve Al,O3/EG nanofluid thermal-
conductivity ratio forecasting.

1.2. Scope

The literature indicates that outdoor temperature prediction is crucial for more energy-
efficient HVAC systems in buildings, leading to the optimisation of their management and
operation [1,20-23]. This is because an accurate air-temperature prediction several hours
ahead can provide the energy consumption and system load in advance. It was estimated
that by using 24 h temperature forecasts, the U.S. electricity-generating industry saves
$166 million annually [9].
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Air-temperature forecasting is one of the major issues in the meteorology and clima-
tology domains, which explains why it is fairly well-researched. However, it concerns
daily, monthly, or annual temperature time series measured with low and medium time
resolution (long- and medium-term predictions) [24,25]. The time series of meteorological
parameters for use in heating systems must concern much smaller time intervals (hours,
minutes), and the methodology for forecasting such short-term data has not yet to be
developed. What is more, Kovac et al. [12] considered the lack of precise instructions
for architectural design as the biggest problem for using neural networks. Among the
research conducted so far, it is difficult to find work devoted solely to this subject. Usually,
meteorological parameter prediction is used at an early stage in heating-load estimation
without delving into its methodology [20]. Moreover, Zhao et al. [13] pointed out that most
studies ignore the fact that actual and predicted meteorological data tend to differ, but that
is an issue that is not adequately discussed in terms of heating or cooling load forecasting.

Wang et al. [22] developed and evaluated outdoor air-temperature prediction 3 h
ahead based on an approximate pattern-matching algorithm (called TPAM) using historical
meteorological data from five cities in China (Beijing, Harbin, Shanghai, Guangzhou, and
Kunming) that represent different climatic zones. The parameters of the algorithm were
defined for each city based on its historical data from January 2000 to December 2018 and
then tested for 2019. The aim of the research was to implement temperature prediction by
using only one meteorological parameter and skipping the time window. The obtained
outdoor temperature forecast performance was between 71.9% and 95.6%, with an average
of 80.0%.

Demirezen and Fung [21] introduced a computer program based on artificial neural
networks to predict the outdoor temperature at time resolutions of 2 min and 1 h covering
data from March 2018 in Strathroy, Canada. Input variables included relative humidity
(RH), wind direction, wind velocity, and global horizontal irradiance (GHI) measured with
the same time resolution as ambient temperature. The practical objective of the research
was to assess the possibility of replacing temperature sensors with a data-driven model
using weather-station data in automated systems, in hybrid energy systems, or other
energy systems requiring accurate ambient-temperature forecasts. The accuracy of the
temperature prediction, as described by the correlation coefficient, was 0.95 on average,
indicating that ANN (artificial neural networks) is a powerful tool in outdoor temperature
prediction.

Zhang et al. [23] proposed an air-temperature forecasting model that was based on
the physical relationship between air temperature, direct solar radiation, cloud and ground
heat radiation, and heat convection. They used sub-hourly data for the period 1 April to
8 April 2012 from a weather station situated at Nanyang Technology University, Singapore.
The solar radiation profile of the past 12 h was used as the model input. The error (MAE)
obtained for 0.5 h was less than 1 K when the forecasting horizon was less than 2 h. The
authors noted that the model accuracy increases as the prediction interval increases because
of the uncertainty in the variability of air characteristics over an extended time interval.

Papantoniou and Kolokotsa [26] developed ANN models for outdoor temperature
prediction with a 4-24 h horizon for four European cities—Ancona (Italy), Chania (Greece),
Granada, and Mollet (Spain)—mostly on the basis of data for 1 year. As input variables,
time (minutes of the day), outdoor temperature, solar radiation, wind speed, and relative
air humidity were all selected. For each city, the authors tested different neural networks
(feed forward, cascade, and Elman) to identify one most suitable network. The annual
performance of ANN models was 12 > 0.9 and RMSE < 2.0 °C.

Rodriguez et al. [27] predicted the ambient air temperature in Vitoria-Gasteiz, Basque
Country for the next 10 min with a combination of the multilayer perceptron and the
optimal n-nearest station methods with control parameters in solar photovoltaic generation.
The authors established the season, time, distance, and relative position between the target
stations and selected stations, with the air temperature of the target and selected stations
in the last 24 h as the input variables. The obtained results indicate that the accumulated
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difference between the measured and predicted temperature was lower than 1% in 96.60%
of days in the validation subset, with a root mean square error of 0.2557 °C.

1.3. Objective

With the motivation to find a simple and as effective as hybrid-model technique to
predict the hourly time series of ambient air temperature, artificial neural network models
were used. As the most popular [27], the multilayer perceptron (MLP) was involved. The
research presented in this paper refers to the heating supply in a Polish building sector
(multifamily building). The authors created prediction models of outdoor air temperature
changes based on historical time series [1] using only one parameter (temperature) [22]
combination as an input variable for the reasonable management of a boiler in a multifamily
residential building during the heating season.

The aim of the research was to analyse in detail the created neural models with a
view to addressing the following questions: how many and which hours preceding the
prognosed values may be used as the basis for the most accurate prediction of temperature;
and is it possible to improve the quality of such prediction by increasing the number of
input variables as well as the number of neurons in the hidden layer [27]? Thus, the study
concerns a model-input selection for outdoor temperature prediction and the selection
of the optimum neural model. To meet that task, the Akaike information criterion was
used [28,29].

The research results may be applied in the optimization of the heating-system control
strategy by using the prediction of outdoor air temperature in a timeframe of several hours,
which allows for improving the process of controlling heating systems and implementing
an efficient and reasonable fuel-management strategy [30]. Due to the climate in Poland, a
major part of the energy sold to households (65.1% in 2018) is used for heating premises
during winter [31]. However, as a result of the climate change that we are currently
witnessing, irrespective of whether it is due to natural or anthropogenic reasons, not to
mention the heatwaves that tend to occur during summer, the demand for ventilation
and air-conditioning systems is increasing as well. As the reasonable use of such systems
should also be based on the prediction of outdoor air temperature, the results of the present
study may be successfully and effectively used for the optimisation of the operation of
air-conditioning systems in summer.

The main contributions of the paper are the following;:

i Short-term, outdoor-temperature time series prediction using neural networks.

ii. Research into the past moments of outdoor air temperature as model input.

iii. Detailed analysis of the created models in terms of the selection of predictors and
the number of neurons in the hidden layer.

iv. Evaluation of the Akaike information criterion’s suitability for the selection of the
most accurate model.

V. Assessment of ambient-temperature prediction results in HVAC applications.

2. Materials and Methods
2.1. Database

The authors used an archived time series of outdoor air temperature values obtained
from the monitoring of the heating system in a multifamily building during the heating
period (October-May). The analysed structure consisted of 31 residential premises located
across five storeys. Heat was supplied to the building from a local gas boiler located in the
basement, which was used by the central-heating and warm-water supply systems. The
boiler-control process was based on heating curves that enabled it to adjust the heating
source to the needs of the building.

The database for analyses consisted of a matrix that includes 4335 lines with the
following hours in the analysed period and 24 columns, where the hourly time series
of ambient temperature were placed in one column (output), with an air temperature
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time series of lagged values (meaning the same variables but from previous time steps) in
successive columns from 1 to 24 h backward (input).

2.2. Neural Network Modelling

The initial assumption for creating neural models of outdoor air-temperature changes
was that their architecture should be as simple as possible. Nash and Sutcliffe, [32] as well
as Wheater et al. [33], pointed to the need for simplicity (and lack of duplication) in the
model structure as the main principles for building models with optimized parameters.
Multilayer perceptron neural networks were used in the study, as they are most commonly
used in practice in various applications [27,34-36].

To achieve the aim, the multilayer perceptron (MLP) model was involved in the study.
MLP is a unidirectional neural network consisting of one or two hidden layers of nonlinear
activating nodes, and it is possible to use it in modelling nonlinear phenomena. The data
stream goes in one direction, from the input layer, through the hidden layer (or layers) to the
output layer. In this very popular neural network, the supervised learning method called a
backpropagation algorithm (BP) is used. Classically, it works in four steps: (i) initialization
of weights with low random values, (ii) feedforward propagation (neuron receives and
sends a signal to the hidden neurons; hidden neurons calculate the activation function
and send a signal to the output; output calculates the output signal), (iii) backpropagation
(comparing the output values with the actual value; calculating error; sent back to all units),
(iv) weight correction [37].

The research employed a one- or two-stage learning process with the use of a back-
propagation algorithm, modern second-order algorithms as conjugate gradients (CG),
a Quasi-Newton Broyden-Fletcher-Goldfarb-Shanno (BFGS) procedure, as well as the
Levenberg-Marquardt method, and weight reduction in the Weigend method to avoid
the network’s overlearning process. CG, BFGS, and Levenberg-Marquardt algorithms are
iterative techniques for solving nonlinear optimization problems, which are faster than BP
and therefore more readily used. Linear input and output layers, hyperbolic hidden-layer
neuron-activation functions, and a varied number of epochs (50 to 2000) were implemented.
Time series were previously divided into three subsets: learning (50% of the total num-
ber of observations, or 2167 cases), validation, and test subsets (25% of observations, or
1084 each).

Neural models with a varied number of inputs (1-10), different network architectures
in terms of the number of neurons in the hidden layer (2-10), and different time lags of
the input time series with respect to the target air temperature (1-24) were analysed. The
number of established neurons in the hidden layer ranged from 2 to 10 because too few
neurons would render the network incapable of correctly representing the functions and
too many would make the learning time longer, which can lead to overfitting. The analyses
involved several variants of the ANN architecture for various input variables and delays.
The results presented in Tables 1 and 2 concern the best combination of predictors.
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Table 1. Prediction results for MLP models.

Network and Input Data Description

Sum of Squared Number of Pearson Quotient of
No. Number of NNumbe.r Otfh Lag in Relation to Errors SSE E;tlmateil Mtide} AIC Correfli.mon Ste.lm.iard
Inputs He'urons 1n the Predicted Time Series arameters Lp Coefficient r Deviations &
idden Layer
1 1 2 1 6199.361 7 2223.594 0.980 0.201
2 2 2 1,24 5532.691 9 1900.727 0.982 0.190
3 2 3 1,24 5395.501 13 1836.589 0.982 0.187
4 3 3 1,2,12 5078.160 16 1668.439 0.983 0.182
5 5 5 1,2,3,4,24 4483.127 36 1350.382 0.985 0.171
6 6 6 1,2,3,4,5,24 4395.746 49 1319.831 0.986 0.169
7 4 4 1,2,3,4,24 4470.824 25 1320.486 0.985 0.171
8 3 5 1,2,24 4548.114 26 1371.729 0.985 0.172
9 3 3 1,23,24 5090.587 16 1675.461 0.985 0.182
10 7 7 1,2,3,4,5,6,24 4341.046 64 1313.855 0.986 0.168
11 8 8 1,2,3,4,5,6,7,24 4300.633 81 1320.984 0.986 0.167
12 4 2 1,2,3,24 4602.027 13 1379.586 0.985 0.173
13 4 3 1,2,3,24 4602.027 19 1391.586 0.985 0.173
14 4 4 1,2,3,24 4602.027 25 1403.586 0.985 0.173
15 5 5 1,2,3,4,24 4597.969 36 1423.051 0.985 0.173
16 3 2 1,12,24 5317.064 11 1790.517 0.983 0.186
17 3 3 1,12,24 5278.512 16 1779.61 0.983 0.185
18 10 10 1,2,3,4,5,6,7,8,9,24 4430.542 121 1486.484 0.986 0.170
19 3 3 1,2,24 4467.109 16 1300.09: 0.986 0.170
20 3 4 1,2,24 4467.109 21 1310.098 0.985 0.170
21 3 5 1,2,24 4467.109 26 1320.098 0.985 0.170
22 4 4 1,2,3,24 4471171 25 1320.709 0.985 0.170
Grey highlight indicates the best ANN model.
Table 2. Prediction results for MLP 3-3-1, 3-4-1 and 3-5-1.
Lag in Relation to Sum of Squared AIC Pearson Correlation Quotient of Standard
Predicted Time Series Errors SSE Coefficient r Deviations &
MLP 3-3-1
1,2,24 4467.109 1300.098 0.985 0.170
2,3,24 10,004.706 3642.126 0.967 0.255
3,4,24 15,505.929 4874.806 0.949 0.317
4,5,24 20,081.965 5617.504 0.933 0.361
5,6,24 23,632.087 6105.018 0.920 0.392
6,7,24 26,357.105 6398.446 0.910 0.414
7,8,24 29,749.317 6746.154 0.898 0.440
8,9,24 28,500.741 6623.014 0.903 0.430
9,10, 24 29,973.622 6767.728 0.897 0.441
10, 11,24 31,877.668 6944.608 0.890 0.455
MLP 3-4-1
1,2,24 4467.109 1310.098 0.985 0.170
2,3,24 10,042.814 3637.310 0.967 0.256
3,4,24 15,500.871 4895.721 0.948 0.318
4,5,24 20,251.421 5651.637 0.932 0.363
5,6,24 23,618.493 6104.581 0.920 0.392
6,7,24 27,089.978 6487.214 0.908 0.420
7,8,24 29,800.011 6761.044 0.898 0.440
8,9,24 28,573.556 6640.343 0.902 0.431
9,10, 24 30,054.910 6785.506 0.897 0.442
10,11,24 31,230.840 6905.734 0.893 0.451
MLP 3-5-1
1,2,24 4467.109 1320.098 0.985 0.1704
2,3,24 10,164.133 3681.796 0.966 0.257
3,4,24 15,344.158 4864.686 0.949 0.316
4,5,24 20,591.286 5709.436 0.931 0.366
5,6,24 24,269.813 6181.493 0.918 0.397
6,7,24 26,033.169 6382.930 0.911 0411
7,8,24 29,757.946 6766.987 0.898 0.440
8,9,24 28,582.259 6651.217 0.902 0.431
9,10, 24 29,943.337 6784.824 0.897 0.441
10,11,24 31,165.529 6899.721 0.893 0.450

2.3. Quality Metrics

Model quality was assessed based on the value of the sum of squared error, which is

determined by the relationship:

n

SSE =) (xi —y;)*
i=1

)
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where: n is the number of observations, x; is the predicted data, and y; is the observed data.
The Pearson linear correlation coefficient, r, between the actual values and those
obtained from the model was assessed as well:

(xi = ) (v —yw i(xi 3

r =

M-

Il
A

1

(vi —7) )
=1

1

where the explanation is the same as above.
Additionally, the quotient of standard deviations, &, was calculated according the
following formula:
£ =05 / Ox (3)

where: 05 is the standard deviation of prediction errors and oy is the standard deviation of
the target variable.

To select the best prediction model (with the optimal combination of input variables),
the Akaike information criterion (AIC) was applied [38-40]. The AIC is one of the most
widespread tools in statistical modelling. It is also one of the metrics of the model fit and a
criterion for choosing between statistical models with a different number of predictors. It
was introduced in 1973 by Hirotugu Akaike as an extension of the maximum likelihood
principle and became the first model-selection criterion to gain common acceptance. Max-
imum likelihood is used to estimate the model parameters when the model’s structure
and dimension have been defined. Akaike’s crucial idea was to combine the processes of
estimation as well as structural and dimensional determination into a single procedure [41].
In general, a model with more predictors gives more accurate predictions but is also more
likely to overfit, so it is important to find the optimum combination of input variables.

The Akaike criterion value is calculated based on the following equation:

AIC = —2log(m) + 2k 4)

where: m is the maximum likelihood and k is the number of estimated parameters of the
model [28,29].

2.4. Validation Modelling

To validate the obtained results, linear regression (LR) and support vector regression
(SVR) models were created for the best combination of input variables.

In the linear regression approach, the authors assumed that the predicted value is a
linear combination of all input variables (hourly time series of various combinations of
lagged outdoor temperature). The optimal values of the coefficients can be found using
linear algebra methods or gradient-based methods (such as stochastic gradient descent,
SGD). As one of the simplest machine-learning methods, LR will probably not lead to
overfitting.

The support vector regression belongs to the support vector machine-learning tech-
nique. It is a linear regressor, which is more tolerant to outliers. It does not count as errors
values that are close enough to the correct value. It can model nonlinear dependencies
by using the kernel trick, which allows for the expression of the value of some points by
their relation to others. In the present research, the hourly outdoor air temperature was
predicted with the use of an SVR supported by an RBF algorithm. The parameters of the
SVR model that defined the width of the margin of trust and the maximum value of weight
that may be determined for the given vector were: ¢ = 0.1 and C = 10.0. The RBF was
determined by the gamma parameter, y (width of the kernel function), which was equal
to 0.33.

The performance of comparative models was assessed by SSE, AIC, r, and &,



Energies 2021, 14, 7512

8 of 15

2.5. Outdoor Air-Temperature Prediction Results in HVAC Applications

The last stage of the research was to use the obtained results in HVAC applications.
The best combination of ambient air-temperature lags (1, 2, and 24 h) was implemented in
the forecasting models of the entering-water temperature (EWT) to the system, as well as
indoor temperature in the two flats (with the lowest and the highest average temperature in
the heating season). Models were created using LR, MLP, and SVR methods. Such models,
obtained using the above lag combinations, were compared with models using the current
temperature at a given hour as predictor. Their accuracy was assessed by MSE, r, and &.

MSE was calculated according to the following formula:

I SV
MSE = Y () ©)

where: n is the number of observations.

3. Results and Discussion
3.1. Neural Network Modelling

The first stage of research into outdoor temperature prediction consists of the evalua-
tion of how the number of model inputs, understood as the number of input variables (air
temperature time series delayed by 1 to 24 h), influences the prediction quality, as well as
the determination of the best combination of input variables (Table 1). In the table below,
the best models are presented.

In the case of one input variable, the prediction of outdoor temperature was based
on the time series delayed by one hour in relation to the predicted time series. Ten input
variables consisted of separate time series delayed by 1 to 9 h and by 24 h (Table 1).

Based on the AIC, it was determined that the best ability to predict outdoor tempera-
ture (line in the table marked in grey) was noted for the ANN of the following architecture:
three input variables, three neurons in the hidden layer, one neuron in the output layer
(MLP 3-3-1). Three input values mean a delay by 1, 2, and 24 h in relation to the target
time series. In this case, the value of the sum of the squared error SSE was 4467.109, the
quotient of the standard deviation & was 0.170, and the AIC criterion was 1300.098. In
comparison to the model, where the input values were delayed by 2, 3, and 24 h, a much
higher SSE was obtained (10,004.706), while the value of the AIC criterion was nearly
three times higher (3642.126) (Table 2). The very high correlation coefficients between the
actual temperature and the predicted one, equalling to 0.98, were obtained in all cases
presented in the table. The model with the poorest characteristics was the network, which
used as the input variable a time series delayed by 1 h in relation to the predicted one. It
was characterised by the highest SSE of 6199.361, AIC of 2223.594, and ¢ of 0.201, which
proves that in comparison to other models, the time series delayed by one hour contained
a significantly lower amount of information necessary to create the prediction.

The scatter plot for the best neural model (MLP 3-3-1) presents good prediction
matching the observed data (Figure 1a), as well as the course of the hourly time series
plot (Figure 2). The residual histogram shows that in 1900 cases, the differences between
both time series were in the range of (—1, 0], and in 1500 events, the predicted outdoor
temperature differed from the observed ones by (0, 1] °C. Residues (1, 2] were noted 350
and (—2, —1] 300 times (Figure 1b).
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Figure 1. Scatter plot (a) and residual histogram (b) for MLP 3-3-1.
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Figure 2. The course of observed and predicted outdoor air-temperature time series.

The conducted analyses demonstrate that the input time series delayed by 24 h has a
major influence on the quality of outdoor temperature prediction prepared with the use
of ANN. This results from the cyclical nature of daily changes in ambient air temperature.
Models that did not take this variable into account were characterised by a much lower
quality. This occurred in the case described above (network 1) and in model no. 4 (Table 1).

The obtained results are consistent with those presented in the relevant literature.
The values of SSE errors for the hourly data of the created models ranged from 4467 to
6199 (Table 1), which corresponds to MSE errors of 1.0-1.4 °C. Demirezen and Fung [21],
who predicted outdoor air temperature with the use of neural networks for a cloud-based
smart dual-fuel switching system using 2 min resolution data, obtained MSE in the range
of 0.9-1.4 °C, while the accuracy of their prediction of hourly time series of temperature
ranged from 1.0-5.1 °C. Papantoniou and Kolokotsa [26] forecasted temperature in four
European cities (Ancona, Italy; Chania, Greece; Granada, Spain; and Mollet, Spain) with
the use of neural networks with an MSE of up to 1.4 °C. Wang et al. [22] attempted
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short-term ambient-temperature prediction using pattern approximate matching obtained
for five cities in China. The models were described by MSE values ranging from 1.2
to 9.5 °C. Huang et al. [41] modelled solar greenhouse air temperature using Laplace
transform, with accuracy measured by MSE = 2.59 °C. Tran et al. [42], who created medium
air-temperature forecasts (several days ahead) using ANN, recurrent neural network
(RNN), and long short-term memory (LSTM), obtained the best prediction results (average
MSE =74 °C) for LSTM. Baczkiewicz et al. [37] created MLP temperature models with
MSE in a range of 4.7-6.7 °C. These researchers confirmed that even the MLP model with
a simple construction could provide satisfactory results.

Further analysis was carried out on the influence of the number of neurons in the
hidden layer and the length of delay on the prediction performance (Table 2). The model
characterized by the best AIC criterion (MLP 3-3-1) was analysed, and then the number of
neurons in the hidden layer was increased from three to four (MLP 3-4-1) and then five
(MLP 3-5-1).

The increased number of neurons in the hidden layer did not significantly improve
the prediction quality. The values of the criteria selected for its evaluation in the three
analysed models differed only slightly. In fact, the calculated r, £, and SSE values were
almost identical in MLP 3-3-1, MLP 3-4-1, and MLP 3-5-1, with the difference between them
having been observed only for AIC. For the first combination of delayed temperature (1, 2,
24), they equalled 1300, 1310, and 1320 and successively increased with the following lags.
This suggests that there is no need to use more complex neural structures for predicting
the outdoor air temperature. The initial assumption that networks with the least complex
architecture should be used in the study has been confirmed by the obtained results.

The following stage in the analysis involved the application of further delays for the
three input variables (the first column in Table 2). Although in all presented cases, the
number of neurons in the input layer was three, different lags in relation to the predicted
outdoor air temperature were used. One of them was always 24 h, while the others
ranged from 1 to 11 h. Past temperature time series between 12 and 24 h were also
considered, but the results were much worse and were thus not included in this paper.
A 24 h delay was made in all combinations and seemed to have the greatest impact on
outdoor air-temperature prediction, which was proven at an earlier stage of the research
(Table 1). Along with the increase in delay, the values of the sum of the squared error SSE,
AIC criterion, and the quotient of standard deviation & also increased, while the value
of correlation coefficients decreased slowly but steadily. AIC for 10, 11, and 24 h lags
amounted to around 6900, with the lowest for MLP 3-5-1 and the highest for MLP 3-3-1.

3.2. Validation Modelling

To validate the neural predictive modelling results, linear regression and support
vector regression models were created for the input combination, which was assessed as
the best (lags of 1, 2, and 24 h in relation to the target time series). Although the correlation
coefficients for LR and SVR were the same as for the MLP model (0.986), the values of other
performance metrics were much higher than those obtained for MLP 3-3-1 (Table 3). The
SSE obtained for MLP equalled 4467.109; for LR, it was 6952.597, with 7428.476 for SVR.
In the case of AIC values, the one calculated for the neural model was significantly lower
than the two used for comparison (AIC|r = 3212.325; AICgyRr = 1700.423). The lowest &
value was noted for SVR (0.146); for MLP, it was slightly worse (0.170), whereas the highest
was for LR (0.923). Validation results, obtained using other computational intelligence
methods like basic linear regression and top support vector regression, indicated that
the best outdoor temperature prediction was still created using ANN. Accuracy metrics
converted to MSE values were consistent with those found in the literature, quoted in
Section 3.1.
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Table 3. Prediction results for LR and SVR models.

Sum of Squared Errors

Pearson Correlation Coefficient Quotient of Standard Deviations

SSE AlIC r &
MLP 3-3-1 4467.109 1300.098 0.986 0.170
LR 6952.597 3212.325 0.986 0.923
SVR 7428.476 1723.427 0.986 0.146
3.3. Outdoor Air-Temperature Prediction Results in HVAC Applications
Verification of the results of air-temperature prediction in HVAC applications has been
presented in Table 4. Predictive models concerning indoor temperature in two flats (with
the highest and lowest mean indoor temperature), as well as EWT, were created using LR,
MLP, and SVR. The best performance, according to different metrics, was marked in red.
Table 4. Prediction results for LR, MLP, and SVR models in HVAC applications.
LR MLP SVR
Temp. No. 4
To T1,2,24 Tan To T1,2,24 Tan To T1,2,24 Tan
MSE 0.422 1.057 2.103 0.570 0.686 0.532 10.261 6.131 5.384
r 0.646 0.613 0.836 0.658 0.698 0.828 0.668 0.708 0.784
£ 0.723 0.782 0.766 1.000 0.709 0.855 1.853 1.342 1.006
LR MLP SVR
Temp. No. 8
To T1,2,24 Tan To T1,2,24 Tan To T1,2,24 Tan
MSE 0.480 1.679 0.387 0.563 0.569 0.543 3.055 3.352 2.930
r 0.145 0.469 0.460 0.151 0.204 0.086 0.263 0.261 0.579
¢ 1.338 1.049 0.887 0.994 0.996 0.996 2.276 1.492 1.370
LR MLP SVR
EWT
To T1,2,24 Tan To T1,2,24 Tan To T1,2,24 Tau
MSE 13.110 12.581 11.118 14.305 15.682 19.694 15.471 26.869 20.910
r 0.895 0.899 0.911 0.971 0.955 0.947 0.945 0.948 0.929
¢ 0.447 0.478 0.412 0.207 0.330 0.358 0.329 0.449 0.422

Temp. no. 4—indoor temperature in apartment no. 4; Temp. no. 8—indoor temperature in apartment no. 8; EWT—entering-water
temperature; To—current outdoor air temperature; T; ; 24—outdoor air temperature delayed by 1, 2, and 24 h; T,;—outdoor air
temperature delayed by 1 to 24 h.

The obtained results indicated that more research should be conducted in that field.
Taking into account only the outdoor temperature with the three lag combinations as
inputs (Tg, T1 2,24, and Tyy), there was no unambiguous indication that Ty 2 4 was the most
accurate. Moreover, the obtained results stated that in many cases, e.g., temp. no. 4 and no.
8, predicting with SVR or EWT by linear regression, the most accurate models refer to all
temperature-lag predictors (1-24 h). Only for temp. no. 8, the prediction model created
with LR, and MLP for temp. no. 4, as well as the SVR model for EWT on the basis of Ty 2,4,
were the best correlation coefficients obtained. The indoor temperature in flat no. 4 was
predicted with MLP using the best & value. The obtained MSE values were the lowest for
temp. no. 8 (0.387-3.352); for temp. no. 4, it was 0.422-10.261, and the highest was for EWT
(11.118-26.869).

The highest correlation coefficients between the observed and predicted values were
obtained for entering-water temperature predictions (0.8-0.9), and the lowest for the indoor
air temperature in apartment number 8 (0.086-0.579). In the case of apartment no. 8§,
where the highest average internal temperature was recorded among all flats during the
analysed period, the thermal comfort of its residents was much less dependent on the
outside temperature than on their habits. The internal mean temperature in flat no. 4 was
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the lowest compared to other apartments, and it was also the most correlated with the
outdoor temperature as well as EWT.

Nevertheless, in the literature, many different meteorological parameters (apart from
the outdoor temperature) were used for that purpose, such as wind speed, wind direc-
tion, dew-point temperature, air pressure, relative air humidity, and solar radiation [43],
Temperature characteristics of the building were also considered, like its massive wall,
inner and outer surface temperature, and heat flux [44], as well as parameters connected
with occupancy: motion, air flowrate, or window opening [45]. On the other hand, the
authors [14,46] have also indicated that the outdoor temperature is the most sensitive
meteorological parameter with the greatest impact on the energy demand.

Ramadan et al. [47] made use of seven machine-learning models in their indoor temper-
ature forecasting for a room of the Laboratory of Civil Engineering and Geo-Environment
at Lille University, France. They concluded that the best prediction was obtained by ANN
and extra trees (ET) regressor methods. The performance of the models was MSE < 1 and
r > 0.9. Tzuc et al. [48] obtained a similar high performance for indoor building temperature
models created using MLP, a radial basis function neural network (RBF), and the group
method of data handling (GMDH). The authors reported that r = 0.931 and MSE = 1.033
for training and r = 0.929 and MSE = 1.321 for the testing subset. Fang et al. [49] predicted
indoor temperature with the long short-term memory (LSTM) model in a low-energy-
consumption building located in Grenoble, France. They obtained a mean MSE of around
0.25 °C.

Marmaras et al. [50] implemented a control technique to optimise a ground-source
heat pump (GSHP) operation. They pointed out that using algorithms to control entering-
water temperature may benefit the systems’ efficiency. Using the proposed method, a 3%
reduction in the energy consumption of the building was obtained. Do and Haberl [51]
developed a ground-heat exchanger to calculate the EWT of the GSHP system. The
measured EWT and calculated comparison indicated that the difference between them was
1.2 °C for heating and 1.6 °C for cooling seasons.

4. Conclusions

Addressing the needs of various recipients in the field of heating, ventilation, and
air conditioning in a sustainable manner while maintaining thermal comfort is one of the
major challenges of modern society. To meet this challenge, the potential of intelligent
technologies in HVAC systems is currently being evaluated in developed countries. Using
computational intelligence methods has provided an opportunity to rationalise their op-
eration by introducing a new class of regulators based on changes in weather conditions.
Outdoor air-temperature prediction is crucial for a more energy-efficient HVAC system
and leads to the optimisation of its management and operation because its accurate forecast
several hours ahead can provide the energy consumption and system load in advance.

The presented research concerns neural short-term outdoor temperature prediction
using past temperature moments as input. The best model performance was obtained
when one of predictors was the temperature measured 24 h earlier, which is probably
related to the daily cycle of changes in air temperature. Based on the Akaike information
criterion, it was noted that the most accurate results were obtained with the use of an
MLP 3-3-1 type of network, where the predictors were ambient air temperature time series
observed 1, 2, and 24 h before the prognosed temperature. Its performance, according to
the correlation coefficient, Akaike information criterion, and sum of squared error, was
0.986, 1300.098, and 4467.109, respectively.

The obtained results have also clarified out that even neural models of the least
complex structure can offer accurate prediction of the hourly outdoor air temperature.
Multilayer perceptrons with one hidden layer, a linear activation function in the input
and output layers, and a hyperbolic one in the hidden layer may be used successfully
in that field. The AIC proved to be a useful method for the best-model selection in
machine-learning modelling. What is more, neural network models provide the most
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accurate prediction when compared with other computational intelligence methods, like
LR and SVR.

Validation of the outdoor air-temperature prediction in HVAC applications (indoor
air temperature as well as entering-water temperature forecasting) has indicated that more
research should be conducted in that field. The results did not clearly state that T; 724
gives the best forecasts in the aforementioned HVAC applications. Using results obtained
with the MLP 3-3-1 model for outdoor temperature as the only input, the predicted indoor
temperature accuracy was 0.569-6.131, with an EWT of 12.581-26.869 (MSEs).

Although the study directly concerns ambient air-temperature prediction based on its
measurement during the heating season, the demand for ventilation and air-conditioning
systems is increasing as well due to climate change. As the reasonable use of such systems
should also be based on the prediction of outdoor air temperature, the results of the present
study may be used with success for the optimisation of the operation of air-conditioning
systems in the summer.

Author Contributions: Conceptualization, ].K.-S. and ].B.; methodology, ] K.-S., ].B. and P.L.; soft-
ware, ] K.-S., J.B. and PL,; validation, J.S.; formal analysis, ] K.-S., ].B. and P.L.; investigation, ].K.-S.,
J.B. and P.L.; resources, ].B.; data curation, J.B.; writing—original draft preparation, J.K.-S.; writing—
review and editing, ].S.; visualization, ] K.-S.; supervision, ].K.-S.; project administration, ] K.-S.; fund-
ing acquisition, J.K.-S. All authors have read and agreed to the published version of the manuscript.

Funding: The publication is financed under the Leading Research Groups support project from the
subsidy increased for the period 20202025 in the amount of 2% of the subsidy referred to Art. 387 (3)
of the Law of 20 July 2018 on Higher Education and Science, obtained in 2019).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Restrictions apply to the availability of these data.

Acknowledgments: This research was supported by the Institute of Environmental Engineering,
Wroctaw University of Environmental and Life Sciences.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ding, Y.; Zhang, Q.; Yuan, T.; Yang, K. Model input selection for building heating load prediction: A case study for an office
building in Tianjin. Energy Build. 2018, 159, 254-270. [CrossRef]

2. Wang, J.; Hou, J.; Chen, J.; Fu, Q.; Huang, G. Data mining approach for improving the optimal control of HVAC systems: An
event-driven strategy. J. Build. Eng. 2021, 39, 102246. [CrossRef]

3.  Frayssinet, L.; Merlier, L.; Kuznik, F; Hubert, J.-L.; Milliez, M.; Roux, J.-J. Modeling the heating and cooling energy demand of
urban buildings at city scale. Renew. Sustain. Energy Rev. 2018, 81, 2318-2327. [CrossRef]

4. Fratean, A.; Dobra, P. Key performance indicators for the evaluation of building indoor air temperature control in a context of
demand side management: An extensive analysis for Romania. Sustain. Cities Soc. 2021, 68, 102805. [CrossRef]

5. Weissmann, C.; Hong, T.; Graubner, C.A. Analysis of heating load diversity in German residential districts and implications for
the application in district heating systems. Energy Build. 2017, 139, 302-313. [CrossRef]

6. Combe, N.; Harrison, D.; Way, C. Modelling the impact of user behaviour on heat energy consumption. In Proceedings of the
Behaviour, Energy and Climate Change Conference, Washington, DC, USA, 29 November—2 December 2011; pp. 1-9.

7. Gram-Hanssen, K. Households’ energy use—Which is the more important: Efficient technologies or user practices? In Proceedings
of the World Renewable Energy Congress, Linkoping, Sweden, 8-13 May 2011; pp. 992-999.

8. Stevenson, F; Leaman, A. Evaluating housing performance in relation to human behaviour: New challenges. Build. Res. Inf. 2010,
38, 437-441. [CrossRef]

9.  Teisberg, T].; Weiher, R.E; Khotanzad, A. The Economic Value of Temperature Forecasts in Electricity Generation. BAMS 2005, 86,
1765-1772. [CrossRef]

10. Ren, C.; Cao, S.-J. Development and application of linear ventilation and temperature models for indoor environmental prediction
and HVAC systems control. Sustain. Cities Soc. 2019, 51, 101673. [CrossRef]

11. Chong, D.; Zhu, N.; Luo, W,; Pan, X. Human thermal risk prediction in indoor hyperthermal environments based on random
forest. Sustain. Cities Soc. 2019, 49, 101595. [CrossRef]

12.  Kovéag, S.; Micha’¢onok, G.; Halendr, I.; Vazan, P. Comparison of Heat Demand Prediction Using Wavelet Analysis and Neural

Network for a District Heating Network. Energies 2021, 14, 1545. [CrossRef]


http://doi.org/10.1016/j.enbuild.2017.11.002
http://doi.org/10.1016/j.jobe.2021.102246
http://doi.org/10.1016/j.rser.2017.06.040
http://doi.org/10.1016/j.scs.2021.102805
http://doi.org/10.1016/j.enbuild.2016.12.096
http://doi.org/10.1080/09613218.2010.497282
http://doi.org/10.1175/BAMS-86-12-1765
http://doi.org/10.1016/j.scs.2019.101673
http://doi.org/10.1016/j.scs.2019.101595
http://doi.org/10.3390/en14061545

Energies 2021, 14, 7512 14 of 15

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Manasis, C.; Assimakis, N.; Vikias, V.; Ktena, A.; Stamatelos, T. Power Generation Prediction of an Open Cycle Gas Turbine Using
Kalman Filter. Energies 2020, 13, 6692. [CrossRef]

Zhao, J.; Duan, Y;; Liu, X. Uncertainty Analysis of Weather Forecast Data for Cooling Load Forecasting Based on the Monte Carlo
Method. Energies 2018, 11, 1900. [CrossRef]

Futawatari, N.; Udagawa, Y.; Mori, T.; Hayama, H. Improving Prediction Accuracy Concerning the Thermal Environment of a
Data Center by Using Design of Experiments. Energies 2020, 13, 4595. [CrossRef]

Kim, J.; Nam, Y. Development of the Performance Prediction Equation for a Modular Ground Heat Exchanger. Energies 2020,
13, 6005. [CrossRef]

Sadeghzadeh, M.; Ahmadi, M.H.; Kahani, M.; Sakhaeinia, H.; Chaji, H.; Chen, L. Smart modeling by using artificial intelligent
techniques on thermal performance of flat-plate solar collector using nanofluid. Energy Sci. Eng. 2019, 7, 1649-1658. [CrossRef]
Baghban, A.; Kahani, M.; Nazari, M.A.; Ahmadi, M.H.; Yan, W.-M. Sensitivity analysis and application of machine learning
methods to predict the heat transfer performance of CNT/water nanofluid flows through coils. Int. J. Heat Mass Transf. 2019, 128,
825-835. [CrossRef]

Ahmadi, M.H.; Ahmadi, M.A; Nazari, M.A.; Mahian, O.; Ghasempour, R. A proposed model to predict thermal conductivity
ratio of Al;O3/EG nanofluid by applying least squares support vector machine (LSSVM) and genetic algorithm as a connectionist
approach. |. Therm. Anal. Calorim. 2019, 135, 271-281. [CrossRef]

Ahn, J.; Cho, S. Development of an intelligent building controller to mitigate indoor thermal dissatisfaction and peak energy
demands in a district heating system. Build. Environ. 2017, 124, 57-68. [CrossRef]

Demirezen, G.; Fung, A.S. Application of artificial neural network in the prediction of ambient temperature for a cloud-based
smart dual fuel switching system. Energy Procedia 2019, 158, 3070-3075. [CrossRef]

Wang, Y.; Bai, Y.; Yang, L.; Li, H. Short time air temperature prediction using pattern approximate matching. Energy Build. 2021,
244,111036. [CrossRef]

Zhang, X.; Tan, S.-C.; Li, G. Development of an ambient air temperature prediction model. Energy Build. 2014, 73, 166-170.
[CrossRef]

Park, I; Kim, H.S,; Lee, J.; Kim, ].H.; Song, C.H.; Kim, H.K. Temperature Prediction Using the Missing Data Refinement Model
Based on a Long Short-Term Memory Neural Network. Atmosphere 2019, 10, 718. [CrossRef]

Jeong, S.; Park, I; Kim, H.S.; Song, C.H.; Kim, H.K. Temperature Prediction Based on Bidirectional Long Short-Term Memory and
Convolutional Neural Network Combining Observed and Numerical Forecast Data. Sensors 2021, 21, 941. [CrossRef] [PubMed]
Papantoniou, S.; Kolokotsa, D.-D. Prediction of outdoor air temperature using neural networks: Application in 4 European cities.
Energy Build. 2016, 114, 72-79. [CrossRef]

Rodriguez, F.; Genn, M.; Fontédn, L.; Galarza, A. Very short-term temperature forecaster using MLP and N-nearest stations for
calculating key control parameters in solar photovoltaic generation. Sustain. Energy Technol. Assess. 2021, 45, 101085. [CrossRef]
Akaike, H. Information theory and an extension of the maximum likelihood principle. In Selected Papers of Hirotugu Akaike; Parzen,
E., Tanabe, K., Kitagawa, G., Eds.; Springer Series in Statistics (Perspectives in Statistics); Springer: New York, NY, USA, 1998.
[CrossRef]

Akaike, H. A New Look at the Statistical Model Identification. IEEE Trans. Autom. Control 1974, 19, 716-723. [CrossRef]
Coscun, C.; Erturk, M.; Oktay, Z.; Hepbasli, A. A new approach to determine the outdoor temperature distributions for building
energy calculations. Energy Convers. Manag. 2014, 78, 165-172. [CrossRef]

GUS. Energy Efficiency in Poland in Years 2008-2018; Statistical Analyses: Warsaw, Poland, 2020; 61p. Available online: www.stat.
gov.pl (accessed on 5 May 2021).

Nash, J.E.; Sutcliffe, ].V. River flow forecasting through conceptual models—A discussion of principles. J. Hydrol. 1970, 10,
282-290. [CrossRef]

Wheater, H.S.; Jakeman, A.].; Beven, K.J. Progress and directions in rainfall-runoff modeling. In Modeling Change in Environmental
Systems; Jakeman, A.]., Beck, M.B., McAleer, M ]., Eds.; Wiley: Chichester, UK, 1993; pp. 101-132.

Massaoudi, M.; Refaat, S.S.; Chihi, I.; Trabelsi, M.; Oueslati, F.S.; Abu-Rub, H. A novel stacked generalization ensemble-based
hybrid LGBM-XGB-MLP model for Short-Term Load Forecasting. Energy 2021, 214, 118874. [CrossRef]

Mashaly, A.F,; Alazba, A.A. MLP and MLR models for instantaneous thermal efficiency prediction of solar still under hyper-arid
environment. Comput. Electron. Agric. 2016, 122, 146-155. [CrossRef]

Samadianfard, S.; Hashemi, S.; Kargar, K.; Izadyar, M.; Mostafaeipour, A.; Mosavi, A.; Nabipour, N.; Shamshirband, S. Wind
speed prediction using a hybrid model of the multi-layer perceptron and whale optimization algorithm. Energy Rep. 2020, 6,
1147-1159. [CrossRef]

Baczkiewicz, A.; Watrdbski, J.; Satabun, W.; Kotodziejczyk, J. An ANN Model Trained on Regional Data in the Prediction of
Particular Weather Conditions. Appl. Sci. 2021, 11, 4757. [CrossRef]

Kim, A.; Jung, J.; Hong, J.; Yoon, S.-J. Time series analysis of meteorological factors and air pollutants and their association with
hospital admissions for acute myocardial infarction in Korea. Int. J. Cardiol. 2021, 322, 220-226. [CrossRef] [PubMed]

Alidoost, E; Stein, A.; Su, Z. Copula-based interpolation methods for air temperature data using collocated covariates. Spat. Stat.
2018, 28, 128-140. [CrossRef]


http://doi.org/10.3390/en13246692
http://doi.org/10.3390/en11071900
http://doi.org/10.3390/en13184595
http://doi.org/10.3390/en13226005
http://doi.org/10.1002/ese3.381
http://doi.org/10.1016/j.ijheatmasstransfer.2018.09.041
http://doi.org/10.1007/s10973-018-7035-z
http://doi.org/10.1016/j.buildenv.2017.07.040
http://doi.org/10.1016/j.egypro.2019.01.992
http://doi.org/10.1016/j.enbuild.2021.111036
http://doi.org/10.1016/j.enbuild.2014.01.006
http://doi.org/10.3390/atmos10110718
http://doi.org/10.3390/s21030941
http://www.ncbi.nlm.nih.gov/pubmed/33572653
http://doi.org/10.1016/j.enbuild.2015.06.054
http://doi.org/10.1016/j.seta.2021.101085
http://doi.org/10.1007/978-1-4612-1694-0_15
http://doi.org/10.1109/TAC.1974.1100705
http://doi.org/10.1016/j.enconman.2013.10.052
www.stat.gov.pl
www.stat.gov.pl
http://doi.org/10.1016/0022-1694(70)90255-6
http://doi.org/10.1016/j.energy.2020.118874
http://doi.org/10.1016/j.compag.2016.01.030
http://doi.org/10.1016/j.egyr.2020.05.001
http://doi.org/10.3390/app11114757
http://doi.org/10.1016/j.ijcard.2020.08.060
http://www.ncbi.nlm.nih.gov/pubmed/32841620
http://doi.org/10.1016/j.spasta.2018.08.003

Energies 2021, 14, 7512 15 of 15

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Gos, M,; Krzyszczak, J.; Baranowski, P.; Murat, M.; Malinowska, I. Combined TBATS and SVM model of minimum and maximum
air temperatures applied to wheat yield prediction at different locations in Europe. Agric. For. Meteorol. 2020, 281, 107827.
[CrossRef]

Huang, L.; Deng, L.; Li, A.; Gao, R.; Zhang, L.; Lei, W. A novel approach for solar greenhouse air temperature and heating load
prediction based on Laplace transform. J. Build. Eng. 2021, 44, 102682. [CrossRef]

Tran, TK.; Lee, T.; Shin, ].-Y.; Kim, J.-S.; Kamruzzaman, M. Deep Learning-Based Maximum Temperature Forecasting Assisted
with Meta-Learning for Hyperparameter Optimization. Atmosphere 2020, 11, 487. [CrossRef]

Afroz, Z.; Shafiullah, G.M.; Urmee, T.; Higgins, G. Prediction of Indoor Temperature in an Institutional Building. Energy Procedia
2017, 142, 1860-1866. [CrossRef]

Briga-Sa, A.; Leitao, D.; Boaventura-Cunha, J.; Martins, EF. Trombe wall thermal performance: Data mining techniques for indoor
temperatures and heat flux forecasting. Energy Build. 2021, 252, 111407. [CrossRef]

Elmaz, F; Eyckerman, R.; Casteels, W.; Latré, S.; Hellinckx, P. CNN-LSTM architecture for predictive indoor temperature
modeling. Build. Environ. 2021, 206, 108327. [CrossRef]

Lucas Segarra, E.; Du, H.; Ramos Ruiz, G.; Fernandez Bandera, C. Methodology for the Quantification of the Impact of Weather
Forecasts in Predictive Simulation Models. Energies 2019, 12, 1309. [CrossRef]

Ramadan, L.; Shahrour, I.; Mroueh, H.; Chehade, F.H. Use of Machine Learning Methods for Indoor Temperature Forecasting.
Future Internet 2021, 13, 242. [CrossRef]

Tzuc, O.M.; Livas-Garcia, A.; Jiménez Torres, M.; Cruz May, E.; Lépez-Manrique, L.M.; Bassam, A. Artificial Intelligence
Techniques for Modeling Indoor Building Temperature under Tropical Climate Using Outdoor Environmental Monitoring. J.
Energy Eng. 2020, 146, 04020004. [CrossRef]

Fang, Z.; Crimier, N.; Scanu, L.; Midelet, A.; Alyafi, A.; Delinchant, B. Multi-zone indoor temperature prediction with LSTM-based
sequence to sequence model. Energy Build. 2021, 245, 111053. [CrossRef]

Marmaras, J.; Burbank, J.; Kosanovic, D.B. Primary-secondary de-coupled ground source heat pump systems coefficient of
performance optimization through entering water temperature control. Appl. Therm. Eng. 2016, 96, 107-116. [CrossRef]

Do, S.L.; Haberl, J. Development and validation of a custom-built ground heat exchanger model for a case study building. Energy
Build. 2016, 119, 242-255. [CrossRef]


http://doi.org/10.1016/j.agrformet.2019.107827
http://doi.org/10.1016/j.jobe.2021.102682
http://doi.org/10.3390/atmos11050487
http://doi.org/10.1016/j.egypro.2017.12.576
http://doi.org/10.1016/j.enbuild.2021.111407
http://doi.org/10.1016/j.buildenv.2021.108327
http://doi.org/10.3390/en12071309
http://doi.org/10.3390/fi13100242
http://doi.org/10.1061/(ASCE)EY.1943-7897.0000649
http://doi.org/10.1016/j.enbuild.2021.111053
http://doi.org/10.1016/j.applthermaleng.2015.10.027
http://doi.org/10.1016/j.enbuild.2016.03.049

	Introduction 
	General Context 
	Scope 
	Objective 

	Materials and Methods 
	Database 
	Neural Network Modelling 
	Quality Metrics 
	Validation Modelling 
	Outdoor Air-Temperature Prediction Results in HVAC Applications 

	Results and Discussion 
	Neural Network Modelling 
	Validation Modelling 
	Outdoor Air-Temperature Prediction Results in HVAC Applications 

	Conclusions 
	References

