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The use of data collectors in energy systems is growing more and more. For example,
smart sensors are now widely used in energy production and energy consumption systems.
This implies that a huge amount of data are generated, and need to be analyzed in order to
extract useful insights from it. Such Big Data gives rise to a number of opportunities and
challenges for informed decision-making.
In recent years, researchers have been very actively working in order to come up with
effective and powerful techniques in order to deal with the huge amount of data available. Such approaches can be used in the context of energy production and consumption,
considering the amount of data produced by all samples and measurements, as well as
including many additional features. With them, automated machine learning methods for
extracting relevant patterns, high-performance computing, or data visualization are being
successfully applied to energy demand forecasting.
In light of the above, this special issue was proposed in order to collect latest research
on relevant topics, and in particular in energy demand forecast, and the use of advanced
optimization methods and Big Data techniques. Here, by energy, we mean any kind of
energy, e.g., electrical, solar, microwave, wind.
In response to the Call for Papers, eleven articles were submitted to this special
issue, and ﬁve were accepted for publication. If we look at the techniques used in the
accepted articles, we can notice that, in two articles, deep learning techniques were used
in order to forecast energy demands. In particular, in [1], a Temporal Convolutional
Network architecture was studied on two different pieces of data from Spain: the national
electric demand and the power demand at charging stations for electric vehicles. In
order to test the proposal, an extensive experimental study was conducted. The proposed
model was compared with state-of-the-art deep learning-based techniques with different
architectures and parametrization. Results show that the proposed model is competitive
and outperformed the models used in the comparisons.
Deep Learning was also used in [2]. In this work, a neuro-evolution approach was
used. In fact, the conﬁgurations parameter of the Neural Network used were set by using
an Evolutionary Algorithm. The resulting architecture was applied to energy demand
data registered in Spain over a period of more than nine years, and when compared to
state-of-the-art approaches, proves to achieve better results.
In [3], the household sector is considered. In particular, data collected from residential
homes of England and Wales are used. Such data are ﬁrst clustered into three groups,
according to the houses’ consumption proﬁle, and then a decision tree algorithms is used
in order to extract insight regarding equipment that could affect energy efﬁciency. Authors
identiﬁed various factors that can be addressed in order to improve energy efﬁciency
in houses.
In the last few years, we have also seen a transaction toward green alternatives for
energy generations. In order to face this transactions, the photovoltaic power plants’ forecasting problem was tackled in [4]. Authors of this article took into consideration various
1
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external factors, like meteorological situations in order to produce the predictions. Authors
have focused on data ﬁltration, speciﬁcally for the data coming from open sources, like
data regarding meteorological conditions. This process have proven to help in obtaining
more accurate results.
In [5], the authors analyzed and discussed the parameters space of the multiple
seasonal Holt–Winters models applied to electricity demand in Spain. This work studied
the stability of the smoothing parameters in the multiple seasonal Holt–Winters models
to provide accurate and trusted forecasts. In addition, the authors analyzed the variation
of the parameters through different seasonal and trend methods. They argue that double
seasonal models provide better predictions than triple seasonal ones. Furthermore, the
authors established that, for the accuracy of the forecasts, no more than 5000 observations
are required. The results of the performed analysis were limited to the Spanish electricity
demand. However, the authors expect similar results when faced with load forecasting in
other countries or systems.
Acknowledgments: We would like to thank all the authors and peer reviewers for their valuable
contributions to this special issue. This issue would not be possible without their valuable and
professional work. In addition, we would also like to take the opportunity to show our gratitude to
the Genes editorial team for their work, for which this special issue has been a success.

References
1.
2.

3.
4.

5.

Lara-Benítez, P.; Carranza-García, M.; Luna-Romera, J.M.; Riquelme, J.C. Temporal Convolutional Networks Applied to
Energy-Related Time Series Forecasting. Appl. Sci. 2020, 10, 2322. [CrossRef]
Divina, F.; Torres Maldonado, J.F.; García-Torres, M.; Martínez-Álvarez, F.; Troncoso, A. Hybridizing Deep Learning and
Neuroevolution: Application to the Spanish Short-Term Electric Energy Consumption Forecasting. Appl. Sci. 2020, 10, 5487.
[CrossRef]
Nazeriye, M.; Haeri, A.; Martínez-Álvarez, F. Analysis of the Impact of Residential Property and Equipment on Building Energy
Efﬁciency and Consumption—A Data Mining Approach. Appl. Sci. 2020, 10, 3589. [CrossRef]
Eroshenko, S.A.; Khalyasmaa, A.I.; Snegirev, D.A.; Dubailova, V.V.; Romanov, A.M.; Butusov, D.N. The Impact of Data Filtration
on the Accuracy of Multiple Time-Domain Forecasting for Photovoltaic Power Plants Generation. Appl. Sci. 2020, 10, 8265.
[CrossRef]
Trull, Ó.; García-Díaz, J.C.; Troncoso, A. Stability of Multiple Seasonal Holt-Winters Models Applied to Hourly Electricity
Demand in Spain. Appl. Sci. 2020, 10, 2630. [CrossRef]

2

applied
sciences
Article

The Impact of Data Filtration on the Accuracy of
Multiple Time-Domain Forecasting for Photovoltaic
Power Plants Generation
Stanislav A. Eroshenko 1,2 , Alexandra I. Khalyasmaa 1,2 , Denis A. Snegirev 1 ,
Valeria V. Dubailova 1 , Alexey M. Romanov 3 and Denis N. Butusov 4, *
1

2
3
4

*

Ural Power Engineering Institute, Ural Federal University named after the ﬁrst President of Russia B.N.
Yeltsin, 620002 Ekaterinburg, Russia; s.a.eroshenko@urfu.ru (S.A.E.); a.i.khaliasmaa@urfu.ru (A.I.K.);
denis.snegirev@urfu.ru (D.A.S.); valeria.dubailova@urfu.ru (V.V.D.)
Power Plants Department, Novosibirsk State Technical University, 630073 Novosibirsk, Russia
Institute of Cybernetics, MIREA-Russian Technological University, 119454 Moscow, Russia;
romanov@mirea.ru
Youth Research Institute, Saint Petersburg Electrotechnical University “LETI”,
197376 Saint Petersburg, Russia
Correspondence: dnbutusov@etu.ru; Tel.: +7-950-008-7190

Received: 4 November 2020; Accepted: 20 November 2020; Published: 21 November 2020

Abstract: The paper reports the forecasting model for multiple time-domain photovoltaic power
plants, developed in response to the necessity of bad weather days’ accurate and robust power
generation forecasting. We provide a brief description of the piloted short-term forecasting system
and place under close scrutiny the main sources of photovoltaic power plants’ generation forecasting
errors. The eﬀectiveness of the empirical approach versus unsupervised learning was investigated in
application to source data ﬁltration in order to improve the power generation forecasting accuracy
for unstable weather conditions. The k-nearest neighbors’ methodology was justiﬁed to be optimal
for initial data ﬁltration, based on the clusterization results, associated with peculiar weather and
seasonal conditions. The photovoltaic power plants’ forecasting accuracy improvement was further
investigated for a one hour-ahead time-domain. It was proved that operational forecasting could be
implemented based on the results of short-term day-ahead forecast mismatches predictions, which
form the basis for multiple time-domain integrated forecasting tools. After a comparison of multiple
time series forecasting approaches, operational forecasting was realized based on the second-order
autoregression function and applied to short-term forecasting errors with the resulting accuracy
of 87%. In the concluding part of the article the authors from the points of view of computational
eﬃciency and scalability proposed the hardware system composition.
Keywords: photovoltaic power plant; short-term forecasting; data processing; data ﬁltration; k-nearest
neighbors; regression; autoregression

1. Introduction
Statistics show that photovoltaic power plants (PVPP) demonstrate the highest dynamics of
installed capacity growth among renewable-based power plants worldwide [1]. However, given the
climatic and geographical characteristics of Russian Federation territory, for the Uniﬁed Power System
of Russia, as a whole, there is no considerable impact of stochastic renewable generation on the power
system operation modes, but for the regional interconnected power systems (IPS) of the South and the
Urals, a relatively high share of the installed capacity of PVPP is already observed. An increase of
such power plants’ share in the total power generation ﬂeet leads to an even greater increase in their
inﬂuence on the power balance [2], frequency [3,4], electric energy quality [5,6], static and dynamic
Appl. Sci. 2020, 10, 8265; doi:10.3390/app10228265
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stability [7–9], voltage levels [10,11] and electrical energy losses [12,13]. The ﬁrst response to the PVPP
installed capacity growth should be the development of forecasting systems, allowing reliable planning
of power system operation modes.
In general terms power system planning is understood as an action schedule aimed at ensuring the
balance of power consumption and generation, reliability and eﬃciency of the entire technological chain:
power generation, transmission, distribution and consumption [14,15]. Short-term planning is typically
carried out for the day-ahead perspective by the dispatch control centers. Operational planning is also
carried out by dispatch centers, but within the operational day in order to sustain power balance and
power supply reliability online.
When analyzing the renewable energy sources’ (RES) inﬂuence on the power system operation
mode, it is necessary to take into account the stochastic nature of weather conditions, especially for
the PVPPs and wind power plants, power generation of which largely depends on meteorological
factors [16,17]. This kind of uncertainty can be taken into account in their forecasting models both
from the point of view of the probability theory [18] and the possibility theory [19]. When using the
possibility theory, both qualitative and quantitative methods can be applied [20].
The PVPP generation forecasting is one of the most eﬀective and least capital-intensive measures
that allow the integration of stochastic generation sources into the power system and reduce the
negative impact on the power system’s operation mode. In this regard, the issue of day-ahead PVPP
forecasting becomes a task with increasing priority in many countries [21].
Methods for PVPP generation forecasting can be divided into four main classes [22]: statistical,
physical, intelligent and hybrid. Statistical models use statistical analysis to describe the relations
between weather conditions and time series of solar irradiance or power generation of PVPPs,
using retrospective data, as, for example, in [23–26]. Numerical weather forecast and satellite images,
as suggested in the studies [27–30], form the basis for compiling PVPP generation forecasts for physical
models. Intelligent models use artiﬁcial intelligence and machine learning methods to obtain forecasts
of solar irradiance or PVPP power generation, mainly based on neural networks, as presented in [31–34].
Hybrid models for PVPP generation forecasting typically combine either physical or statistical or
intelligent models. Examples of such models are presented in [35–38].
The authors of the article have previously developed their own step-by-step approach of PVPP
generation short-term forecasting (STF), which is presented in detail in [39,40] and schematically given
in Figure 1.
VW VWDJH 6RODULUUDGLDQFHDWWKHWRSRIWKHDWPRVSKHUH
QG VWDJH 6RODULUUDGLDQFHDWWKHKRUL]RQWDOSODQHDWWKH(DUWK VVXUIDFH
UG VWDJH 'LUHFWQRUPDODQGGLIIXVHGKRUL]RQWDOVRODULUUDGLDQFH
WK VWDJH 6RODULUUDGLDQFHDWWKHWLOWHGSODQHDWWKH(DUWK VVXUIDFH
WK VWDJH 39SDQHOVSRZHURXWSXWFDOFXODWLRQ
WK VWDJH 39SRZHUSODQWSRZHUJHQHUDWLRQ

Figure 1. Flowchart of the photovoltaic power plants (PVPP) generation short-term forecasting
algorithm.

The major advantage of the proposed approach is characterized by its ﬂexibility in terms of
accounting for the external factors, including the operational state of the power generation equipment,
switchgear composition, operation modes of the adjacent power system, etc. due to the eﬀective
combination of solar irradiance forecasting algorithms with imitation model of the PVPP under
4
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consideration. Moreover, step-by-step calculation of PVPP generation provides extensive opportunities
for the interpretation of forecasting results, unlike “black box” models, establishing correlation links
between inputs (for instance, weather data) and output (PVPP generation). The PVPP short-term
forecasting system was implemented in the industrial software package and piloted at the real PVPP
allocated in one of the southern regions of the Russian Federation.
In general, in the course of piloting, the PVPP forecasting system demonstrated a satisfactory
accuracy level for sunny and cloudy days [39,41]. However, the performance of the model signiﬁcantly
decreased during partly cloudy days and days with precipitation, which put the study on the model
accuracy and robustness at the top of the priority list.
The present study focuses on the measures to be introduced to improve the PVPP forecasting
system performance in terms of accuracy and robustness. The authors scrutinize the weather data
analysis and highlight the actions to be taken in terms of source dataset processing to improve PVPP
forecasting accuracy. It should be noted that since the source data processing is aimed at eliminating
the noise (outliers, produced by extreme weather conditions), the proposed actions are applicable
regardless of the initially applied forecasting methodology.
The second part of the study demonstrates the multiple time-domain hybrid approach, establishing
the link between short-term PVPP generation forecast for the day-ahead perspective and operational
forecast for intra-hour/intra-day planning of PVPP energy output. The latter one is implemented
based on the supplementary function, characterizing the short-term forecast mismatch, giving the
opportunity to evaluate the PVPP output for one hour-ahead time horizon, which resulted in integrated
PVPP short-term and operational forecasting model.
The remainder of the article is organized as follows. In Section 2, the PVPP forecasting errors
are analyzed and major error sources are highlighted. Section 3 presents the results of the studies on
source data ﬁltration to improve the forecasting accuracy and the model performance for unstable
weather conditions. Section 4 introduces the concept of PVPP short-term forecast operational correction
and implements PVPP operational forecast based on the short-term forecasting errors analysis.
Section 6 describes the hardware required for the presented forecasting system implementation,
focusing on computational performance and scalability. Finally, the Conclusion Section provides brief
study outcomes.
2. The Main Sources of the PVPP Generation Forecasting Errors
Given the step-by-step procedure, introduced in the PVPP generation short-term forecasting
algorithm, the total forecasting error of the PVPP generation is the sum of the errors of individual
mathematical models, used at each step consequently. Moreover, there are special cases when the error
of one of the models compensates for the error of the other one, but there are also scenarios when the
errors of the models overlap each other, causing a signiﬁcant increase in the total error.
As a rule, at the PVPP, there are measurements of the solar irradiance and the corresponding
electrical energy generation at the alternating current side of the group of the inverters. Unfortunately,
it is not possible to separately estimate the forecasting error that is introduced at each stage. However,
these measurements allow for isolating the error components of the model, associated with tilted
irradiance identiﬁcation and PV panels and inverters outputs calculation (from 3 to 6 stages) and to
estimate the total error of the forecasting methodology (from 1 to 6 stages). The calculation procedure
uses data on the actual measurements of the solar irradiance acquired from the horizontally installed
pyranometers. Figure 2 illustrates the forecasting error of the entire methodology on an hourly basis
while using the actual metering data on solar irradiance. It is notable that the forecasted values of
the PVPP generation are mainly conditioned by the forecasted values of the cloudiness, which were
not observed at the given site. This also brings up an issue of the PVPP forecasting error estimation,
including identiﬁcation of the errors introduced by the data sources.

5
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Figure 2. Actual versus Forecasted values of PVPP generation for day-ahead time horizon (stages 1–6).

Table 1 shows the calculation results for two PVPP forecasting scenarios and presents an estimate
of the mean absolute percentage error (MAPE) without taking into account the error of stages 1–2 for
the ﬁrst scenario and taking into account the error of all stages for the second scenario.
Table 1. Errors for the daily forecast.

Error of stages 3–6
Error of stages 1–6

Total Absolute Error, kW·h

Mean Absolute Percentage Error, %

11,590
43,112

8.7
32.3

The calculation results presented in Table 1 demonstrate that the main share of the PVPP forecasting
error is introduced at the stage of calculating the global horizontal solar irradiance.
The value of the global horizontal solar irradiance, as well as the transparency index of the
atmosphere, is largely determined by the cloudiness. The proportion of solar energy passing through
the cloud layer is not constant. It depends on a several factors [40]:
•
•
•
•
•

the numerical estimation of cloudiness (the proportion of the sky covered by clouds);
type of clouds (cirrus, cumulus, stratus, etc.);
cloud heights from the base to the top;
the microstructure of clouds (e.g., water content per unit volume);
distribution of clouds relative to the solar disk position, etc.;

In the majority of studies and for practical applications, given the limited amount of available
meteorological data from local data providers, to assess the eﬀect of cloudiness on the value of solar
irradiance and the transparency index, as a rule, only one of the listed parameters is used—the
cloudiness (in proportions or percentages)—since for this parameter it is the easiest to determine
(to observe) and the easiest to forecast [41].
As a result, a situation arises when the parameter for which the forecast is made has an ambiguous
eﬀect on the forecasted value. Examples of such situations are described by the authors in [42,43].
As a result, at this stage of calculating the PVPP generation forecast, a signiﬁcant forecasting error
is introduced.
3. Data Filtering for Short-Term Forecasting of Photovoltaic Power Plants Generation
3.1. Case Study of the PVPP Generation Short-Term Forecast
The study object was a real PVPP located in the Astrakhan region of Russia, with an installed
capacity of 15 MW. In total, 6076 observations are being examined for the period from 26 September 2017
to 05 February 2019. To verify the forecasting models, data for various characteristic periods
were considered:

6
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•
•
•
•

spring weather period: 26 February 2018–11 March 2018, 14 days, 164 observations;
summer weather period: 21 May 2018–1 June 2018, 12 days, 199 observations;
autumn weather period: 11 September 2018–20 September 2018, 10 days, 130 observations;
winter weather period: 28 January 2019–03 February 2019, 7 days, 81 observations.

The division into periods given in the upper list is intended to characterize the weather conditions
corresponding to a particular season, not the calendar seasons. Therefore, those periods were chosen
that corresponded to certain season from the point of view of weather conditions. In total, there
are 574 observations in the studied data for a period of 43 days. Each observation includes the
following information:
•

measured directly on site:





•

actual PVPP generation, kWh;
actual global horizontal irradiance, W/m2 ;
actual ambient temperature, ◦ C;
actual wind speed, m/s;

formed by the meteorological service:





actual and forecasted cloudiness, p.u.;
forecasted air temperature, ◦ C;
forecasted wind speed, m/s;
actual and forecasted air humidity, p.u.

In addition, the calculations used passport and operational data of the PV panels and inverters.
3.2. Data Filtration Methods Application
One of the possible ways to improve the accuracy of calculating the transparency index can be the
data sample ﬁltering, which is used to calculate the coeﬃcients of the regression model [40].
In order to study the possibility and evaluate the eﬀectiveness of methods for improving the PVPP
generation STF accuracy, a reference case study without data ﬁltration is described in detail (Table 2,
Figure 3).
Table 2 represents the numerical assessment of the forecasting quality without introducing
data ﬁltration approaches. The following denominations are used: WΣ is the total PVPP energy
production for the period under consideration, (kWh); EΣ is the total absolute error for the period
under consideration, (kWh); Eavg is the mean absolute error for the period under consideration, (kWh);
σE is the absolute error standard deviation, (kWh); R2 score is the determination coeﬃcient, (p.u.);
SSEn is normalized sum of errors.
Table 2. Analysis of PVPP generation forecasting accuracy.

Parameter
WΣ , kW·h
EΣ , kW·h
Eavg , kW·h
σE , kW·h
R2
SSEn

26 February
2018–11 March
2018

21 May 2018–1
June 2018

11 September
2018–20 September
2018

28 January
2019–3
February 2019

391,805.4
185,497.2
1131.1
1909.6

1,156,028.2
253,367.0
1306.0
2201.9

601,402.2
258,279.6
1986.8
2040.6

86,694.7
64,829.7
800.4
1303.4

7

For All
Periods
2,235,930.5
761,973.5
1339.1
2210.2
0.65
14.77

)RUHFDVWHG3933JHQHUDWLRQN:
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Figure 3. The scatter diagram of the PVPP generation forecasted values.

Due to the fact that when calculating SSE (sum of square error), very large values are obtained
(for example, for the Figure 3 scenario the SSE would be equal to 3,322,661,719.61 kW2 ), the SSEn
indicator is applied. It is calculated as the sum of squared errors normalized with respect to the square
of the installed capacity of the photovoltaic power plant, SSEn = SSE/(Pinst )2 , measured in p.u.
In Figure 3 there is a diagram showing the scatter of the forecasted values of PVPP generation
relative to the actual values.
The determination coeﬃcient characterizes a signiﬁcant value of the PVPP generation forecasted
values relative to the actual values. The reason for this is the cloudiness inﬂuence ambiguity on the
value forecasted by the regression function—the transparency index.
Figure 4 shows an example of the transparency index dependence on cloudiness for the solar
altitude angles, characterizing the morning and evening conditions (α < 15◦ ), as an example, and
shows a signiﬁcant uncertainty of the cloudiness inﬂuence cc on the transparency index kT . For the
same cloudiness value, the scatter in the transparency index values can reach 0.9 p.u.
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Figure 4. Transparency index versus cloudiness for morning/evening altitude angles.

3.3. Empirical Data Filtration
In determining outliers when analyzing the transparency index dependence on the cloudiness
amount, an empirical formula can be used:
kT ≤ 0.9 − 0.5 · cc,
8

(1)
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where kT —the transparency index, (p.u.); cc—the cloudiness, (p.u.).
This expression is determined on the assumptions that come from the experience of PVPP solar
forecasting system application at the real power generation facility: under absolutely cloudless weather
conditions the transparency index value kT cannot exceed 0.9 p.u., and under the most cloudy weather
the transparency index value kT cannot exceed 0.5 p.u.
All observations above the straight line kT = 0.9 − 0.5 · cc, are treated as outliers and are considered
unreliable. Figure 5 shows the transparency index dependencies on cloudiness, ﬁltered in accordance
with the expression (1), for the above-described ranges of the solar altitude angle, characterizing the
morning and evening conditions (α < 15◦ ).
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Figure 5. Transparency index versus cloudiness for morning/evening altitude angles with
empirical ﬁltration.

)RUHFDVWHG3933JHQHUDWLRQN:

From Figure 5 it appears an uncertainty decrease in the cloudiness inﬂuence cc on the transparency
index kT due to the introduced ﬁltering of the observations. The results of PVPP generation forecasting
accuracy assessment using empirical ﬁltering are shown in Figure 6.
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Figure 6. The scatter diagram of the PVPP generation forecasted values with empirical ﬁltering.

The comparison of Figures 3 and 6 allows one to evaluate the eﬃciency of using simple ﬁltration.
The total error value for all the speciﬁc periods under consideration using an empirical ﬁlter is lower
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than for the calculations without using the ﬁlter, which is conﬁrmed by the scatter on the diagrams.
The determination coeﬃcient R2 has also increased.
The advantages of the empirical ﬁltering method are the usability and the fewer required
computing resources. Disadvantages of the ﬁltering method are as follows: the diﬃculty to accurately
identify outliers of the transparency index kT , the excessive observations ﬁltering (in addition to
outliers, reliable observations can be discarded) and the lack of empirical expressions versatility.
3.4. The K-Means Filtration Method
In order to more accurately identify outliers, the authors of the study used the k-means method.
The k-means method is implemented in accordance with the following algorithm [42], as shown in
Figure 7 for 200 randomly generated observations and 6 cluster centers for two-dimensional space (the
number of features describing each observation is 2). The step-by-step procedure of the methodology
is given in Figure 8. A silhouette measure is used to assess the quality of data clustering.

Figure 7. K-means based data clustering.

The silhouette measure characterizes the distance of the observation from the nearest cluster to
which it does not belong. The silhouette measure is determined in accordance with the expression:
Silm =

B−A
max(A, B)

(2)

where Silm —the silhouette measure for the observation; A—the distance from the observation to the
nearest cluster center, to which this observation belongs; B—the distance from the observation to the
nearest cluster center to which this observation does not belong.
By the silhouette measure value, the division quality is determined: poor division quality is
characterized by the measure values from −1 to 0.2; middle division quality—from 0.2 to 0.5; good
division quality—from 0.5 to 1.
To identify the transparency index kT anomalous behavior and to solve the problem of more
accurate outliers identiﬁcation, a three-dimensional feature space was used in the study, based on
the k-means clustering method. 6076 observations were analyzed for the period from 26/09/17 to
05/02/19. Cloudiness cc, solar altitude angle sine sin α and solar inclination angle δ were used as
features describing the observations.
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Figure 8. Flow-chart of the algorithm.

Solar altitude angle α is determined according to the expression below:
α = 90 − arccos(cos ϕ cos δ cos ω + sin ϕ sin δ),

(3)

where ϕ—the latitude, (deg); δ—the solar inclination angle, (deg); ω—the solar hourly angle, (deg).
To calculate the solar inclination angle, the following expression is used:


284 + n
,
δ = 23.45◦ sin 360◦
365

(4)

where n is the day number.
To select the number of clusters and determine the initial approximations of the cluster centers, a
combination of various characteristic values of each feature was used. The list of characteristic values
and the corresponding descriptions are presented in Table 3.
Table 3. Description and features values for clusters initial approximations.
Solar Altitude Angle Sine

Cloudiness

Solar Inclination Angle

Description

Value

Description

Value

Description

Value

morning/evening
late night/day
late morning
midday

0.1
0.3
0.5
0.7

almost no clouds
low clouds
medium clouds
heavy clouds

0.1
0.5
0.8
1

winter
oﬀ-season closer to winter
oﬀ-season closer to summer
summer

0.1
0.33
0.66
1
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According to Table 3, various combinations of cloudiness values, solar altitude angle sine and
solar inclination angle are formed to determine the initial approximations of the cluster centers.
The number of possible combinations is 43. Since in the range of the solar altitude angle sine
close to 0.7 (midday), there are no points with coordinates along the axis δ in the range of 0.1–0.33
(winter-oﬀ-season closer to winter), combinations with such values are not included in the ﬁnal set of
cluster centers’ initial approximations.
A total set of 56 diﬀerent combinations is formed. Figure 9a,b illustrate the location of
6076 observations (blue markers) and 56 initial approximations of cluster centers (black markers) in a
three-dimensional feature space sin α − cc − δ. The clustering observations results using the k-means
method are presented in Figure 9c,d, as well as in Table 4. The value of the ﬁnal silhouette measure
obtained from the clustering results by the k-means method, averaged between all observations, is
0.52, which conﬁrms the good quality of the observations division into clusters. The calculation time
was 1 h 56 min.
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(a) Initialization (view 1)

(b) Initialization (view 2)
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(c) Results (view 1)
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(d) Results (view 2)

Figure 9. Geometric interpretation of data initialization and clustering results using the k-means method.
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Table 4. Results of calculating the parameters for forecast accuracy estimating for various combinations.
X − n·σkT ≤ kT ≤ X + n·σkT

EΣ , kW·h

σE , kW·h

Eavg , kW·h

,%
E%
Σ

X—arithmetic mean, n = 0.5
X—arithmetic mean, n = 1.0
X—arithmetic mean, n = 1.5
X—arithmetic mean, n = 2.0
X—median, n = 0.5
X—median, n = 1.0
X—median, n = 1.5
X—median, n = 2.0
X—mode, n = 0.5
X—mode, n = 1.0
X—mode, n = 1.5
X—mode, n = 2.0

464,104.24
442,004.04
437,334.47
496,591.54
449,945.86
424,117.13
417,287.68
438,152.06
495,570.51
466,985.74
471,971.92
530,260.45

1560.80
1486.48
1274.05
1470.06
1361.23
1271.61
1214.58
1289.76
1466.62
1373.99
1387.26
1583.29

815.65
776.81
768.60
872.74
790.77
745.37
733.37
770.04
870.95
820.71
829.48
931.92

20.76
19.77
19.56
22.21
20.12
18.97
18.66
19.60
22.16
20.89
21.11
23.72

The k-means clustering makes it possible to divide observations into clusters that are similar in
terms of cloudiness, time of day and season. Observations combined in this way should have similar
transparency index values kT .
A number of parameters are used for the numerical evaluation of transparency index observations
obtained within the clusters: arithmetic mean value, median, mode, mean-square deviation.
Observations that diﬀer signiﬁcantly from the rest in the cluster are recognized as outliers and
are considered unreliable. The following expression is used for determining the cluster outliers:
X − n · σkT ≤ kT ≤ X + n · σkT ,

(5)

where kT —the transparency index, (p.u.); σkT —the transparency index standard deviation, (p.u.);
n—the number of transparency index standard deviations; X—arithmetic mean, median or mode of
the transparency index for a given cluster (p.u.).
Table 4 shows the results of calculating the parameters for forecasting accuracy estimation for
various combinations of X and n.
The analysis of the Table 4 shows that the observations ﬁltering using the transparency index
median of each cluster has the greatest eﬃciency in determining outliers within the clusters; the
number of the transparency index mean-square deviations for the conﬁdence range is 1.5. The results of
calculating the parameters for estimating the PVPP generation forecasting accuracy using the k-means
method for ﬁltering data are presented in Table 5.
Table 5. Results of calculating the parameters for estimating the PVPP generation forecasting accuracy
using the k-means method for data ﬁltering.

Parameter
WΣ , kW·h
EΣ , kW·h
Eavg , kW·h
σE , kW·h
E%
,%
Σ
R2

26 February
2018–11 March
2018

21 May 2018–1
June 2018

11 September
2018–20 September
2018

28 January
2019–3
February 2019

391,805.4
113,424.0
691.6
997.7
29.0

1,156,028.2
75,093.5
377.4
893.1
6.50

601,402.2
184,327.4
1417.9
1724.2
30.7

86,694.7
45,661.1
563.7
733.3
52.7

For All
Periods
2,235,930.5
417,287.7
733.4
1 214.6
18.7
0.88

Advantages of ﬁltering the initial data using the k-means method: more accurate transparency
index outliers identiﬁcation compared to an empirical model, since the analysis takes into account
the season and day time; the versatility of the proposed method for power plants various geographic
locations; less chance of over-ﬁltering observations compared to the empiric approach.
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Disadvantages of ﬁltering the initial data using the k-means method: high costs of computing
resources, the calculation time for the considered example reached almost two h; more complex
algorithm compared to the empirical model.
3.5. Filtration Models Comparative Analysis
Table 6 shows the comparison of the parameters for assessing the PVPP generation forecast
accuracy for three scenarios: without ﬁltering the source data, using an empirical ﬁlter, introducing the
k-means approach.
Table 6. Comparison of the short-term forecasting (STF) results for various ﬁltration models.
Parameter

Without Filtration

Simple Filter

K-Means Method

WΣ , kW·h
EΣ , kW·h
Eavg , kW·h
σE , kW·h
,%
E%
Σ
R2

2,235,930.48
761,973.46
1339.14
1909.59
34.08
0.65

2,235,930.48
640,411.96
1151.29
2242.59
28.64
0.70

2,235,930.48
417,287.68
733.37
1214.58
18.66
0.88

The error assessment criteria analysis shows that the observations ﬁltering using the k-means
method has the best performance. The total error value is reduced by almost 2 times compared with
the calculation without ﬁltering and more than 1.5 times compared with the calculation using an
empirical ﬁlter.
4. Photovoltaic Power Plants Generation Short-Term Forecast Operational Correction
4.1. General Approach to the PVPP Generation Operational Forecasting Models
When addressing the problem of PVPP short-term forecasting accuracy improvement, it should
be outlined that there are several fundamentally diﬀerent degrees of latitude. Typically, at ﬁrst, the
investigators justify the particular types and parameters of the forecasting approach. The next step is
often addressing the data analytics issues, including Feature Engineering, applying practical knowledge
to the dataset processing, data gaps elimination, outlier ﬁltration, etc. The last, but not the least,
direction to minimize the PVPP generation forecasting error is an adjustment of time resolution of the
model. Indeed, it is naturally evident, that very-short term forecasts of PVPP generation demonstrate
more accurate results for intra-hour or intra-day periods than multiple day-ahead forecasting models,
based on numerical weather predictions. However, typically, the investigators address the behavior
of their approaches for static time-domain models, which is justiﬁed in the majority of cases by the
necessity to introduce another mathematical basis for diﬀerent time-domains or other structures of the
mathematical core of the proposed models, other features with diﬀerent time resolutions, etc. The static
time-domain operational forecasts of PVPP generation for an hour ahead perspective often turns out to
be problematic, since the hourly interval is founded to be too large for the models with smaller time
resolution (1-min, 5-min, 15-min, etc.) as far as one hour-ahead calculations in such circumstances are
to be treated as 60, 12, 4 periods ahead forecasts, respectively. For this reason, the correlation between
the PVPP generation at two adjacent hourly intervals is often poorly traced. Furthermore, vice versa,
using single hour resolution models for hour-ahead perspective does meet the requirements of the
power system operational control since the intra-hour deviations of PVPP generation are not taken
into account.
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In the present study, the authors have attempted to establish the bridge between the STF day-ahead
forecasting system, implemented on multiple regression with k-means initial dataset ﬁltration, with
the operational hour-ahead PVPP generation forecast. The latter one is implemented on the basis of
the supplementary STF error forecasting function, giving the opportunity to evaluate the STF error
for the hour-ahead time horizon. The knowledge on what would be the mismatch of the STF for the
hour-ahead perspective gives the opportunity to implement an operational (very-short term) forecast
on the basis of the initially developed and optimized STF approach by providing STF forecasting error
correction. The proposed approach is justiﬁed by another fact that PVPP generation STF error, if it
occurs, exists for several time intervals straight, that is, several hours. This circumstance initiates using
retrospective STF error data to make operational forecasts, since the STF errors time series turns out to
be more predictable than of the PVPP operational forecast one because of the data noise, appearing in
smaller time-domain models.
The object of study for operational forecasting is the same PVPP, as was investigated for the STF.
Within this study, diﬀerent methodologies of calculating the forecast for 1 h ahead are considered.
In order to implement the operational forecast, based on the retrospective data of the STF errors, an
STF error forecast is calculated for an hour ahead horizon. Based on the calculation results, the STF is
corrected for the STF forecasted error, which will be essentially the operational forecast.
Thus, when compiling the operational forecast in all the models, the STF error appears as the
forecasted value when determining the one-hour-ahead PVPP generation:
Eact
stf = Wact − Wstf ,

(6)

where Eact
—PVPP generation STF error, (kW·h); Wact —PVPP generation actual value, (kW·h);
stf
Wstf —PVPP generation STF, (kW·h).
The calculation algorithm used for operational PVPP generation forecasting consists of the
following items, presented in Figure 10, where Wof —PVPP generation operational forecast, (kW·h);
Wstf —PVPP generation STF, (kW·h); Efstf —operational forecast of PVPP generation STF error, (kW·h).

Figure 10. Block diagram of operational forecast algorithm.

The proposed algorithm makes it possible to promptly (1 h ahead) correct STF stationary errors
(that is, those that occur for several hours straight). In this case, the cumulative error of the methodology
for calculating the STF will be corrected: the error associated with the assessment of the cloudiness
inﬂuence on the share of solar energy losses when passing through the cloud layer; errors in cloudiness
forecasts, as well as errors of other mathematical models.
4.2. PVPP Generation Operational Forecasting Models Description
To implement the operational forecasting on the basis of retrospective data on STF errors, the
possibility of using a number of statistical mathematical models is considered [43].
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4.2.1. Persistence Model (Represents the So-Called “Naive” Approach)
According to this approach, it is assumed that the forecasted value at the next time step is equal to
the actual value at the current step. Thus:
pr

Estf (t + 1) = Eact
stf (t),

(7)

pr

where t—time interval, (hour); Estf (t + 1)—STF error operational forecast for 1 h ahead, (kW·h);
Eact
(t)—actual value of the STF error, (kW·h).
stf
This model makes it possible to obtain fairly accurate transparency index operational forecasts
in those cases when a stationary STF error occurs, which persists for several time intervals straight,
constant in magnitude and sign. At the same time, in the case of a rapid change in the STF error value
or sign, the operational forecast will be less accurate than the STF.
4.2.2. Moving Average Model (Is an Advanced Inertial Model)
This is a well-known time series smoothing technique that eliminates random ﬂuctuations in
the time series. The moving average model (MA (M)) can be represented in accordance with the
following expression:
T−1
1  act
pr
Estf (t − i),
(8)
Estf (t + 1) =
T
i=0

where T—the number of observations in the period used to calculate the mean, (dimensionless value);
i—the oﬀset relative to the current time interval, (hour); Eact
(t − i)—STF error actual value for the time
stf
interval t − i, (p.u.), the number of observations in the period—T, used to calculate the average value,
denotes the model order.
When using the MA (M) model, the initial values of the time series are replaced by the arithmetic
mean within the selected time period. When forecasting for the next interval, the period is shifted by
one observation, and the calculation of the mean is repeated. The periods use the same time frames for
determining the average. The wider the frame used for smoothing, the smoother the trend is.
4.2.3. Autoregressive Model
Time series model (AR (p)), where the time series values are linearly dependent on the previous
values of the same series. It is assumed that STF errors time series can be represented as an
autoregressive function, since this random process proceeds approximately uniformly in time, while
random ﬂuctuations occur around some mean value close to zero. Moreover, neither the average
amplitude nor the nature of these ﬂuctuations show signiﬁcant changes over time. The autoregressive
process is deﬁned as follows:
p

pr
ai · Eact
(9)
Estf (t + 1) = c +
stf (t − i),
i=1

where c—the constant (free) term, (dimensionless quantity); p—the model order, that is the number
of previous time intervals used for the calculation, (dimensionless value); ai —the autoregressive
coeﬃcient for t − i time interval, (dimensionless quantity).
To estimate the autoregression coeﬃcients, as well as for other regression models, the least squares
method can be used. The autoregression coeﬃcients are calculated using the Gauss transformation:

−1
A = XT X XT Y,

(10)

where A—the autoregression coeﬃcients vector; X—the independent variables matrix, composed of
actual values Eact
(t − i); Y—the dependent variables vector, composed of actual values Eact
(t).
stf
stf
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4.2.4. Autoregressive Moving Average Model
The ARMA(p,T) model is a generalization of MA иAR processes. The STF errors time series
treatment, which was smoothed using the moving average model, shows that it is stationary, as the
original time series. Thus, it is also possible to use an autoregressive model for the moving averages
time series. The autoregressive process for a moving average is deﬁned as follows:
pr
Estf (t + 1)

= c+

p

i=1

⎤
⎡
T−1
⎥⎥
⎢⎢ 1 
⎥
⎢
act
⎢
ai · ⎢⎢
Estf (t − j)⎥⎥⎥,
⎦
⎣T

(11)

j=0

where p—the model order, that is, the number of the moving average previous values used for the
calculation, (dimensionless value); ai —the autoregressive coeﬃcient for t − i the moving average value,
(p.u.); i—the shift relative to the time interval corresponding to the moving average current value,
(hour); j—the shift relative to the current time interval, (hour); T—the number of observations in the
period used to calculate the average, (dimensionless value); Eact
(t − j)—the STF error actual value for
stf
the time interval t − j within the period T, (kW·h), where the number of observations in the period T,
used to calculate the average denotes the order of the MA model, and the number of moving averages
p, used for the calculation denotes the order of the AR model.
4.2.5. Autoregressive Model with Exogenous Inputs
ARX(p,q) model represents an autoregressive process that also takes into account the values that
do not belong to the considered time series. As previously noted, a simple autoregressive AR model
uses the previous time series values as features, without using any other features. At the same time,
when making the forecast, one may take into account other features that aﬀect the transparency index,
that is, the cloudiness cc. The autoregressive process using cloudiness cc as an exogenous feature is
deﬁned as follows:
p
q


pr
ai · Eact
(
t
−
i
)
+
bi · cc(t − i),
(12)
Estf (t + 1) = c +
stf
i=1

i=0

where p—the order of the autoregressive inputs, that is the number of STF error previous values used
for the calculation, (dimensionless value); ai —the autoregression coeﬃcient for t − i of STF error value,
(dimensionless value); q—the exogenous inputs order, that is, the number of cloudiness values used
for the calculation, (dimensionless value); bi —the autoregression coeﬃcient for t − i of cloudiness,
(dimensionless value); cc(t − i) the actual cloudiness value for the time interval t − i, (p.u.); the number
of the STF error previous values p, used for the calculation denotes the AR model order, and the
number of cloud values q, used for the calculation denotes the X model order.
5. Comparison of Operational and Short-Term Forecasting Models
Table 7 shows the parameters comparison for assessing the PVPP generation forecast accuracy for
various operational forecast models. As far as the models under consideration have diﬀerent number
of predictors, the adjusted R2 metrics is introduced as a model quality criterion. As in the previous
case (short-term forecast), adjusted R2 also demonstrates how well the model ﬁts the data, but the total
score is adjusted according to the number of terms in the model:


R2ad justed = 1 − 1 − R2 × (k − 1)/(k − n − 1),

(13)

where R2 —R-square measure; n—number of samples in the set; k—number of variables in the model.
The error assessment analysis shows that the second-order autoregressive model AR(2) has the
best indicators among the operational forecast models. The parameters characterizing the results of
PVPP generation operational forecast accuracy assessment using the second-order autoregressive
model AR(2) are presented in Table 8.
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Table 7. Parameters comparison for PVPP operational forecast accuracy assessment.
Model

EΣ , kW·h

Model P
Model MA(2)
Model MA(3)
Model MA(4)
Model MA(5)
Model AR(1)
Model AR(2)
Model AR(3)
Model ARMA(1,2)
Model ARMA(2,2)
Model ARMA(3,2)
Model ARMA(2,3)
Model ARX(2,1)
Model ARX(2,2)
Model ARX(2,3)

Parameters
Eavg , kW·h
σE , kW·h

346,892.60
337,843.22
347,495.89
355,941.97
364,991.34
325,777.39
301,645.74
331,810.31
328,793.85
337,843.22
358,958.43
352,925.51
327,180.05
330,196.50
333,212.96

1063.18
1035.45
1065.03
1090.92
1118.65
998.47
924.51
1016.96
1007.71
1035.45
1100.16
1081.67
1002.77
1012.01
1021.26

609.65
593.75
610.71
625.56
641.46
572.54
530.13
583.15
577.85
593.75
630.86
620.26
575.01
580.31
585.61

,%
E%
Σ

R2adjusted

15.51
15.11
15.54
15.92
16.32
14.57
13.49
14.84
14.71
15.11
16.05
15.78
14.63
14.77
14.90

0.874
0.887
0.874
0.862
0.851
0.904
0.940
0.895
0.900
0.887
0.858
0.866
0.902
0.898
0.893

Table 8. The parameters calculating results for assessing the PVPP generation operational forecast
accuracy.

Parameter

26 February
2018–11 March
2018

21 May 2018–1
June 2018

11 September
2018–20 September
2018

28 January
2019–3
February 2019

391,805.4
82,951.0
505.8
722.5
21.17

1,156,028.2
76,503.8
384.4
867.6
6.62

601,402.2
119,241.6
917.2
1011.8
19.83

86,694.7
23,406.3
289.0
440.0
27.00

WΣ , kW·h
EΣ , kW·h
Eavg , kW·h
σE , kW·h
,%
E%
Σ
R2

For All
Periods
2,235,930.5
301,645.8
530.1
924.5
13.5
0.94

Figure 11 demonstrates the comparison of the PVPP generation actual values, the PVPP generation
STF using the initial data ﬁltration by the k-means method and the operational forecast using the
second-order autoregressive model AR(2).
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(a) Calculation results for 26 February 2018–12 March 2018.
Figure 11. Cont.
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(b) Calculation results for 21 May 2018–2 June 2018.
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(c) Calculation results for 11 September 2018–21 September 2018.
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(d) Calculation results for 28 January 2019–5 February 2019.
Figure 11. The comparison of short-term and operational PVPP forecasts with actual values.

As one can see from Figure 11a–d, the operational forecast makes it possible to reﬁne the short-term
forecast, the curve of operational forecast absolute errors has a ﬂat character compared to the short-term
forecast, the absolute forecasting error values are closer to zero. Table 9 demonstrates the comparison
of the short-term and operational PVPP generation forecasting accuracy.
When dealing with stochastic phenomena, providing a 100% accurate forecast is problematic.
In most cases, we can only talk about the probability of the forecasted to meet the conﬁdence range.
To assess the reliability of the proposed short-term and operational forecasting models, the conﬁdence
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probabilities corresponding to the intervals of ±1 MW and ±2 MW were also calculated. The values of
these probabilities are presented in Table 10.
Table 9. The parameters comparison for assessing the short-term and operational PVPP generation
forecast accuracy.
Parameter

STF, K-Means Methodology

Operational Forecast, AR(2)

WΣ , kW·h
EΣ , kW·h
Eavg , kW·h
σE , kW·h
,%
E%
Σ
R2

2,235,930.48
417,287.68
733.37
1214.58
18.66
0.88

2,235,930.48
301,645.74
530.13
924.51
13.49
0.94

Table 10. The reliability parameters comparison of PVPP generation operational and short-term forecast.
Conﬁdence Interval
±1 MW (6.7% from PVPP Pinst )
±2 MW (13.3% from PVPP Pinst )

The Share of the Forecasts within the Interval
STF, K-Means Method
Operational Forecast, AR(2)
78.9%
92.2%

88.5%
97.5%

As can be seen from Table 10, for STF 78.9% of forecasts are characterized by an error not exceeding
1 MW (6.7% of the plant’s installed capacity), 92.2% of forecasts are characterized by an error not
exceeding 2 MW (13.3% of the plant’s installed capacity). At the same time, for operational forecast,
88.5% of the forecasts are characterized by an error not exceeding 1 MW, and 97.5% of forecasts are
characterized by an error not exceeding 2 MW.
The results of the parameter comparison for assessing the PVPP generation short-term and
operational forecasts show that the error characteristics are ﬁnally improved by almost 1.5 times. At the
same time, the operational forecast makes it possible to obtain more reliable estimates of the PVPP
generation forecasted values: the number of operational forecasts belonging to the conﬁdence interval
of ±1 MW is almost 10% more, and the number of forecasts belonging to the conﬁdence interval of
±2 MW is observed 5% more frequently. Thus, we can conclude about the eﬀectiveness of the proposed
methodology for operational forecasting based on retrospective data on short-term forecasting errors.
6. Forecasting System Hard-Ware Implementation for Autonomous Photovoltaic Power Plants
The discussed above forecasting algorithms were implemented using a distributed computing
system that included a low-cost x86 embedded computer and an FPGA (Figure 12).

Figure 12. Hardware architecture used for forecasting algorithms implementation.

In general, the architecture of the implemented computing system repeats the one proposed
in [44]. FPGA in this architecture is used as a custom accelerator, which is built on a basis of one of
more specialized computational cores (SCCs) and Ethernet POWERLINK communication core [45].
Each SCC, which includes a combination of a matrix coprocessor [46] and a general-purpose processor
and performs computations requested by managing device, built on the basis of an x86 embedded
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computer running Linux operating system. This architecture is inspired by the ones used in space
robotics [47], which makes it suitable and attractive for adaptation to other application areas where
the robust and maintenance-free operation of equipment is required in long terms; for example, for
autonomous PVPPs.
The developed x86 software algorithms and FPGA ﬁrmware were ﬁrst veriﬁed using the Vmodel
toolbox [48] simulation tool, and then uploaded into Intel NUC8IN computer and a Digillent Nexys
4 DDR kit FPGA (Figure 12). The estimation evaluated during model veriﬁcation was the same as
the ones provided by the real hardware. The worst-case diﬀerence between evaluated forecasts and
reference ones presented in Table 7 was 0.04883%. This error is caused by the use of ﬁxed-point
calculations on FPGA accelerators. Meanwhile, as it can be seen from Table 7, it is signiﬁcantly less
than the error of the forecasting methods themselves.
This experiment demonstrates that the discussed forecasting methods can be implemented using
embedded equipment and integrated into autonomous photovoltaic power plants. Moreover, the
proposed implementation approach is scalable and, as it was shown in [44], even a signiﬁcantly larger
amount of data can be processed without the use of high-performance servers just by increasing the
number of distributed FPGA-based accelerators.
7. Conclusions
The present study addresses the development of short-term and operational forecasting methods
of photovoltaic power plants, which arose in response to the energy sector transition, characterized
by the growing share of stochastic power generation. As it was stated in the introduction, reliable
forecasting systems are the most eﬀective and least capital-intensive measures that allow for the
integration of stochastic generation sources into the power systems.
Based on the results of the previously carried out investigations, a short-term day-ahead PVPP
generation forecasting system was developed by an eﬀective combination of astronomical and statistical
approaches. The step-by-step forecasting procedure, comprising the global horizontal irradiance
identiﬁcation, tilted surface irradiance assessment and, ﬁnally, calculation of the PV power plant output
was implemented, providing rich opportunities for forecasting results’ interpretation and overall model
ﬂexibility, allowing us to take into account the operational state of the power generation equipment,
switchgear composition, operation modes of the adjacent power system and other external factors.
In the course of the short-term forecasting system industrial piloting, it was determined that
the greatest error (more than 70% of the total value of mean absolute percentage error) in the PVPP
generation forecast calculation is introduced at the stage of determining the transparency index
according to the regression model due to the ambiguity of cloudiness impact on the forecasted value
of the transparency index. Given that from the point of view of PVPP power output, there is a
fundamental diﬀerence of various meteorological conditions and events, which may be characterized
by similar weather forecasting parameters, acquired from the open-source weather data provider, it
was decided to focus the attention on the dataset ﬁltration. The idea was to eliminate the dataset
outliers and to use separate training sets for various weather conditions and/or seasons to enhance the
“sensibility” of the model to the weather type.
The results of studying the possibility of ﬁltering the initial data to improve the PVPP generation
short-term forecast accuracy allow us to conclude that the application of the k-means methodology is
the most eﬀective. The PVPP generation forecast error is reduced by almost 2 times compared with the
calculation without ﬁltering and more than 1.5 times compared with the calculation using an empirical
ﬁlter. The mean absolute percentage error for PVPP day-ahead forecasting with k-means data ﬁltration
was calculated to be 18.66%. Thus, it can therefore be concluded that the use of the k-means method
for ﬁltering the initial data allows for reducing the PVPP generation forecast error introduced at the
stage of forecasting the transparency index to obtain a more accurate forecasting result.
Subsequent improvement of PVPP forecasting accuracy was achieved by adjusting the time-domain
of the model by adding the intra-day forecasting procedure, realized in the form of forecasting error

21

Appl. Sci. 2020, 10, 8265

prediction. It was assumed that the knowledge of present-day forecasted PVPP generation and
the mismatch of the forecasted values compared to the actual data, acquired from irradiance and
electrical meters, will give us the opportunity to develop a powerful multi-time-domain forecasting
tool. Unlike the other existing approaches, the authors have attempted to establish the bridge between
the day-ahead PVPP forecast and the operational hour-ahead PVPP generation forecast by introducing
an error forecasting procedure. We provided the comparison of the persistence model, moving
average, autoregression, autoregressive moving average and autoregression with exogenous features
for short-term forecast error prediction. It was found that the second-order autoregression model
AR(2) for short-term forecasting error prediction outperformed all of the methods under consideration.
The developed approach of operational forecasting makes it possible to reduce the total error by
almost 1.5 times in comparison with the short-term forecast. The mean average percentage error was
calculated to be about 13%. At the same time, the operational forecast makes it possible to obtain
more robust estimates of the PVPP generation predicted values: the percentage of operational forecasts
meeting the conﬁdence interval of ±1 MW (for 15 MW PVPP) is more than 88%, and the percentage
of the forecasts meeting the conﬁdence interval of ±2 MW is more than 97%. Thus, this conﬁrms the
eﬀectiveness of the proposed methodology for an operational forecast based on retrospective data on
short-term forecasting errors.
The proposed forecasting software was installed on a low-cost distributed computing system,
characterized by robust and maintenance-free operation, which is of great importance for power
generation facilities operated in the autonomous mode and/or providing system service at the
wholesale energy market. Moreover, in the course of PVPP operation, the retrospective dataset is being
permanently updated with the newly introduced measurements and calculation results. The proposed
hardware system has outstanding scaling properties, so there is no need to introduce high-performance
computing facilities even for the Big Data sets.
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Abstract: The electric energy production would be much more efﬁcient if accurate estimations of
the future demand were available, since these would allow allocating only the resources needed for
the production of the right amount of energy required. With this motivation in mind, we propose a
strategy, based on neuroevolution, that can be used to this aim. Our proposal uses a genetic algorithm
in order to ﬁnd a sub-optimal set of hyper-parameters for conﬁguring a deep neural network, which
can then be used for obtaining the forecasting. Such a strategy is justiﬁed by the observation that the
performances achieved by deep neural networks are strongly dependent on the right setting of the
hyper-parameters, and genetic algorithms have shown excellent search capabilities in huge search
spaces. Moreover, we base our proposal on a distributed computing platform, which allows its use
on a large time-series. In order to assess the performances of our approach, we have applied it to
a large dataset, related to the electric energy consumption registered in Spain over almost 10 years.
Experimental results conﬁrm the validity of our proposal since it outperforms all other forecasting
techniques to which it has been compared.
Keywords: time-series forecasting; deep learning; evolutionary computation; neuroevolution

1. Introduction
The electric energy needs are constantly growing. It is estimated that such demand will increment
from 549 quadrillion British thermal unit (Btu), registered in 2012, to 629 quadrillion Btu in 2020.
A further increment of 48% is estimated by 2040 [1].
The accurate estimation of the short-term electric energy demand provides several beneﬁts.
The economic beneﬁts are evident because this would allow us to allocate only the right amount of
resources that are needed in order to produce the amount of energy actually needed to face the actual
demand [2,3]. There are also environmental aspects to consider, since, by producing only the right
amount of energy required, the emission of CO2 would be reduced as well. In fact, energy efﬁciency
is another relevant goal pursued with these kinds of approaches since the accurate forecasting of
electricity demand in public buildings or in industrial plants usually leads to energy savings [4–6].
Such observations highlight the importance of being able to count on efﬁcient electric energy
management systems and prediction strategies and, consequently, different organizations around
the world are taking actions in order to increase energy efﬁciency. Hence, the European Union (EU),
under the current energy plan [7], established that EU countries will have to embrace various energy
efﬁciency requirements with the objective of improving at least a 20% the energy efﬁciency. In addition
Appl. Sci. 2020, 10, 5487; doi:10.3390/app10165487
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to this, countries belonging to the EU closed an agreement to obtain an additional 27% increment of
the efﬁciency by 2020, with the possibility of increasing the target to 30% by the year 2030.
Forecasting algorithms could contribute to reaching such objectives [2,3]. In this context, energy
demand forecasting can be described as the problem of predicting the energy demand within a
speciﬁed prediction horizon, using past data, or, in other words, a historical window.
Depending on the time scale of the predictions, we can generally distinguish three classes of
forecasting, i.e., short, medium and long-term forecasting. In short-term forecasting, the objective is to
predict the energy demand using horizons going from one hour up to a week. If the prediction horizon
is set between one week and one month, we talk about medium-term forecasting, while long-term
forecasting involves longer horizons [8].
In this paper, we focus on the problem of short-term forecasting. This is an important problem,
since with accurate predictions of short-term load it would be possible to make precisely plan the
resources that need to be allocated in order to face the actual demand, which, as already stated, would
have beneﬁts from both the economical and environmental points of view.
To this aim, we propose an extension of the work proposed in [9], where a deep feed-forward
neural network was used to tackle the short-term load forecasting problem. In the original work,
the tools provided by the H2O big data analysis framework were used along with the Apache Spark
platform for distributed computing.
Differently from [9], where a grid search strategy was used for setting the values of the deep
neural network parameters, in this work, we propose to use a genetic algorithm (GA) in order to
determine a sub-optimal set of hyper-parameters for building the deep neural network that will then be
used for obtaining the predictions. Due to the large search space composed of all hyper-parameters of a
deep learning network, and considering that the method should be scalable for big data environments,
it has been decided to reduce the search range of the GA. For this reason, our proposal will not
always be able to ﬁnd the optimal set of hyper-parameters for the network, but ensures a competitive
sub-optimal conﬁguration.
Our main motivation lies in the observation that the success of deep learning depends on
ﬁnding an architecture to ﬁt the task. As deep learning has scaled up to more challenging problems,
the architectures have become difﬁcult to design by hand [10]. To this aim, evolutionary algorithms
(EAs) can be used in order to ﬁnd good conﬁgurations of the deep neural networks. Individuals can
be set of parameter values, and their ﬁtnesses are determined based on how well they can be trained
to perform in the task.
This ﬁeld is known as neuroevolution, which, in a nutshell, can be deﬁned as a strategy for
evolving neural networks with the use of EAs [11]. Usually, deep artiﬁcial neural networks (DNNs)
are trained via gradient-based learning algorithms, namely backpropagation, see for example [12].
EAs can be used in order to seek the optimal values of hyper parameters, for the example the learning
rates, or the number of layers and the amount of neurons per layer, among others.
It has been proven that EAs can be combined with backpropagation-based techniques, such as
Q-learning and policy gradients, on difﬁcult problems, see, e.g., [13]. In fact, the problem of setting
parameters for such methods is not trivial, and, if the parameters are not correctly set, the forecasting
can be poor.
The above observations motivate us to use a neuroevoltution approach in order to tackle the
short-term energy load forecasting problem. In order to validate our proposal, we applied it to a
dataset regarding the electric energy consumption registered over almost 10 years in Spain. We have
also compared our proposal with other standard and machine learning (ML) strategies, and results
obtained conﬁrm that our proposal achieves the best predictions.
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In the following, we summarise the main contributions of this paper:
1.

2.

3.

4.

5.

6.

We propose a new general-purpose approach based on deep learning for big data time-series
forecasting. Due to the high computational cost of the deep learning, we adopted a distributed
computing solution in order to be able to process large time series.
The hyper-parameter tuning and optimization of the deep neural networks is a key factor for
obtaining competitive results. Usually, the hyper-parameters of a deep neural network are
pre-ﬁxed previously or computed by a grid search, which performs an exhaustive search through
the whole set of established hyper-parameters. However, the grid search presents an important
limitation: it works with discrete values, which greatly limits the ﬁne-tuning of the vast majority
of hyper-parameters. Thus, an evolutionary search is proposed to ﬁnd the hyper-parameters.
We conduct a wide experimentation using Spanish electricity consumption registered over
10 years, with measurements recorded every 10 min. Results show a mean relative error of
1.44%, demonstrating the high potential of the proposed approach, also compared to other
forecasting strategies.
We evaluate our proposal predictive accuracy and compare it with a strategy based on deep
learning using a grid search for setting the hyper parameters. The evolutionary search showed to
be effective in order to achieve higher accuracy.
In addition, we compare the approach with seven state-of-the-art forecasting algorithms such
as ARIMA, decision tree, an algorithm based on gradient boosting, random forest, evolutionary
decision trees, a standard neural network and an ensemble proposed in [14], outperforming all
of them.
We analyze how the size of the historical window affects the accuracy of the model. We found
that when using the past 168 values as input features to predict the next 24 values the best results
were obtained.

The rest of the paper is organized as follows. In Section 2 we provide a brief overview of the
state of the art of electric energy time-series forecasting. The dataset used in this work is described
and analyzed in Section 3.1, while the methodology used is discussed in Section 3.2. In Section 4 we
describe the results obtained by our approach and compare them to those achieved by other strategies.
Finally, we draw the main conclusions and identify futures works in Section 5.
2. Related Works
As previously mentioned, a lot of attention has been paid to short-term electricity consumption
forecasting during the last decades. This section provides a brief overview of up-to-date related works.
We can distinguish two main strategies to predict energy consumption. A ﬁrst strategy is based
on conventional methods, e.g., [15,16], whilst an alternative, and more recent strategy, is based on ML
techniques.
Conventional methods include, among others, statistical analysis, smoothing techniques such as
the autoregressive integrated moving average (ARIMA), exponential smoothing and regression-based
approaches. Such techniques can obtain satisfactory results when applied to linear problems.
In contrast, ML strategies are also suitable for non-linear cases. We refer the reader to [17] for
an expanded survey on data mining techniques applied to electricity-related time-series forecasting.
In this work, several markets and prediction horizons are considered and discussed.
Popular ML techniques successfully applied to the forecasting of power consumption data include
Artiﬁcial Neural Networks (ANN) [18–20] or Support Vector Machines (SVM), see, for instance, [21,22].
Other strategies are based on pattern similarity [23,24]. Since 2011, when the Pattern Sequence
based Forecasting (PSF) algorithm was published [24], a number of variants has been proposed for
forecasting this kind of time-series [25–28], including an R package [29] and a big data version [30]. Grey
forecast models have also been used for predicting time-series. In particular such an approach has been
applied to forecast the demand of natural gas in China. For instance, in [31] a self-adapting intelligent
grey prediction model was proposed, where a linear function was used in order to automatically
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optimize the parameters used by the proposed grey model. This strategy was substituted with a
genetic algorithm in [32], which resolved various limitations of the previous mechanism. A novel
time-delayed polynomial grey model was introduced in [33], while in [34] authors proposed a least
squares support vector machine model based on grey analysis.
Recently, Deep Learning (DL) has also been applied to this problem, see, e.g., [9,35]. However,
to the best of our knowledge, a part from the early version [36] and few other works, such as [37],
in which Brazilian data were analyzed, or [38] for Irish data, or [39] for Chinese data, no other works
based on DL can be found in the literature.
Although ML techniques provide effective solutions for time-series forecasting, these methods
tend to get stuck in a local optimum. For instance, ANN and SVM may get trapped in a local optimum
if their conﬁguration parameters are not properly set.
Recently, methods developed for big data environments have also been applied to electricity
consumption forecasting. In [40] an approach based on the k-weighted nearest neighbours algorithm
was introduced and implemented using the Apache Spark framework. The performances of
the resulting algorithm were tested using a Spanish energy consumption Big Data time-series.
As mentioned above, in 2018, Torres et al. [9] proposed a DL model to deal with big data time-series
forecasting. In particular, the H2O Big Data analysis framework was used. Results from a real-world
dataset composed of electricity consumption in Spain, with a ten-minute frequency sampling rate,
from 2007 to 2016 were reported.
As can be seen, although much attention has been paid to the electricity consumption forecasting
problem, few works based on DL have been proposed. Moreover, such existing works did not applied
any metaheuristic strategy to set the parameters. These facts highlight the existing gap in the literature
and justify, from the authors’ point of view, the development of this work.
As previously stated, in this paper we aim at using DL, in order to perform time-series forecasting.
In DL, many parameters have to be set. The setting of such parameters have a great inﬂuence
on the ﬁnal results obtained by such a strategy. An alternative way to set the DL parameters is
to use an Evolutionary Algorithm (EA) in order to ﬁnd a sub-optimal set of parameters. This
ﬁeld, known as neuroevolution [11,41], has received much attention lately in the ML community.
Neuroevolution enables important capabilities such as learning neural network building blocks,
e.g., the activation function, hyperparameters, architectures and even the algorithms for learning
themselves. Neuroevolution also differs from DL (and deep reinforcement learning) since in
neuroevolution a population of solutions is maintained during the search. This provides extreme
exploration capabilities and the possibility of massive parallelization. There also exist alternative
strategies in order to ﬁnd an optimal set of parameter, going from grid search to more complex
approaches, such as methods based on Bayesian optimization, see, for instance [42,43]. Neuroevolution
has been successfully applied to different ﬁelds, especially in image classiﬁcation, where Convolutional
Neural Networks (CNN) are evolved, see, for instance [44–47]. To be best of our knowledge,
Neuroevolution has not been applied to time-series forecasting.
3. Data and Methodology
3.1. Data
In order to assess the quality of our proposal, we used a dataset containing information regarding
the global electricity consumption registered in Spain (in MW), available at [48].
In particular, the data were recorder over a period going from 1 January 2007 at midnight until
21 June 2016 at 11:40 pm, which amounts to nine years and six months. Speciﬁcally, the data is relative
to the consumption measured at 10 minutes intervals, meaning that the dataset consists of a total
of 497,832 measurements. No missing values or outliers were found, since data are provided by
the Spanish Nominated Electricity Market Operator (NEMO) and all data are already preprocessed
and cleaned.
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Time-series regarding the electric energy demand are typically non-stationary. This fact renders
the problem of forecasting the electric energy demand challenging, since such time-series present
statistical properties, such as the mean, variance and autocorrelation, that are not all constant over
time. It follows that they can present changes in variance, trends or seasonal effects. For this reason,
we performed a preliminary study of the dataset in order to assess whether or not the time-series
used in this paper is stationary. To this aim, we analyzed the AutoCorrelation Function (ACF) and the
Partial AutoCorrelation Function (PACF) of the time-series, which are reported in Figure 1.

(a)

(b)

Figure 1. Correlation plots for the original time-series. (a) AutoCorrelation Function (ACF); (b) Partial
AutoCorrelation Function (PACF).

From Figure 1a, we can notice that the time-series has a high correlation with a number signiﬁcant
of lags, while from Figure 1b we can see that there are four spikes in the ﬁrst lags, from which we can
determine the order of autoregression of the time-series. From these observations, we can conclude
that the time-series is not stationary, and that the order of autoregression to be used should be 4.
A preprocessing of the dataset had to be applied before it could be used. In particular, we used the
preprocessing strategy proposed in [36], which is graphically depicted in Figure 2. In a ﬁrst step, we
extract the attribute corresponding to the energy consumption, obtaining in this way a consumption
vector Vc .

Figure 2. Dataset pre-processing. w determines the amount of historical data used, while h represents
the prediction horizon.

From Vc matrix Mc is built. The size of Mc depends on the values of the historical window (w) and
of the prediction horizon (h) used. Notice that w determines the number of previous entries that will
be used in order to induce a forecasting model that will be used to estimate the subsequent h values.
In this work, as in [36], h was set to 4 hours, which corresponds to a value of 24 reads. Various
values of w were tested.
In particular, w was set to values 24, 48, 72, 96, 120, 144 and 168. Such values correspond to 4, 8,
12, 16, 20, 24 and 28 hours, respectively.
One the matrix Mc has been obtained, we divided the resulting dataset into a 70% used as a
training set, while the remaining 30% was used as a testing set. This means that the prediction model
was obtained using only the training set. The forecasting performances of the so induced model are
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assessed on the test set, which basically represents unseen data. Within the training set, a 30% is used
as a validation set for determining the deep learning hyperparameters.
These preprocessing steps yield the generation of seven different matrices, whose information
is reported in Table 1. Note that for all the obtained datasets, the last 24 columns represent the
prediction horizon.
Table 1. Dataset information depending on the value of w.
w

#Rows

#Columns

File Size (In MB)

24
48
72
96
120
144
168

20,742
20,741
20,740
20,739
20,738
20,737
20,736

48
72
96
120
144
168
192

6
9
11.9
14.9
17.9
20.9
23.9

3.2. Methodology
This section describes the proposed methodology for forecasting time-series using a deep learning
approach. There are various deep learning architectures which can be used for time-series forecast, such
as convolutional neural nets (CNN), recurrent neural nets (RNN) or feed-forward neural nets (FFNN).
In this paper, a deep feed-forward network has been used, implemented by R package H2O [49].
H2O is an open-source framework that implements various machine learning techniques in a parallel
and distributed way using a single machine or a cluster of machines, being scalable for big data projects.
Among the algorithms included in H2O, we can ﬁnd a feed-forward neural network, that is the
most common network architectures. The main characteristic of this net is that each neuron is a basic
element of processing and their information is propagated through adjacent neurons.
In addition, in order to select the conﬁguration of the network hyperparameters, we used a GA,
which was implemented by using the GA R package [50].
3.2.1. Parameters of the Neural Network
The network architecture implemented in the H2O package needs to be conﬁgured by setting
different parameters, that will affect the behavior of the neural network and inﬂuence the ﬁnal results.
The most important parameters are: number of layers, neurons per hidden layer, L1 (λ), ρ, , activation
and distribution functions and end metric. These are the parameters that the GA will optimize.
The parameter λ controls the regularization of the model by inserting penalties in the model
creation process in order to adjust the predictions as much as possible with actual values and the
penalization is deﬁned by the following equation:
n

λ ∑ | wi | .

(1)

i =0

In Equation (1), n is the number of weights received by the neurons and wi represents the weight
for the neuron i.
The parameter ρ allows us to manage the update of different weights of synapses and is used to
maintain some consistency between the different updates of previous weights.
The parameter  prevents the deep learning algorithm from being stuck in local optimums or to
skip a global optimum, and can assume values between 0 and 1.
The activation function can assume three values: tanh (hyperbolic tangent), ramp function, maxout.
Seven different possibilities are considered for the distribution function: Gaussian, Poisson,
Laplace, Tweedie, Huber, Gamma and Quantile.
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The end metric deﬁnes the speciﬁc measure that is used to stop early the training phase of the
deep learning algorithm. There are seven different possibilities: mean squared error (MSE), Deviance
(the difference between an expected value and an observed value), root mean squared error (RMSE),
mean absolute error (MAE), root mean squared log error (RMSLE), the mean per class error and lift
top group. The last metric is a measure of the relative performance.
The possible values for each parameter are shown in Table 2.
Table 2. Search space of the neural network parameters.
Parameter

Values

Layers
Neurons
Lambda (λ)
Rho (ρ)
Epsilon ()
Activation function
Distribution function
End metric

From 2 to 100
From 10 to 1000
From 0 to 1 × 10−10
From 0.99 to 1
From 0 to 1 × 10−12
From 0 to 3
From 0 to 7
From 0 to 7

As we described before, the activation function, distribution function and end metric are
categorical parameters, so each value corresponds to a speciﬁc category of the parameter.
3.2.2. Genetic Algorithm Parameters
As previously stated, in order to ﬁnd a sub-optimal set of hyper-parameters, described in the
previous section, for the deep learning algorithm, we use a GA. In particular we use the implementation
provided by the GA R package [50]. So our proposal lies within the ﬁeld of neuroevolution.
The GA package contains a collection of general-purpose functions for optimization using genetic
algorithms. The package includes a ﬂexible set of tools for implementing genetic algorithms in both
the continuous and discrete case, whether constrained or not. However the package does not allow to
simultaneously optimize continuous and discrete parameters, so we had to treat all the parameters as
continuous, which caused the dimension of the search space to increase drastically.
The package allows us to deﬁne objective functions to be optimized, which, in our case, is the
forecasting results obtained by a deep neural network built with a speciﬁc set of parameters. In fact,
each individual of the population encodes the values of the eight parameters shown in Table 2.
Each parameter setting yields a speciﬁc deep neural network, which is then applied to the data
and the forecasting result represent the ﬁtness of the individual.
In particular, the ﬁtness of an individual is equal to the MRE obtained by the deep neural network
on the validation set, being the MRE deﬁned as:
MRE =

1
n

|Yi − Ŷi |
,
Yi
i =1
n

∑

(2)

where Ŷi is the predicted value, Yi the real value and Y i is the mean of the observed data, and n is the
number of data.
Several genetic operators are available and can be combined to explore the best settings for the
current task. After having performed a set of preliminary experiments aimed at setting the GA’s
parameters, we used, in our implementation, a tournament selection mechanism (with tournament
size of 3), the BLX-a crossover (with a = 0.5), which combines two parents to generate offspring by
sampling a new value in a deﬁned range with the maximum and the minimum of the parents [51].
We used the random mutation around the solution, which allows us to change one value of an element
by another value.
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The setting of the parameters used in the GA are reported in Table 3. The value shown are
those that obtained the best performances in the preliminary runs, but the population size. In fact,
better results were achieved with higher population size. However, the computational cost increases
dramatically the higher the population size is. In fact, the deep learning algorithm takes around 89.42 s
for a number of layers between 2 and 100 and for a number of neurons between 10 and 1000.
The execution of the GA with the deep learning algorithm as a ﬁtness function and with the
parameters deﬁned in Table 3 takes around ﬁve days. If the population size is doubled, the execution
can take more than one week. It is necessary to enhance one of the parameters (population size or
number of generations) but not both. Moreover, if the ﬁtness of the best individual does not improve
after 50 generations, the GA is stopped.
At the end of the execution, the best individual is returned and used in order to build a deep
learning network.
Table 3. Genetic algorithm (GA) parameter setting.
Operator

Value

Population size
Generations
Limit of generations
Crossover probability
Mutation probability
Elitisms probability

50
100
50
0.8
0.1
0.05

3.2.3. Description of the Methodology
The main objective of this work is to predict the next h future values, called the prediction horizon,
of a time-series [ x1 , x2 , . . . , xt ].
The predictions are based on w previous values, or, in other words, on a historical data window.
This process is called multi-step forecasting, as various consecutive values have to be predicted.
The aim of multi-step forecasting is to induce a prediction model f , and in our case f is obtained by
using a deep learning strategy, following the equation:

[ xt+1 , xt+2 , . . . , xt+h ] = f ( xt , xt−1 , . . . , xt−(w−1) ).

(3)

Unfortunately, frameworks that provide deep learning networks model, such as H20, does not
support this multi-step formulation.
In order to solve this issue, a different methodology has been proposed [9]. The basic idea is to
divide the main problem into h prediction sub-problems. Then a forecasting model will be induced for
each of the sub-problems, as shown in Equation (4).
x t +1

=

f 1 ( xt , xt−1 , . . . , xt−(w−1) )

x t +2

=

f 2 ( xt , xt−1 , . . . , xt−(w−1) )

...

(4)

= ...

xt+(h−1)

=

f (h−1) ( xt , xt−1 , . . . , xt−(w−1) )

xt+h

=

f h ( xt , xt−1 , . . . , xt−(w−1) )

Notice that in this way, we lose the time relationship between consecutive records of the
time-series. For instance, instants t + 1, t + 2, t + 3 or t + 4 will not be considered when forecasting
t + 5.
On the other hand, considering such values for the predictions could increment the forecasting
error. This is because values for t + 1, t + 2, t + 3 or t + 4 are based on predictions, and they would
have a negative effect on the forecasts if the values were not precisely estimated.
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It follows that a search for optimal parameters should be carried out for each sub-problem,
where the evaluation of each individual corresponds to the error made by the neural network in the
training phase. This means that the computational time needed to train the complete model is high.
However, the capability of H2O to perform distributed computation decreases the total computational
time required.
4. Experimental Results
In this section, we present the forecast results obtained on the dataset described in Section 3.1 by
the strategy we propose. We also present a comparison with different methods, both standard and
ML based.
In order to assess the predictions produced by our proposal, we used the MRE measure, as deﬁned
in Equation (2). MRE represents the ratio of the forecasting absolute error to the observed value.
Before presenting the comparison with other methods, we inspect the results obtained by the
proposed strategy for each historical window value used (w) and each subproblem (h). Figure 3 shows
a graphical representation of the results obtained, showing the associated MRE for different values of
w, when varying the length of h. We can see that the best results were achieved when the forecasting is
based on more historical data, i.e., for higher values of w. In fact, the best results were obtained for
w = 168. Analogously, the MRE increases as h becomes longer. The proposed strategy obtains similar
results for w = {168, 144, 120} on all the considered values of the prediction horizon h.
4.5
X168
X144
X120
X96
X72
X48
X24

4
3.5

MRE

3
2.5
2
1.5
1
0.5

0

5
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15
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25

h

Figure 3. Results obtained for each value of h and w.

It can be noticed that there is a signiﬁcant increment in the error when the historical window size
is lower. In particular, when w is set to 24 or 48, the predictions degenerates evidently. We can also
notice that performances of the proposed strategy deteriorates, i.e., the achieved MRE is higher, as the
values of h increase. This means that it is more difﬁcult to predict further in the future.
Table 4 shows the parameters selected by the GA for each h when a historical window of 168 was
used. We can notice that the number of layers range between 27 and 98, and the number of neurons
per layer between 478 and 942. It does not seem that this parameter is connected with the value of h.
Parameters λ, ρ and  assume almost the same values on all the cases, while the Maxout is the
activation function mostly chosen. The GA selected two possibilities as distribution functions, namely
the Gaussian and the Huber function. The end metric selected, on the other hand, presents more
variations. This could suggest that we could perhaps ﬁx some of the parameters, e.g., , in order to
reduce the search space.
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Table 4. Parameters found by the GA for w = 168.
h

Layers

Neurons

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

52
68
75
68
88
80
74
46
75
25
58
41
17
26
89
98
74
62
65
81
27
95
41
80

942
921
880
921
504
789
892
300
889
852
843
491
552
661
811
697
478
705
879
780
931
745
923
754

λ

ρ



4.09× 10−10
0
0
0
0
0
0
0
5.57 × 10−10
0
3.69 × 10−10
0
0
0
5.61 × 10−10
0
1.46 × 10−10
2.74 × 10−10
0
7.62 × 10−10
0
0
0
0

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.99
1.00
1.00
1.00
0.99
0.99
0.99
1.00
1.00
0.99
0.99
0.99
1.00
1.00
1.00
1.00

6.43 × 10−12
0
0
0
0
0
0
0
6.74 × 10−10
0
2.45 × 10−10
0
0
0
4.23 × 10−10
0
3.58 × 10−10
6.64 × 10−10
0
5.21 × 10−10
0
0
0
0

Activation

Distribution

End Metric

Tanh
Maxout
Maxout
Maxout
Maxout
Maxout
Maxout
Maxout
Tanh
Maxout
Tanh
Maxout
Maxout
Maxout
Tanh
Maxout
Tanh
Tanh
Maxout
Tanh
Maxout
Maxout
Maxout
Maxout

Gaussian
Huber
Huber
Huber
Huber
Huber
Huber
Huber
Gaussian
Huber
Gaussian
Huber
Huber
Huber
Gaussian
Huber
Gaussian
Gaussian
Huber
Gaussian
Huber
Huber
Huber
Huber

Deviance
MSE
Deviance
MSE
Deviance
MSE
RMSLE
MAE
Mean per class error
RMSLE
RMSE
RMSLE
MSE
MAE
RMSE
MAE
Deviance
MAE
MAE
MSE
MAE
Deviance
MSE
MAE

As previously stated, in order to globally assess the performance of our proposal, we compared the
results achieved by our methodology (NDL) with the results obtained by other strategies commonly
used for time-series forecast. In particular, we considered Random Forest (RF), Artiﬁcial Neural
Networks (NN), Evolutionary Decision Trees (EV), the Auto-Regressive Integrated Moving Average
(ARIMA), an algorithm based on Gradient Boosting (GBM), three Deep Learning models (FFNN,
Feed-Forward Neural Network; CNN, Convolutional Neural Network; LSTM, Long Short-Term
Memory), decision tree algorithm (DT) and an ensemble strategy that was proposed in [14], which
combined regression trees-based, artiﬁcial neural networks and random forests (ENSEMBLE).
For ARIMA, we used the tool in Ref. [52] for determining the order of auto-regressive (AR) terms
(p), the degree of differencing (d) and the order of moving-average (MA) terms (q). The values obtained
are p = 4, d = 1 and q = 3. The value for the auto-regressive parameter and the degree of differencing
conﬁrm that the time-series is not stationary, as indicated in Section 3.1.
The deep learning models were designed using H2O framework of R [49]. The difference between
NDL and DL, is that in the latter case, the network is trained with stochastic gradient descend using
back-propagation algorithm. In order to set the parameters for DL, we used a grid search approach.
As a consequence, we used a hyperbolic tangent function as activation function, the number of hidden
layer was set to 3 and the number of neurons to 30. The distribution function was set to Poisson and in
order to avoid overﬁtting, the regularization parameter (Lambda) has been set to 0.001. The other two
parameters (ρ and ) were set as default as in [36].
The DT algorithm is based on a greedy algorithm [53] that performs a recursive binary partitioning
of the feature space in order to build a decision tree. This algorithm uses the information gain in order
to build the decision trees, and we used the default parameter as in the package rpart of R [54].
For the GBM, we used the GBM package of R [55] with Gaussian distribution, 3000 gradient
boosting interactions, learning rate of 0.9 and 40 as maximum depth of variable interactions.
For RF, we used the implementation from provided by the randomForest package of R [56], using
100 as the number of trees to be built by algorithm and 100 as the maximum number of terminal nodes
trees in the forest can have.
For ANN we used the nnet package of R [57], with maximum 10 number of hidden units, 10,000
maximum number of weights allowed and 1000 maximum number of iterations.
EV is an evolutionary algorithm for producing regression trees, and we used the R evtree package
(from now on EVTree) [58], with parameters as in [14].
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The ensemble method [14] uses a two layer strategy, where in the ﬁrst layer random forests, neural
networks and an evolutionary algorithm are used. The results produced by these three algorithms are
then used by an algorithm based on Gradient Boosting in order to produce the ﬁnal prediction.
All the parameters of the ML based techniques were established after several preliminary runs.
Table 5 shows the results obtained by the various methods for each value of w. We can notice
that all the methods obtained better results with a historical window of 168 reads. NDL obtained the
lowest MRE in all the cases, while the ensemble strategy obtains the second best results. Moreover,
we can see that NDL outperforms all other methods even when only a historical window of 96 is used,
conﬁrming the extremely good performances of such strategy.
Table 5. Average results obtained by different methods for different historical window values. Standard
deviation between brackets.

w

NDL
CNN
LSTM
FFNN
ARIMA
DT
GBM
RF
EV
NN
ENSEMBLE

24

48

72

96

120

144

3.01 (0.90)
4.08 (0.04)
2.43 (0.03)
4.51 (0.52)
8.82 (5.31)
9.52 (1.55)
8.07 (3.82)
4.39 (2.13)
4.49 (1.91)
4.39 (2.23)
3.58 (1.65)

2.38 (0.69)
3.16 (0.03)
2.05 (0.02)
3.46 (0.33)
8.26 (4.73)
9.45 (1.48)
6.59 (2.71)
3.69 (1.71)
3.98 (1.52)
4.27 (2.16)
2.95 (1.19)

2.08 (0.57)
2.69 (0.02)
1.82 (0.02)
3.39 (0.30)
11.37 (10.43)
9.33 (1.39)
5.73 (2.23)
2.93 (1.16)
3.48 (1.18)
4.13 (2.05)
2.64 (0.99)

1.85 (0.55)
2.51 (0.02)
2.08 (0.02)
3.12 (0.42)
14.03 (13.00)
9.40 (1.45)
5.33 (2.08)
2.78 (1.04)
3.42 (1.15)
3.55 (1.56)
2.57 (0.97)

1.60 (0.46)
2.30 (0.02)
1.74 (0.02)
2.98 (0.28)
6.79 (2.53)
9.08 (1.12)
5.02 (1.81)
2.45 (0.79)
3.19 (0.95)
3.15 (1.41)
2.38 (0.81)

1.51 (0.46)
1.71 (0.02)
1.78 (0.02)
2.32 (0.29)
7.63 (2.54)
8.86 (1.01)
4.49 (1.54)
2.22 (0.71)
3.15 (0.90)
2.16 (0.78)
1.94 (0.69)

168
1.44 (0.42)
1.79 (0.02)
1.97 (0.02)
2.46 (0.29)
6.92 (2.97)
8.79 (0.96)
4.45 (1.56)
2.15 (0.69)
3.09 (0.84)
2.08 (0.74)
1.88 (0.67)

It is interesting also to notice that NDL obtains better results than DL for all the values of the
historical window used, which conﬁrms that using an evolutionary approach for optimizing the
parameters of the deep learning network can be considered as a superior strategy with respect to
grid optimization.
5. Conclusions and Future Works
In this paper, we proposed a strategy based on neuroevolution in order to predict the short-term
electric energy demand. In particular, we used a genetic algorithm in order to obtain the architecture of
a deep feed-forward neural network provided by the H2O big data analysis framework. The resulting
networks have been applied to a dataset registering the electric energy consumption in Spain over
almost 10 years.
The results were compared with other standard and machine learning strategies for time-series
forecasting. For the experimentation performed we can conclude that the methodology we proposed
in this paper is efﬁcient for short-term electric energy forecasting, and on the particular dataset used in
this paper the proposed strategy obtained the best performances. It is interesting to notice that our
proposal outperforms the other ten strategies in all the cases, and that even when a historical window
of 96 reads was used, our proposal achieved more precise predictions than any other methods with
any other historical window size.
As for future work, we intend to apply the framework proposed in this paper to other datasets,
and also to other kinds of time-series, in order to check the validity of our proposal also in other
ﬁelds. Moreover, we intend to overcome a present limitation of the current proposal. In fact, the R GA
package we have used does not allow to optimize parameter of different types, e.g., real and integer
parameters. In order to overcome this, in this proposal we had to treat all the parameters as real.
However, this causes the search space dimension to increase drastically. In the future we intend to
solve this problem as well, and by reducing the size of the search space, we are conﬁdent that better
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conﬁgurations of the deep learning can be found. The use of on-line learning will also be explored in
future works in order to speed up the prediction process and reduce the volume of stored data.
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Abstract: Human living could become very diﬃcult due to a lack of energy. The household sector
plays a signiﬁcant role in energy consumption. Trying to optimize and achieve eﬃcient energy
consumption can lead to large-scale energy savings. The aim of this paper is to identify the equipment
and property aﬀecting energy eﬃciency and consumption in residential homes. For this purpose,
a hybrid data-mining approach based on K-means algorithms and decision trees is presented.
To analyze the approach, data is modeled once using the approach and then without it. A data set of
residential homes of England and Wales is arranged in low, medium and high consumption clusters.
The C5.0 algorithm is run on each cluster to extract factors aﬀecting energy eﬃciency. The comparison
of the modeling results, and also their accuracy, prove that the approach employed has the ability to
extract the ﬁndings with greater accuracy and detail than in other cases. The installation of boilers,
using cavity walls, and installing insulation could improve energy eﬃciency. Old homes and the
usage of economy 7 electricity have an unfavorable eﬀect on energy eﬃciency, but the approach
shows that each cluster behaved diﬀerently in these factors related to energy eﬃciency and has
unique results.
Keywords: residential building; energy eﬃciency; clustering; decision tree

1. Introduction
In today’s world, supplying energy is done through various carriers such as oil and gas
(and products derived from them), electricity and renewable energy. Given the limited resources
of energy and the population growth, the increasing annual consumption of energy aﬀects life, the
economy, the environment, politics, and so on. So, managing energy is a complicated task and has
become an important issue in the modern world. The home section has the largest share of energy
consumption in most countries. As each house has its own behavior, energy consumption patterns
rely on several factors. Hence, decision making concerning the domestic sector’s energy management
and eﬃciency requires taking advantage of modern science capabilities to manage energy eﬃciency
and consumption.
Data mining science can extract useful knowledge which is hidden in the data. Using its methods
and algorithms, data mining techniques analyze huge amounts of data automatically [1,2]. In general,
data mining is the process of Knowledge Discovery in Databases (KDD). Knowledge obtained from
this fashionable science can be veriﬁed by conventional analysis [3]. As this science proves its potential
in solving versatile problems [4], using it to extract knowledge in domestic buildings for managing
energy is reasonable.
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Scholars aim to develop innovation changes in the ﬁeld of energy, so many studies have been
conducted on the use of data mining science in energy management and eﬃciency. Energy performance
certiﬁcates (EPCs) measure energy performance and give recommendations on how to improve energy
eﬃciency [5,6]. They try to ﬁnd ineﬃcient building properties and improve them. In other words,
they help to locate properties whose energy performance is eﬀective and better them to improve their
energy eﬃciency [7]. Pasichnyi et al. review existing applications of EPCs and present a method of
EPC data quality assurance using data analytics [8]. Developments on EPCs have been done using
data mining in recent years [9,10].
Some important insights related to the energy management requirement for buildings to save
energy have been presented in [11,12]. Also, data mining tasks that can be used to mine building-related
data have been shown in [13]. There are studies which focus on discovering factors which inﬂuence
energy. Yan analyzed the impact of psychological, family and contextual aspects on residential energy
consumption which indicate saving money, energy concern, and behavioral barriers which have a
major impact on residential energy consumption behavior [14]. Eﬀective factors on home electrical
energy demand have been analyzed through developing a model using series prediction methods.
The result demonstrates that houses using pool pumps and ducted air-conditioning have an increased
electricity consumption, whereas houses with gas hot water systems have a lower power consumption
than homes that do not use these systems [15]. The adaptive neuro-fuzzy inference system (ANFIS)
has been used to discover major factors inﬂuencing energy consumption. This indicates that insulating
materials are the most important parameters in building energy consumption. Attributes such as
the type of materials and their thickness, wall structures, roofs and their ability to stay hot or cold,
the location of walls and windows and geographic area have a major impact on energy saving [16].
The use of unsupervised learning has been applied to discover electricity consumption patterns in
a Spanish public university. The authors found diﬀerent clusters in which several buildings were
identiﬁed. Such clusters were interpreted and rules for saving energy were proposed [17].
Clustering data is the process of putting data in a group so that they have the greatest similarity and
are very dissimilar from data from other clusters. Many studies have been done in clustering [18–21].
Clustering is also used in the ﬁeld of energy. The dataset has been classiﬁed into low, medium and high
energy demand categories to show the factors inﬂuencing heating and hot water. A detailed analysis
was performed using the k-means algorithm in the high consumption category. The output model
presents good energy demand patterns and optimal ways to design buildings. The average U-value of
the opaque envelope followed by the aspect ratio is the most important variable [22]. Characteristics of
energy consumption examined have used cluster analysis for 134 LEED-NC certiﬁed oﬃce buildings.
The buildings gathered into three clusters (low, medium and high) are very diﬀerent and each one has
a special attribute. The lower U-value of the roof and a lower ratio of windows are the factors which
most inﬂuence a lower consumption. The HVAC system has a similar performance in all the clusters.
The internal process load has a signiﬁcant impact on clusters [23]. A framework based on data mining
used CART classiﬁcation and K-means clustering to analyze the pattern of energy consumption in a
large data set of ﬂats. Four inﬂuencing attributes (aspect ratio, U-value of vertical opaque envelope
and windows, the average global eﬃciency of the system for space heating and DHW) were analyzed.
High consumption ﬂats were clustered and a reference ﬂat was identiﬁed. These can be used to propose
diﬀerent energy retroﬁt actions [24].
The consumption of electricity and heating in six schools was studied using k-means clustering
and self-organizing maps to evaluate energy eﬃciency. The schools have diﬀerent construction years,
areas, numbers of students and heating systems. Schools 1 and 4 have the highest cost of energy
on working days and schools 2 and 3 have the lowest cost of energy at weekends compared to the
others. The newest schools are generally better than the old ones in the ﬁeld of energy eﬃciency [25].
A study of energy eﬃciency in 132 countries was estimated using a Data envelopment analysis
model and then K-Means clustering, which speciﬁes whether countries in a cluster are in the ﬁeld of
development or not. The results show that countries could develop energy eﬃciency by changing
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energy-related indicators [26]. A cluster analysis was used to analyze the regulations on energy
eﬃciency of buildings of South America and Europe. This showed that buildings located in a similar
climate zone but in diﬀerent regions (countries) have diﬀerent energy performances. It indicated that the
tendencies of energy performance are diﬀerent between various countries’ regulations and the climate
zones. The results conﬁrmed the ability of cluster analysis to highlight similarity patterns between
various regions of the same climate [27]. In the ﬁeld of energy management systems, ISO 50001:2011,
a systematic approach to improve the energy performance, plays an important role in the energy
ﬁeld. A study which classiﬁed, gathered, clustered and then applied data analysis techniques showed
strategic decisions for improving the energy performance. The idea is used in an oil reﬁnery and
outputs of better energy management are shown [28]. Also in [29,30], eﬀorts were made to develop
the energy eﬃciency in industrial buildings. A fuzzy clustering technique was developed to rate
school buildings in Greece. The methodology demonstrates that the energy consumption and global
environmental quality of school buildings can be signiﬁcantly improved, but the indoor air quality of
these buildings causes some problems for them [31]. Wind is an energy source whose identiﬁcation
and assessment in its training needs is very important. The Analytic Hierarchy Process has been used
to specify the training of wind farm employees. The results of the research prioritized the tasks and
appropriate training courses tailored to the indicators were provided [32].
Discovering the rules is very much challenged in data mining [33–36]. Yu et al. present associations
between building operational data. The methodology used on HVAC system data oﬀers some “if-then”
rules that are useful in the energy conservation ﬁeld. Finding faulty equipment and repairing it,
oﬀering cost-eﬃcient conservation strategies and a better understanding of building operation are
suitable solutions for energy saving [37]. In another research work, the geographical and temperature
variables in the electricity energy consumption were analyzed. Energy consumption and monthly
average temperature data were clustered using K-means and then the Apriori algorithm was employed
to discover association rules. These made “if-then” rules to describe the inﬂuence of diﬀerent regions
and physiographic objects. It shows that the most important parameters to increase electricity
consumption are highways and then the ground, whereas rivers and farms (natural elements) decrease
electricity consumption [38]. A combined framework using clustering and association rules developed
to discover unusual energy used patterns. Benchmarking the rules identiﬁes diﬀerent waste patterns
for diﬀerent lifestyles [39]. A multi-objective algorithm is proposed to mine rules without a need to
determine a minimum support threshold and a conﬁdence threshold. This algorithm was used in three
diﬀerent datasets and it demonstrates its ability to mine quantitative association rules [40]. A hybrid
algorithm including the genetic algorithm and particle swarm optimization algorithm was used to
discover rules in continuous numeric datasets. It shows its ability in ﬁve diﬀerent numerical interval
datasets compared to other algorithms [41].
Due to irregular growth in the energy consumption of homes, analyzing their energy eﬃciency
homes is an unavoidable study. Each building has its unique attribute, function and energy-related
behavior to improve the energy eﬃciency of buildings. It is necessary to identify which factors and
properties inﬂuence it, considering the unique behavior of homes. Analyzing them together leads to a
tendency to pay attention to certain information while ignore others, and the ﬁndings are applicable to
fewer buildings. This article proposes a hybrid approach that includes clustering and decision trees to
identify factors aﬀecting energy eﬃciency and consumption in residential buildings, as well as the
reduction of the loss of some important data. The idea is that by clustering houses and putting similar
patterns in a cluster, and then analyzing the factors in each cluster separately, ﬁndings will be extracted
with more detail and accuracy than by not using the approach and analyzing them all together.
The rest of this paper is as follows: The next section provides the methodology used and the
approach presented. In order to set forth the paper’s purpose and also to examine the ability of the
new approach, data analysis is done once without using the hybrid approach, provided in Section 3,
and then again using the proposed approach in Section 4. Data clustering and also modeling each
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cluster separately will be done in this section. The evaluation and deployment are described in Section 5
and the conclusion is presented in Section 6, along with a discussion of the ﬁndings.
2. Methodology and Approach Presented
2.1. Methodology
Among the various methods of data mining science, such as [42], the Cross-Industry Standard
Process for Data Mining (CRISP-DM) has been the one most widely used in data mining science.
CRISP-DM is a global standard in project applications in data mining. This methodology consists of
6 phases, starting with the business understanding (problem deﬁnition) phase. The data understanding
and the data preparation phases are done next. To achieve a basic understanding of the data, a cleaning
and preparation of the data for modeling usage is done in these two phases. The modeling phase
includes various techniques to analyze data and extract knowledge. The evaluation phase and then
the deployment phase are the other phases of the CRISP-DM methodology [43]. In this methodology,
phases could backtrack to previous phases. The SPSS Modeler of IMB [44] has been implemented with
various tools and algorithms based on the CRISP-DM, The Clementine 12.0 released in Jan 2008 and
IBM SPSS Modeler 18.0 released in March 2016 [45], software of IBM has been used to perform the data
mining process.
Figure 1 shows the article methodology based on CRISP-DM. The article subject is deﬁned in the
ﬁrst phase and it mainly discusses the problem deﬁnition. As expressed, the purpose is to identify
properties aﬀecting eﬃciency and also energy consumption in residential homes and also ﬁnd out how
to manage attributes and characteristics to achieve better energy management.
An understanding and preparation of the data is done in phase 2. A sample of 49,815 records of the
housing stock of England and Wales has been selected. The Department of Energy and Climate Change
has published this dataset [46]. Each record represented a region, a property age, a property type,
the electricity and gas annual consumption from 2005 to 2012, the ﬂoor area band, etc. Table 1 describes
the data set variables.
Table 1. Of variables.
Variable

Value

Description

HH_ID

1 to 49815
(E12000001) North-East
(E12000002) North-West
(E12000003) Yorkshire and the Humber
(E12000004) Mid-East
(E12000005) Mid-West
(E12000006) East England
(E12000007) London
(E12000008) South-East
(E12000009) South-West
(W999999999) Wales

Household identiﬁer.

REGION

IMD_ENG

1 to 5

IMD_WALES

1 to 5

Index of multiple deprivations 2010 for England.
Households are allocated to ﬁve groups. (1) The least
deprived and (5) the most deprived.
Welsh Index of multiple deprivations 2011. This has ﬁve
groups. (1) The most deprived and (5) the least deprived.
Annual gas consumption based on kWh.
Flag of households’ gas consumption.
Valid gas consumption (V), households oﬀ the gas
network (O) and invalid consumption.
Annual electricity consumption based on kWh.
Flag indicating households with a valid electricity
consumption.

GconsYEAR
GconsYEARValid
EconsYEAR
EconsYEARValid

E7Flag2012

MAIN_HEAT_FUEL

Former Government Oﬃce Regions (GORs) in England,
and Wales.

(1) Households with Economy 7 electricity
meters in 2012.
(0) Households without Economy 7
electricity meters in 2012.
(1) gas
(2) other
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Table 1. Cont.
Variable

PROP_AGE

PROP_TYPE

FLOOR_AREA_BAND

EE_BAND

LOFT_DEPTH
WALL_CONS
CWI

Value

Description

(1) before 1930
(2) 1930 to 1949
(3) 1950 to 1966
(4) 1967 to 1982
(5) 1983 to 1995
(6) after 1996
(1) detached
(2) semi-detached
(3) end-terrace
(4) mid-terrace
(5) bungalow
(6) ﬂat
(1) less than 50 m2
(2) 51 m2 to 100 m2
(3) 101 m2 to 150 m2
(4) more than 150 m2
(1) A and B
(2) C
(3) D
(4) E
(5) F
(6) G
(1) less than 150 mm
(2) 150 mm or more
(1) other
(2) cavity wall
(0) no
(1) yes

Age of property construction.

Type of property.

Floor area band.

Energy Eﬃciency Band.
(Six groups: A and B grouped).

Loft insulation depth.
Wall construction.
Cavity wall insulation installed or not.

CWI_YEAR
LI

Year of installation of cavity wall insulation.
(0) no
(1) yes

Loft insulation installed or not.

LI_YEAR
BOILER

Year of installation of loft insulation
(0) no
(1) yes

Boiler installed in property or not.

BOILER_YEAR

Year of installation of the boiler.

The data is processed in phase 3. Discrepancy detection is done in this phase and there is also
a negative impact on data quality which should be identiﬁed and resolved. The variable is O in
226 record values of the GconsYEARValid, which means that the household has not a gas network,
while the values of the MAIN_HEAT_FUEL variable is 1, which means that the main heating fuel is
gas. The records have been deleted due to a contradiction of the information. When the values of
the GconsYEARValid variable is v, gas consumption must be between 100 kWh to 5000 kWh, but in
1107 records (2% of the records) the value of gas consumption when the GconsYEARValid variable
is v is not valid so these 2% of records were deleted. Most values are the same in some variables.
These variables did not aﬀect the analysis and can be removed from the data set. GconsYEARValid
and EconsYEARValid are variables with such a case. Data preparation/Modeling without a presented
approach/Modeling using a proposed approach:
As the houses have diﬀerent areas, diﬀerent members, etc., the energy consumption can be
diﬀerent. To assess the electricity and gas consumption, these variables need to have a speciﬁc unit.
So, the energy consumption has been normalized, based on the ﬂoor area (kWh/m2 ). Since the exact
area of each property is not available and the FLOOR_AREA_BAND variable is banded into four
categories, the value of FLOOR_AREA_BAND variable is divided in the middle of each category of
area variable to achieve a normal consumption based on kWh/m2 .
The data set has at times some variables which have no value in some records and there are no
missing values. In other words, some features should have no values. So, these values are replaced to
resolve the problem of blank values and because the algorithms do not consider these values the same
as they do missing data. In this case, a value other than the value which is deﬁned for that feature is set
for these blank values for them not to be confused with missing values. The replacement is 0.514% of
records. At the end of this phase, 48,898 reﬁned records and 33 variables were obtained for the analysis.
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Figure 1. The methodology used—an overview.

The next phase, the modeling, simulated the prepared data obtained from phase 3 to extract
knowledge and reveal the inﬂuence of property. This phase consists of two parts (Figure 1). First,
modeling and analyzing the entire data altogether. Second, clustering data and then analyzing each
cluster separately (the proposed approach). In fact, the goal is to identify how the results and ﬁndings
using a combining approach and without using it diﬀer and how the diﬀerences are eﬀective in
planning and decision making for the future. The ﬁrst part (phase 4.A) is described in Section 3 and
the second part (phase 4.B) will be described in detail in Section 4.
The models are then assessed to choose the most eﬃcient model. In the evaluation phase,
the knowledge gained from the previous phase evaluated whether the result of data analyzing could
lead to the article’s objectives or not. Also, the proposed approach’s ﬁndings will be assessed to ensure
that the approach presented in phase 4.B is able to provide more accurate knowledge. These two
phases are described in detail in Section 3 to Section 4.
2.2. The Proposed Approach
Data mining is very powerful to discover unknowns in the absence of a prior knowledge of the
data. Some minority records and their details are ignored, given that each record in the database has
its unique attribute, and behavior modeling them all together causes data mining modeling and results
which tend to yield a majority of records. By identifying records with similar patterns and grouping
them in a cluster, and then analyzing each group separately, the results of the data mining tendency of
a speciﬁc number of records, will be reduced to the minimum.
As each home has its unique attribute and property, analyzing all the data together yields a
majority and some details are ignored. As shown in Figure 2, the idea is to put households with similar
patterns (similar characteristics, attributes, and so on) in a cluster, and then evaluate the behavior and
analyze the inﬂuential factors in each cluster separately. In this way, ﬁndings with more detail and
accuracy are discovered. In fact, the article proposes a combined approach using the data mining
technique with which data clustering will ﬁrst be done and then each separate cluster will be modeled
to identify more in depth the characteristics and factors inﬂuencing the energy eﬃciency.
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Figure 2. An overview of the proposed approach.

3. Modeling and Analyzing the Energy Eﬃciency without the Proposed Approach
As mentioned, the purpose of the paper is to discover the factors aﬀecting energy eﬃciency and
consumption and also to assess the proposed approach. So, the properties are modeled once without
using the approach and then using it to analyze the energy eﬃciency in the domestic sector. The energy
eﬃciency rate for each record obtained from EPCs logged for dwelling. The EPCs gather information
on physical characteristics of the property and the main heating fuel, and gives score based on standard
assumptions about residents and behavior. Then quantiﬁes a dwelling’s performance in terms of an
eﬃciency rating (A the most eﬃcient and G the less eﬃcient). In this data set the most records’ energy
eﬃciency band is D (42.92%) and fewer records are in band A, B (2.71%) and G (1.31%).
This section deals with modeling and assessing the impact of properties on energy eﬃciency
without the proposed approach. The aim of using decision trees is to obtain the most eﬀective factor
target class for each case in the data. For this purpose, the C5.0 algorithm [47] is used and all the
variables except energy consumption are employed as the input, the energy eﬃciency group being the
target. It can be said that the biggest advantage of C5.0 is that it presents its classiﬁcation model as a
tree structure which can be easily interpreted as rules. An advanced classiﬁer may have better accuracy
in many datasets but they cannot be easily understood and visualized. Also, the C5.0 reduces the
pruning errors and has the ability of feature selection [48]. In C5.0, the root node is the most important
variable and the best predictor. The leaf nodes contain a class label of the classiﬁcation target.
The percentage presented in the tables show Ptrgt/Prule, which are:
•
•

Ptrgt: Percentage of records that have the characteristics of the relevant rule and are also in the
target energy eﬃciency group.
Prule: Percentage of records that have the characteristics of the relevant rule.

Table 2 includes the results of analysis using the C5.0 algorithm. In this table, the rules corresponding
to the C5.0 tree branches, which have a signiﬁcant diﬀerence in the percentage of the target class,
are presented in no particular order. It can be said that houses, which have a large share of better
energy eﬃciency groups ((A, B) or C) are good cases for improving energy eﬃciency in other homes
with similar attributes.
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Table 2. The corresponding rules of the C5.0 tree (considering energy eﬃciency as the target).
Row

1

2

3

4

5
6
7
8

9

10

11

12

13

Rule
The built year is before 1930 and the home structure is semi-detached,
has cavity walls, an insulation depth less than 150 mm and uses
economy 7 electricity meters.
The home area is 51 m2 to 100 m2 and has a mid-terrace structure.
The built year is 1966 and 1982, the home has cavity walls and its
boiler was installed in 2009.
The home area is 51 m2 to 100 m2 and has a mid-terrace structure.
The built-year is 1966 and 1982, the home has cavity walls and its
boiler was installed in 2010.
The home area is 51 m2 to 100 m2 and has a mid-terrace structure.
The built-year is 1966 and 1982, the home has cavity walls and its
boiler was installed in 2006 or 2011.
The home area is 51 m2 to 100 m2 and has a mid-terrace structure.
The built year is 1966 and 1982, the home has cavity walls and its
boiler was installed in 2005 or 2012.
The region is 4 and the built year is 1930 to 1949, the home structure is
a ﬂat and which has cavity walls.
The region is 4 and the built year is 1930 to 1949, the home structure is
a ﬂat and it does not have cavity walls.
The region is 1 and the home structure is semi-detached, and the built
year is after 1966. The homes have not installed wall insulation,
and they use economy 7 electricity meters.
The region is 1 and the home structure is semi-detached, and the built
year is after 1966. The homes have not installed wall insulation,
and they do not use economy 7 electricity meters.
The houses are in Wales and their built-year is before 1930, the home
structure is semi-detached and does not have cavity walls, their
insulation depth is less than 150 mm, and a boiler has been installed.
The region is 1 and the built year is before 1930, the home structure is
semi-detached, and does not have cavity walls, and a boiler has been
installed and their insulation depth is less than 150 mm
The region is 3 and the built-year is before 1930, the home structure is
semi-detached, and does not have cavity walls, the home’s boiler was
installed in 2009 and loft insulation was used.
The region is 3 and the built-year is before 1930, the home structure is
semi-detached, and does not have cavity walls, the home’s boiler was
installed in 2009 and loft insulation was not used.

Result
(Energy Eﬃciency)

Percentage

G

75%

C

100%

F

100%

D

80%

E

71.50%

C

100%

D

66.70%

D

100%

C

66.80%

C

100%

F

100%

D

100%

E

66.80%

According to the rules, some knowledge can be discovered.
•

•

•

•
•

Carefully scrutinizing the rules of rows 2 to 5, it is concluded that installing a boiler will result
in better energy eﬃciency. Dwelling which install boilers in 2009 are in better energy eﬃciency
group. They are followed by the boilers installed in 2005 and 2012. The homes whose boiler was
installed in 2010 have not a good Energy Eﬃciency.
A comparison of rules 8 and 9 indicates that in area 1, tariﬀs do not yield an improved energy
eﬃciency. Of course, this was seen among other households, but was not provided due to the low
support value.
In the rules of rows 1, 11 and 13, the household energy eﬃciency group is very bad. The issue is
their built year (built before 1930). Obviously, in old houses, the thermal performance and energy
consumption of equipment are weak compared to new ones. In general, only 0.35% of the old
homes of datasets have energy eﬃciency groups A and B, while nearly 52% of them are in weak
energy eﬃciency groups (E, F, and G). But in newly-built houses (after 1996), these percentages
reach 13.8% for the energy eﬃciency groups A and B, and only 2% for poor energy eﬃciency groups.
Rules 1, 10 and 11 refer to similar old houses that are located in diﬀerent regions. Among these
rules, the homes of Wales are in better condition in terms of energy eﬃciency.
Data set records are in diﬀerent climate zones (Table 1) and same energy eﬃciency rating is not
obtained with similar conditions in a cold climate zone or a warm climate zone. Region 7 has the
most A, B rating (3.84%) and region 5 the least (1.99%). This diﬀerence should be referring to the
buildings structure, diﬀerent equipment, and surely the family lifestyle.
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•

It is obvious that installing insulation on the ceiling and walls leads to a reduction of energy
dissipation. Rules 12 and 13 show that an improvement in energy eﬃciency is achieved by
installing insulation in the roof of residential buildings. Also, rules 6 and 7 state that the structure
of the cavity wall is better than other structures. Policies to install new insulators in homes
that do not have the proper equipment, especially among older homes, can lead to signiﬁcant
improvements in energy eﬃciency.

In general, old houses have a very bad energy eﬃciency. Installing proper insulation and using
appropriate wall structure, also using equipment with energy eﬃciency grade of A or B can be eﬀective
in improving the eﬃciency of these homes. The installation of boilers and the non-use of electricity
tariﬀs have led to better energy eﬃciency among households of this dataset. Various regions of England
and Wales have more desirable homes in terms of energy eﬃciency than the rest.
4. Modeling and Analyzing the Energy Eﬃciency Using the Proposed Approach
4.1. Clustering Data
Each home has diﬀerent characteristics and energy consumption. Categorizing data based on
the author’s opinion and the distribution of features is not very appropriate because it involves the
author’s assumptions and speculation. In this type of category, the probability of error and inaccuracy
increases, which is contrary to the purpose of the article, to achieve results with greater accuracy.
Cluster analysis is an unsupervised learning technique which ﬁnds data that has the most similarity
with each other, and also the greatest diﬀerence with other data, and places them in a group called
a cluster.
Clustering algorithms have a wide range that can be named partitioning, hierarchical, density-based,
and grid-based methods. The residential buildings of this article are clustered using the k-means
algorithm. This algorithm is used for clustering in different data sets [49] and also in energy consumptions
ﬁeld for diﬀerent datasets [50–52]. Among diﬀerent indicators for estimating the optimal number
of clusters [53,54], the silhouette index [55] has been selected to calculate with a diﬀerent number of
clusters. The silhouette has a range of −1 to 1, where 1 indicates the best matched and −1 indicates
variables which are poorly matched to their cluster.
Table 3 shows the Silhouette index values of clustering data of this article. While this indicator is
an important factor for clustering, it should be noted that in the real world and information retrieval,
clusters must have a comprehensible interpretation (cluster labeling). So, the selection of the best
number of clusters should be based on a combination of the index and the labeling. The silhouette
value of 2 and 3 clusters is greater than others (Table 3), which means that these clusters have a better
coherence, although these values are close together. Therefore, the appropriate value is that which has
a better interpretation and labeling adequate to the cluster’s data attributes. Regarding the values
of variables, in either case, three clusters have more interpretation and make a better diﬀerentiation
within and between clusters. Hence, it was selected as the best number of clusters.
Table 3. Silhouette index values.
Number of Clusters

Silhouette Index Value

2
3
4
5
6
7
8
9
10

0.243
0.239
0.189
0.195
0.155
0.155
0.166
0.158
0.179
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The three-clusters clustering results are as follows. Figure 3 indicates the size of these clusters.
According to these characteristics and the average annual energy consumption of each cluster,
cluster 1, cluster 2 and cluster 3 are labeled as medium-consumption, high-consumption and
low-consumption clusters.
•

•

•

Cluster 1: This cluster’s homes are old (almost 68% built before 1930). Most of the households
have a D label in the energy eﬃciency group and half of them have houses with an area of 51 m2
to 100 m2 .
Cluster 2: 27.5% of the homes were built between 1968 and 1982. Most of the households have a D
label in the energy eﬃciency group and 58.6% of them have houses with an area of 51 m2 to 100 m2 .
The households of this cluster have more energy consumption than those of the other clusters.
Cluster 3: Most of the households have a C label in the energy eﬃciency group. The cluster homes
are small (59% of homes have an area less than 51 m2 ). In comparison to other clusters, this cluster
contains more newly-built houses and these also have the lowest energy consumption.

Figure 3. Size of clusters.

4.2. Modeling the Energy Eﬃciency in Each Cluster
According to the approach presented, each cluster which includes records with the most
similarity must be analyzed separately to identify factors which inﬂuence the energy eﬃciency
group. The corresponding rules of the decision trees’ (C5.0) branches in the separate analysis of each
cluster are given in Table 4. The percentage presented in the tables is explained in Section 3.
The ﬁndings of Table 4 show that:
In the Low-consumption cluster:
•

•

•

Economic tariﬀ 7 Electricity in this cluster has also shown its impact. More than 34% of the homes
that have this tariﬀ have the D label, while more than 46% of the homes which do not use this
tariﬀ are labeled C. By comparing rules 2 and 3, it can also be concluded that the use of this tariﬀ
in small houses has a greater impact on poor energy eﬃciency.
Survey households in this cluster also state that a greater percentage of homes that do not use this
electricity tariﬀ 7 are better in energy eﬃciency than those using tariﬀ 7. This diﬀerent percentage
in the small houses of this cluster (area less than 51 m2 ) is shown in Table 5.
Rules 4 and 5 stated that newly built houses are in good condition in terms of energy eﬃciency
and old ones have a poor energy eﬃciency. The survey reveals that 36.9% of households living in
newly built houses have an A or B label, and 3.28% of the old ones have a G label.
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Table 4. The corresponding rules of the C5.0 tree in each cluster separately.
Cluster
Label

Row
1
2

Low-consumption
cluster

3
4
5

6

7
Medium-consumption
cluster

8

9

10

11

12
High-consumption
cluster

13
14
15
16
17
18

Rule
The home structure is a bungalow and uses economy 7
electricity meters and has installed a boiler.
The home structure is mid-terrace and the built-year is
between 1950 and 1966, the ﬂoor area is less than 51 m2
and it uses economy 7 electricity meters.
The home is in region 2 and the ﬂoor area is between 51
m2 and 100 m2 , the built-year is between 1950 and 1966
and it uses economy 7 electricity meters.
The home structure is detached houses built before 1930.
Homes built after 1996, having cavity walls, and whose
ﬂoor area is between 51 m2 to 100 m2 and which do not
use economy 7 electricity meters.
The home structure is detached and was built before
1930, does not have a cavity wall, and the ﬂoor area is
more than 151 m2 , it uses economy 7 electricity meters.
The region is Wales, and the home structure is
semi-detached and built before 1930 and has a boiler
installed.
The home structure is detached and built before 1930 and
does not have a cavity wall, the ﬂoor area is more than
151 m2 and it does not use economy 7 electricity meters.
The home structure is a ﬂat built after 1996, does not
have a cavity wall and does not use economy 7
electricity meters.
The home structure is detached, semi-detached,
mid-terrace, and end-terrace, built after 1996, does not
have a cavity wall and does not use economy 7
electricity meters.
The home structure is detached and the region is Wales
and it was built between 1983 and 1995, a boiler was
installed in 2010 and the home does not use economy 7
electricity meters.
The home structure is detached and the region is Wales
and it was built between 1983 and 1995, a boiler was
installed in 2010 and the home uses economy 7
electricity meters.
The home structure is a ﬂat, built after 1996 and the ﬂoor
area is between 51 m2 and 100 m2 .
Houses built after 1996, and the structure is mid-terrace.
The home structure is detached and the region is 4, 5 and
9, it was built in 1983 to1995, a boiler was installed in
2010 and it does not use economy 7 electricity meters.
The home structure is mid-terrace, it was built between
1983 and 1995 and has a boiler installed.
Houses built after 1996; the structure is semi-detached.
The home structure is mid-terrace, it was built between
1966 and 1982 and has boilers installed.

Result
(Energy Eﬃciency)

Percentage

D

80%

F

75%

D

71.50%

G

66.70%

A and B

54.90%

E

100%

C

100%

F

80%

A and B

67.90%

C

65.70%

A and B

100%

D

100%

A and B

100%

C

81.40%

C

80%

C

78.80%

C

72.50%

C

72.20%

Table 5. The percentages of homes located in diﬀerent energy eﬃciency groups.
Household Characteristic

Energy Eﬃciency Group
D
E

A, B

C

F

G

The small homes which have tariﬀ 7

6.92%

40.34%

32.54%

13.51%

5.47%

1.50%

The small homes which do not have tariﬀ 7

12.74%

51.23%

26.51%

6.73%

2.23%

0.68%

In the medium-consumption cluster:
•
•

Rules 6 and 8 stated that, ﬁrstly, large old houses have not a good energy eﬃciency. Also, they state
that among these homes, the ones which use electricity tariﬀ 7 are better oﬀ.
Rules 9 and 10 refer to the role of house structures in energy eﬃciency. So, in newly-constructed
houses with a ﬂat structure the energy eﬃciency groups are A and B, and other house structures
have a C label.
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•

In Wales, houses which have a detached structure, are old (built before 1930) and which have
installed boilers have an energy eﬃciency group C (rule 7).
In the high-consumption cluster:

•

•

•

The good performance of boiler installation in the residential houses of this cluster is evident.
In the 12th, 16th and 17th rules, the homes are not newly-built, but are located in the energy
eﬃciency group C. The existence of a boiler in these houses, structured as mid-terrace and
end-terrace, has diminished the role of the built-year.
A comparison of rules 11, 15 and, 18 shows that similar homes in diﬀerent areas have diﬀerent
energy eﬃciencies. The study of climatic conditions shows that the groups of areas that are located
in one rule are not similar in terms of temperature and have diﬀerent climates. Thus, it cannot be
said that just the similarity or the diﬀerence in weather has led to diﬀerent energy eﬃciencies.
However, in this cluster, households living in Wales have generally a better energy eﬃciency.
In the rules 13 and 14, newly-built houses are noted in good energy eﬃciency groups. It is
important to say that newly-built ﬂats have the best eﬃciency. In fact, the type of house structure
is not ineﬀective in the energy performance.

5. Assessment and Deployment
5.1. Assessment
Phase 5 of the methodology measures the models evaluated in the previous sections and the
accuracy of modeling. Using training and testing sets is an important step to evaluate the decision tree
accuracy. The higher the accuracy of the model means that its performance is better. So, the data were
divided into two groups (training and testing set). 70% of the records were taken as the training set
and the remaining 30% as the testing set. In addition to accuracy, the lift criterion, which indicates the
degree of correlation, was calculated for the C5.0 tree branches. If its value is greater than 1, this means
a positive correlation. For all the branches presented in Tables 2 and 4, the lift value was more than
one, hence indicating a positive correlation.
As stated, the purpose of the proposed approach is to achieve results with more precision and
details. Therefore, the accuracy of the models of Sections 3 and 4 should be compared in order to assess
the eﬃciency and eﬀectiveness of this approach. In Table 6 the accuracy of the C5.0 tree in all the data
and in each cluster is provided. As can be seen, the accuracy of modeling using the proposed approach
(modeling in each cluster separately) is greater than analyzing all the data together. This means that
the presented approach exposed unknown information more accurately and its tendency to a majority
of records has declined.
Since this classiﬁcation is of a multi-class type, the target feature (energy eﬃciency group) has
six diﬀerent modes ((A and B), C, D, E, F and G), the percentages obtained being acceptable. If the
accuracy were by chance, as the target ﬁeld has six diﬀerent states, the accuracy of the tree would
be about 17% (1/6). But Table 4 oﬀers percentages other than this. The percentages indicate that the
accuracy of the algorithm in the analysis of each cluster separately is greater than the total analysis of
the data. This approach is capable of providing knowledge and discovering unknown information
more accurately.
Table 6. Accuracy of the C5.0 Algorithm in the entire data and also in each cluster.
Input Data

The C5.0 Accuracy

All the data
Cluster 1 (medium-consumption)
Cluster 2 (high-consumption)
Cluster 3 (low-consumption)

54.4%
51.5%
57.83%
69.3%
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Data clustering is also evaluated through the silhouette index (Table 3). Based on the values of
this index in diﬀerent scenarios and the analysis of characteristics in diﬀerent values of k, 3 clusters
were selected as the most suitable number of clusters (mentioned in Section 4.1)
5.2. Deployment and Discussion
Leading research has been conducted to explore the factors aﬀecting energy eﬃciency in residential
homes. To this end, a hybrid approach was proposed to reveal ﬁndings with greater detail and accuracy.
This section reviews the ﬁndings. These suggest that some were commonly found in modeling without
using the proposed approach and using it. These ﬁndings are as follows.
•

•

•

In general, the installation of boilers will lead to an improved energy eﬃciency. Dwelling which
installed boilers in 2009 have better energy eﬃciency than others and ones which install boiler
in 2010 have the weakest performance, which is seen as an urgent need to replace or modify
these boilers.
Most old homes suﬀer from unfavorable energy eﬃciency. This is also reﬂected in the proposed
approach. Homes in the high-consumption cluster are older than those in the low-consumption
cluster. In old houses, the appliances and structures have a poor energy eﬃciency performance.
Therefore, planning for structural improvements, installing proper insulation and switching
equipment, especially in high-consumption cluster houses, is a constructive way to improve
energy eﬃciency.
Not using electricity tariﬀs 7 yields better energy eﬃciency group in most homes.

The interesting point is that the proposed approach, in addition to the results described above,
could also reveal new ﬁndings. In fact, this approach oﬀers more detailed results (Table 7). A scrutiny
of the data through the proposed approach provides new ﬁndings, as follows.
•

In homes with similar attributes, not using this tariﬀ has resulted in a better energy eﬃciency
group. However, the electricity tariﬀ 7 has diﬀerent eﬀects in each cluster. An analysis of the
approach presented shows that in the low-consumption cluster, the energy eﬃciency is poor,
particularly in small (less than 51 m2 ) and old houses which do not use this tariﬀ.

It was especially seen in the medium-consumption cluster that big (over 151 m2 ) and old houses
which use this tariﬀ have a better energy eﬃciency.
•

The building structure inﬂuences diﬀerent eﬀects in the proposed approach. In the mediumconsumption cluster, ﬂats have a more favorable energy eﬃciency group than other structures,
even among the newly built ones. Also, old homes which are structured as detached have a good
energy eﬃciency group in this cluster. On the other hand, it has been seen before that old houses
do not have a good energy eﬃciency.

In the high-consumption cluster, buildings with mid-terrace and end-terrace structures which
have installed boilers belong to a better energy eﬃciency group.
•

In the high-consumption cluster, homes in Wales have better energy eﬃciency than homes with
similar attributes but which are in diﬀerent areas.

Table 7 shows the ﬁndings, analyzing the entire dataset and each cluster separately. New ﬁndings
extracted which are obtained from the proposed approach are shown as new ﬁnding. This suggests that
the approach presented can discover ﬁndings in more detail and this proves the ability and usefulness
of this approach in discovering unknown information. These detailed ﬁndings can be very helpful for
policy maker, architects, and engineers.
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Table 7. Assessing the results of the proposed approach.
Evaluated Data

All Data (without
using the approach)

Findings and Results

Installing boilers lead to
better performance.

Old homes (built before
1930) suﬀer from
unfavorable energy
eﬃciency.
Old homes in Wales have
better energy eﬃciency.

Improving energy
eﬃciency is achieved
by installing insulation
in the roof of
residential buildings.

Not using tariﬀ 7 leads to
better energy eﬃciency.
Using the tariﬀ leads to
poor energy eﬃciency in
small and old houses
(less than 51 m2 ).
(new ﬁnding)

Low-consumption
cluster

Flats have a more
favorable energy
eﬃciency; even
newly-built ﬂats.
(new ﬁnding)
Old homes in Wales
which have a detached
structure, and have
installed boilers have a
good energy eﬃciency.
(new ﬁnding)

Medium-consumption
cluster

High-consumption
cluster

Not using tariﬀ 7 leads to
better energy eﬃciency.

Installing boilers leads to
a better energy eﬃciency.
In mid-terrace and
end-terrace structures,
boilers lead to better
energy eﬃciency.
(new ﬁnding)

The newly constructed
ﬂats have the best
eﬃciency.
(new ﬁnding)

Using this tariﬀ leads to
a better energy eﬃciency
in big (over 151 m2 ) and
old houses.
(new ﬁnding)

Households living in
Wales have better
energy eﬃciency.
(new ﬁnding)

6. Conclusions
The excessive demand for energy is a major challenge for countries. Therefore, governments
seek to improve energy management and eﬃciency to reduce energy waste. In this article, a hybrid
approach based on clustering and classiﬁcation proposes discovering factors aﬀecting energy eﬃciency
in the domestic sector.
49,815 examples of the housing stock of England and Wales were used. First, households were
analyzed to identify the inﬂuence of factors using a decision tree (without using the proposed approach).
Then, the proposed approach was used. The K-means algorithm yields three clusters (low-consumption,
medium-consumption, and high-consumption clusters). Households in each cluster were analyzed
using the C5.0 algorithm. Comparing the results and modeling accuracy, once without using the
approach and then using it, showed the ability of the approach presented to identify the properties
that aﬀect energy eﬃciency and consumption in-depth and more accurately. The approach presented
is adaptable to diﬀerent data sets.
The results of not using the approach shown is that installing boilers has improved the energy
eﬃciency, especially with respect to those that dwelling installed in 2009, followed by boilers installed
in 2005 and 2012. Dwelling install boilers 2010 have the least performance. Using electricity tariﬀ
7 results in poor eﬃciency. Also, in old homes the thermal equipment and energy consumption of the
equipment are weak compared to newly-built houses, which results in in weaker energy eﬃciency.
The data also showed that walls which have a cavity structure as well as insulating installation lead
to improved energy eﬃciency. Of course, the cavity wall itself has diﬀerent types, which produces
comments on how these walls aﬀect the energy eﬃciency. The need for information on the type of
cavity wall used in the residential buildings is urgent to ﬁnd out more thorough knowledge.
Besides the ﬁndings presented above, the proposed approach provides new and more detailed
results. It is demonstrated that electricity tariﬀ 7 has diﬀerent behaviors in diﬀerent clusters. Generally,
it was seen that the use of this tariﬀ is not good to improve energy eﬃciency. The approach shows
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that in the low-consumption cluster, old and small houses (less than 51 m2 ) that use this tariﬀ have a
poor energy eﬃciency. Also, among the old and big houses (over 151 m2 ) of the medium-consumption
cluster using this tariﬀ has a positive impact.
The approach shows that the home structure inﬂuences energy eﬃciency. In the high-consumption
cluster, installing boilers in mid-terrace and end-terrace structures, and detached structures in Wales
in the medium-consumption cluster, leads to better energy eﬃciency. In the medium-consumption
cluster, it was seen that ﬂats are better in energy eﬃciency than other structures, even compared to
newly-built houses.
Diﬀerent geographic regions also had a diﬀerent behavior. The high-consumption cluster shows
better energy eﬃciency in the houses in Wales. Deﬁnitely, having more comprehensive and adequate
information of the diﬀerent regions of England and Wales could extract more knowledge. The accuracy
of modeling in the approach presented was better than modeling without it and detailed ﬁndings can
be discovered.
Through its new and in-depth results, this approach has shown that it is capable and beneﬁcial
in the ﬁeld of retrieval knowledge. These new ﬁndings demonstrate that we cannot make a similar
decision for all homes. As homes in a cluster have their unique behavior, policies and decisions must
be unique for them. The knowledge obtained is suitable and useful for residential buildings of similar
features and nature to plan and upgrade energy eﬃciency, and also to improve EPCs.
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Abstract: Electricity management and production depend heavily on demand forecasts made.
Any mismatch between the energy demanded with respect to that produced supposes enormous losses
for the consumer. Transmission System Operators use time series-based tools to forecast accurately the
future demand and set the production program. One of the most effective and highly used methods are
Holt-Winters. Recently, the incorporation of the multiple seasonal Holt-Winters methods has improved
the accuracy of the predictions. These forecasts, depend greatly on the parameters with which the
model is constructed. The forecasters need to deal with these parameters values when operating the
model. In this article, the parameters space of the multiple seasonal Holt-Winters models applied
to electricity demand in Spain is analysed and discussed. The parameters stability analysis leads to
forecasters better understanding the behaviour of the predictions and managing their exploitation
efficiently. The analysis addresses different time windows, depending on the period of the year as well
as different training set sizes. The results show the influence of the calendar effect on these parameters
and if it is necessary or not to update them in order to obtain a good accuracy over time.
Keywords: time series; forecasting; exponential smoothing; electricity demand

1. Introduction
The programming of the production of electrical energy is a complex task carried out by the
Transmission System Operators (TSO). Their main objective is the supply of electricity, assuring the
distribution. In addition, the energy production at the lowest possible cost to the consumer, without
incurring losses is a key point [1]. Any mismatch between the programmed and the really demanded
energy produces huge losses. Hobbs [2] determined that the losses produced by a 1% gap between
planning and reality can cost up to millions of dollars. Hong et al. [3] determined that for a maximum
peak demand central of 1 GW, a 1% error in the prediction can involve costs of $600,000 per year.
The TSOs use for their predictions time series forecasting [4–6]. One of the most common used technique
is the exponential smoothing methods, and especially the Holt-Winters models, due to their easy to
understand and implement features [7,8]. Exponential smoothing methods use the data observed in
the past to make predictions, assigning an exponentially decreasing weight to the older information
against the newer. The way to assign the relevance of newer data against the older is performed by the
weight assigned to smoothing parameters. The smoothing parameters are bounded in the range [0,1].
The closer to 0 the more important the older data is, and the contrary when closer to 1. The Holt-Winters
model is described in Equations (1)–(4)
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where St , and Tt are the equations for the level and additive trend, with smoothing parameters α and γ.
It are the seasonal indices of length s, with smoothing parameters δ. Xt is the observed data. Finally,
 t+h is the equation to forecast h time instants ahead. It collects the information contained in the
X
model and makes predictions.
The introduction of double and triple seasonal models (HWT), described in [9,10], improved the
accuracy of these methods, and their use is being generalized. Additionally, these methods behave
very accurate for such type of series, with a strong seasonal effect [11,12]. The generalization to include
up to n seasonal patterns is known as Multiple Seasonal Holt-Winters (nHWT), developed in [13].
The model is deﬁned as in Equations (5)–(8),
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where It are the seasonal indices of length si , with smoothing parameters δ(i) . There are as many
equations as seasonal patterns allocated in the time series, ns . The ϕ AR parameter is entered to correct
the model including effectively the ﬁrst order autocorrelation error (ε t ), known as AR(1) adjustment.
Depending on the way the equations are deﬁned, additive or multiplicative methods can be used.
The method of combining the smoothing equations will determine the Holt-Winters model to be used.
The combination provides 30 different models, according to the trend and seasonality combination,
as well as AR(1) adjustment, as described in [13]. The nomenclature for these models is as follows:
Three letters to describe the combination, where the ﬁrst one describes the trend method, the second
one the seasonality method and the last one whether the adjustment was applied. This combination is
shown in Table 1. Furthermore, the model is described by adding as subscript the different seasonal
patterns considered, using the length of the cycle. As an example, the AMC24,168 one is a model with
additive trend and multiplicative seasonal, the model is adjusted using ﬁrst order autocorrelation error
and it has two seasonalities, one daily (subscript 24) and one weekly (subscript 168).
The smoothing parameters are obtained by adjusting the model to data observed in the past, and try
to reproduce the same pattern for the near future. The adjustment is done by solving a non-linear
problem, in which the 1-hour-ahead forecasting error is minimised. This topic is better developed
in Section 3. The smoothing parameters obtained are assumed to be optimal, and the model is then
exploited. The optimality of these parameters is locally obtained, valid only for the dataset and the
model selected. Moreover, the same parameter can highly vary from one method to another using
the same dataset. Thus, it is a big deal for forecasters to understand the behaviour of the model
considering the locally optimised parameters. The future predictions accuracy will be closely related to
the smoothing parameters. The optimisation procedure is using an optimisation algorithm, that do not
take care concerning the reality of the series. The forecaster needs to make use of the own experience
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to validate and approve the obtained parameters. These actions are crucial for the entire process.
Some factors have an influence on the parameter values. The method to obtain initial values for seeding
the model impact on the forecasting accuracy [14] although after an optimisation of the parameters,
accuracy differences are also minimised [15]. Climate conditions are not a big deal in terms of short-term
forecasting accuracy [12]. However, it seems reasonable the parameters ought to be influenced. If only
two seasonal patterns are considered, seasons modify the trend, whereas if three seasonalities are
considered, the intra-year seasonal parameter should be influenced. The calendar also has a huge
influence on the predictions and parameters, that must deal with some irregularities of the series [16–18].
Therefore, forecasters should always pay close attention to the parameters values.
Table 1. Multiple seasonal Holt-Winters models’ nomenclature according to trend and seasonal method.
The ﬁrst letter determines the trend, N: none, A: additive, d: damped additive, M: multiplicative and
D: damped multiplicative. The second letter is used for Seasonality, with only N (none), A (additive)
and M (multiplicative) option. The third letter is used for the AR(1) adjustment: L (no adjustment) and
C (adjusted).

```

```Seasonality None
```
``

Trend

None
Additive
Damped additive
Multiplicative
Damped multiplicative

NNL
ANL
dNL
MNL
DNL

Additive
Normal

Multip.

None

NAL
AAL
dAL
MAL
DML

NML
AML
dML
DML
DML

NNC
ANC
dNC
MNC
DMC

Additive Multip.
AR(1) Adjusted
NAC
AAC
dAC
MAC
DAC

NMC
AMC
dMC
MMC
DMC

The forecasting procedure performed by TSOs must ensure continuously accurate forecasts for
the electricity system. These predictions are used by the TSO for the operational planning and unit
assignment, while they are also used by the market for the spot price settlement [19,20]. The Spanish
electricity market (OMIE) operates similarly [21,22], where the unique Spanish TSO, Red Eléctrica de
España (REE), supplies forecasts of demand for the next week every Wednesday, for the next 24 h
every day, and a revision of the daily demand every six hour [23]. The market uses this information for
the bidding process, as well as REE itself to carry out operational planning. Thus, there is an enormous
responsibility in such eagerly awaited forecasts. In fact, REE uses a complex algorithm [24] to
provide forecasts.
With such high frequency forecasting, there is a need for the model to be updated continuously.
The forecaster must deal with the varying smoothing parameters and take decisions on the engaged
forecasts. In the Holt-Winters literature there is a strong discussion about whether the parameters should
be continuously readjusted as the series progresses, or on the contrary, they must be immobile and
try to exploit them for as long as possible. The values of the parameters are also discussed, since high
values of the parameters indicate a great damping to adapt to the new observed values, compared to
low values, where the initial values are given greater weight. Before this doubt, the following question
is added: how do the parameters respond to a specific time series, such as the hourly electricity demand
in Spain? Make it sense the obtained values? What is their stability? All these questions have not been
answered in the previous literature.
This article describes how we have performed a stability analysis on the parameters of the nHWT
models applied to the electricity demand series in Spain. The main objective was to understand the
behaviour of smoothing parameters against several different datasets with changes in climate conditions,
time series components such as trend or seasonal, calendar effects among others. This analysis will
help the forecasters to face the optimised model before making forecasts, considering the values of
the parameters. It is also important to check whether it is necessary or not to update the smoothing
parameters of the Holt-Winters models in order to obtain a good accuracy over time. On the other hand,
the results of this study will show the influence of the calendar effect on these parameters, and therefore
the need to develop new Holt-Winters models that take it into account [16].
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The article is organized as follows: Section 2 reviews the existing literature related to the smoothing
parameters of Holt-Winters models. Section 3 presents the methodology followed in order to predict
the Spanish electricity demand time series and to analyze the variability of the parameters; in Section 4
the results obtained for a given double and triple seasonal model are shown and in Section 5 the results
are discussed. Finally, the conclusions reached in this article are shown.
2. Related Work
Short and medium term electricity demand time series forecasting were extensively studied in the
literature applying both statistical methods and machine learning techniques. Recently, the machine
learning methods have focused on big data [25], especially deep learning [26,27], and ensemble
methodologies [28,29].
Within classical methods, the accuracy of the forecasts in the Holt-Winters models has been widely
studied, especially how to select the best method and adjust the parameters [30]. As the Holt–Winters
models are recursive, an initialization value is needed to feed the model. Thus, the initialization methods
for Holt-Winters were also another intense field of research especially with the emergence of double
and triple seasonal Holt-Winters models [31,32]. In fact, new methods to initialize the level, trend and
seasonality in multiple seasonal Holt–Winters models were recently developed in [14]. These seed values
have influence on the smoothing parameters’ values as well as the forecasting accuracy [33]. However,
when the series adjustment is made, the initial values lose influence [15]. After fitting the Holt-Winters
model, the obtained smoothing parameters are assumed to be optimal for the data set. Thus, the study
of their values or their stability has not been worked in depth in the literature. This is due, in large part,
to the fact that the models do not allow a theoretical mathematical analysis.
Archibald [34] used 406 monthly series from the M competitions. He analyzed the models with
additive seasonality, and demonstrated that the values of the parameters within the range [0,1] are not
always invertible. Thus, it is necessary to use only a set range within the region of invertibility.
Lawton [35] used state spaces to analyze Holt-Winters models, and although his work focused
on the normalization of the seasonal component, he also analyzed the stability of the parameters.
From previous work on ﬁlters [36,37], it determined that Holt-Winters models are not asymptotically
stable. The values of the eigenvectors of the stability matrices depend on the α, γ and δ parameters.
Some authors [38] worked on obtaining the limits of the smoothing parameters. They analyzed
state space parameters, and stated the parameters ought to meet 0 < α < γ. Finally, the authors
in [39] established a series of criteria in the parameters so that the models can be “predictable”,
a term that mints whether a series will be able to make forecasts with constant mean and variance.
Osman et al. [40] obtained the values of the main vectors and conﬁrmed that the models proposed
in [39] produce stable predictions, but if regressors are used, they must be invariant over time.
Another interesting study related to this paper is the study of the minimum size required for
the sample. Hyndman et al. [41] analyzed this situation and concluded that there is no clear answer,
but that there should be many more observations than parameters. In this regard, García-Díaz and
Trull [13] veriﬁed that for a double seasonal model, a data set length of one year produces more stable
parameters than 8–10 weeks.
3. Materials and Methods
The time series used in this study is the hourly electricity demand in Spain, within the years
from 2008 to 2017. It was provided by REE through its website www.ree.es. This time series shows
clearly several seasonalities: the intraday which is repeated every 24 h, and the intra-weekly,
which is repeated every 168 h. A third seasonality has also been included, which relates the data
of the series with the seasonal periods of the year. Various strategies were proposed to deal with
the 3rd seasonality, since its length depends largely on the concept to be covered. Taylor uses the
calendar year, so that the years comprise 52 weeks, although to adjust the process in leap years,
it uses 53 weeks [10]. Most authors have chosen to use the solar year, which includes 365.25 days,
and seasonally adjusted [42]. In our case, it was considered to be 365.25 days, or 8766 h.
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This series was used in former works [43,44] and especially using the nHWT methods [13,14,16].
This experience showed the authors that many factors could have an impact on the model parameters,
as well as its forecast accuracy, key point for the proper exploitation of the nHWT models. The inﬂuence
of the initial values was analysed in [14]. However, there is still a lack of analysis regarding the
meaning of the parameter space and their relation with forecasts.
The method described in this paper analyses the smoothing parameters of the nHWT forecasting
procedure when working with the hourly electricity demand in Spain. It performs an analysis of
the parameter values, by checking their behaviour depending on the method chosen from Table 1.
That implies to analyse the stability against some inﬂuential factors derived from our experience such
as seasons, years, calendar, and inner variability.
To match the previously mentioned issues, raw data must be used, avoiding any smoothing or
modiﬁcation of the series. Double seasonal nHWT used a dataset size of 8–10 weeks, it was chosen
as this seems to be long enough for this purpose. Alternatively, an analysis of the dataset size is also
performed. Triple seasonal nHWT used a dataset of three years.
Randomness in the series selection must be assured. To observe the maximum possible variability,
randomly selected data sets were used, but always complying with the following premises:
•
•
•

At least 3 sets of data for each season of the year.
At least there must be sets in different years, to check the repeatability of the process in similar
situations in a matter of period of the year, including holidays nearby.
The data has not been ﬁltered or the special days were altered.

As a result, for the seasonal double analysis, 250 random samples of 10 weeks were extracted,
of which, the first 8 weeks were used for adjustment, while the other two weeks were used for
validation. Because the climatic effect present in the series must be assessed, the samples were selected
so that they belong to different climatic periods and several years. Figure 1 shows the working scheme
for this analysis.
The parameters optimization was done using a minimization algorithm, Nelder-Mead’s
simplex [45], where the minimization function was the Root Mean of the Squared Error (RMSE),
described in Equation (9).
RMSE =

1
h

h

∑ (Xt − Xt )2

(9)

t =1

where h is the number of samples to be predicted.
Once the model was ﬁt and the parameters obtained, 24-hours ahead forecast during two weeks
were performed, and compared against the real data. The forecast accuracy was measured by using
the Mean Average Percentage Error (MAPE), described in Equation (10).
MAPE(%) = 100

1
h

h

∑

t =1

X̂t − Xt
| Xt |

(10)

The use of RMSE for the model optimisation is preferred [46]. On the contrary, the most commonly
used indicator to compare forecast accuracy is MAPE [47], in special when comparing demand forecasts.
The triple seasonal analysis was performed similarly, but it was needed a higher dataset to ﬁt the
model and obtain the parameters. Thus, 80 random samples from three full years and two weeks were
sampled. The ﬁrst set of three years was used to ﬁt the model, whereas the two week set was used for
validation purposes. In this case, only the AMC24,168,8766 model was used for the analysis.
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Figure 1. Demand split in years and seasons for stability analysis.

4. Results
The analysis procedure was organized inductively. First, the results of the forecasts and how they
and the smoothing parameters evolve over time were observed for both double and triple seasonal
Holt-Winters models, and then, the inﬂuence of the size of the adjusting set was analyzed.
4.1. Double Seasonal Models
Table 2 shows the results of the forecasts made by double seasonal models. In particular,
the average of the MAPE when predicting the 250 random samples of two weeks. Only models
with the correction of the ﬁrst order autocorrelation error setting are shown, since they offer better
results. Removing the year 2009, the year in which the crisis was emphasized in the Spanish industrial
sector until that uncertain moment, the rest of the years there is a clear stability in the forecasts.
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Holt-Winters models are very robust to small variations. The forecast accuracy values are around 2.6%
in terms of MAPE for 24 hours-ahead forecasts. In the triple seasonal case these values are around
7.9% of MAPE.
Table 2. Summary of the 24-hour ahead forecasting MAPE of double seasonal models, split by years.
Year
AAC24,168
AMC24,168
dAAC24,168
dAMC24,168
DMAC24,168
DMMC24,168
MAC24,168
MMC24,168
N AC24,168
N MC24,168

2008

2009

2010

2011

2012

2013

2014

2015

2016

2017

Mean

2.4755
2.4644
2.4402
2.4028
2.4483
2.4119
2.4722
2.4462
2.4434
2.4061

3.3322
3.2576
3.3052
3.1723
3.3217
3.1572
3.3320
3.1844
3.3208
3.1339

2.8705
2.8389
2.8227
2.8047
2.8034
2.8087
2.8427
2.8538
2.8131
2.8043

2.5367
2.4974
2.5120
2.4720
2.5183
2.4519
2.5260
2.4670
2.4970
2.4196

2.6761
2.5697
2.5927
2.5209
2.6054
2.5267
2.6059
2.5681
2.5932
2.5126

2.2657
2.2284
2.2272
2.2190
2.2351
2.2045
2.2430
2.2444
2.2258
2.1720

2.5447
2.4225
2.5114
2.3866
2.4846
2.4077
2.5031
2.4787
2.4869
2.4407

2.4527
2.4131
2.4397
2.4164
2.4279
2.4117
2.4420
2.5781
2.4256
2.3999

2.6741
2.7129
2.6361
2.6447
2.6399
2.6330
2.6520
2.7370
2.6497
2.6366

2.6238
2.6972
2.6189
2.5585
2.6296
2.6184
2.6325
2.7615
2.6216
2.5810

2.6963
2.6521
2.6571
2.6034
2.6601
2.6026
2.6746
2.6531
2.6552
2.5872

The NMC24,168 is selected as it offers the best forecast accuracy. As the MAPE provided is
an average each year, a split including the months is graphed in Figure 2 as weather conditions
and months may influence on the results. Clearly the winter and autumn months have higher levels of
MAPE, this time the winter months when worse forecasts occur.

2008
5 .0

2009

4 .0
3 .0
2 .0

2016

2010
1.0

Autumn

0.0

Spring
Summer

2015

2011

Winter
2014

2012
2013

Figure 2. MAPE radar diagram of the forecasts for the N MC24,168 model using the demand time series
from 2008 to 2017.

Table 3 shows the distribution of the parameter values according to the year and seasonal period
for the model N MC24,168 . These values were obtained using the sets for adjustment composed of the
250 random samples of 8 weeks. The total row is the mean of the parameters if they are calculated
without dividing into seasons. It can be seen that there was a shift in the parameter values from
autumn to winter. The values for the daily seasonality are in the order of 0.2 to 0.3 with the exception
of winter, where it increases to the value of 0.4. For the intra-weekly seasonality it has a value of 0.2
and it becomes 0.5 for the winter season.
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Table 3. Distribution of the parameters for the N MC24,168 model.
δ(24)

α

δ(168)

ϕ AR

mean

Dev.

mean

Dev.

mean

Dev.

mean

Dev.

0.0647
0.0099
0.0502
0.6009

0.0398
0.0074
0.0288
0.4141

0.3003
0.3762
0.2407
0.4240

0.0588
0.1326
0.0870
0.2209

0.2660
0.1668
0.2044
0.6386

0.0795
0.0316
0.0637
0.3875

0.8716
0.9480
0.8938
0.6615

0.0487
0.0245
0.0420
0.1899

0.1623

0.2982

0.3331

0.1457

0.3048

0.2548

0.8522

0.1390

0.0805
0.0230
0.0528
0.3968

0.0610
0.0195
0.0075
0.4766

0.2890
0.3029
0.2468
0.3148

0.0281
0.1101
0.0921
0.1564

0.2152
0.2188
0.2518
0.5331

0.0422
0.0505
0.0685
0.4268

0.9011
0.9353
0.8769
0.7537

0.0446
0.0163
0.0279
0.2124

0.1000

0.2056

0.2863

0.0950

0.2696

0.1868

0.8850

0.0966

0.0235
0.0291
0.0804
0.1821

0.0723
0.0238
0.0515
0.3913

0.3017
0.3366
0.2123
0.2925

0.0441
0.1435
0.0563
0.0575

0.2351
0.1973
0.2228
0.4878

0.0839
0.0495
0.0822
0.3039

0.9413
0.9095
0.8846
0.8618

0.0552
0.0448
0.0582
0.1942

0.0624

0.1528

0.2874

0.0971

0.2573

0.1566

0.9063

0.0865

0.0529
0.0244
0.1005
0.4701

0.0456
0.0367
0.0434
0.4720

0.3375
0.3382
0.2259
0.3858

0.0452
0.1281
0.0662
0.2204

0.2340
0.2057
0.2083
0.6269

0.0691
0.0478
0.0373
0.4147

0.9088
0.9430
0.8445
0.6781

0.0480
0.0542
0.0208
0.2440

0.1264

0.2415

0.3179

0.1263

0.2852

0.2258

0.8638

0.1358

0.0429
0.0182
0.0170
0.5574

0.0175
0.0187
0.0187
0.4954

0.3259
0.3160
0.2218
0.5706

0.0798
0.1168
0.0824
0.3562

0.2420
0.1683
0.2306
0.7178

0.0793
0.0606
0.0708
0.3904

0.8560
0.9365
0.9240
0.6341

0.0574
0.0389
0.0541
0.2710

0.1244

0.2932

0.3407

0.2067

0.2992

0.2681

0.8657

0.1650

0.0676
0.0221
0.0139
0.3812

0.0362
0.0205
0.0238
0.4967

0.3823
0.3568
0.1954
0.3156

0.0496
0.1677
0.1014
0.1955

0.2369
0.1965
0.2385
0.4692

0.0866
0.0130
0.0363
0.4601

0.7644
0.9376
0.9537
0.7007

0.1494
0.0361
0.0148
0.1910

0.1212

0.2652

0.3125

0.1414

0.2853

0.2296

0.8391

0.1547

0.0021
0.0440
0.0314
0.3722

0.0021
0.0386
0.0330
0.4874

0.3123
0.3507
0.2616
0.3429

0.0285
0.1349
0.1234
0.2105

0.2428
0.1673
0.2486
0.4552

0.0314
0.0215
0.1469
0.4718

0.9474
0.9199
0.9278
0.6810

0.0133
0.0360
0.0539
0.2140

0.1124

0.2616

0.3169

0.1250

0.2785

0.2390

0.8690

0.1486

0.0443
0.0553
0.0755
0.3290

0.0082
0.0437
0.0304
0.5173

0.3238
0.3345
0.2021
0.2690

0.0165
0.1226
0.0764
0.1228

0.2390
0.2279
0.2380
0.4970

0.0273
0.0868
0.0832
0.4370

0.9209
0.8508
0.8876
0.7450

0.0068
0.1155
0.0036
0.2567

0.1260

0.2536

0.2824

0.0980

0.3005

0.2270

0.8511

0.1385

Autumn
Spring
Summer
Winter

0.0273
0.0188
0.0494
0.3347

0.0206
0.0182
0.0021
0.5109

0.3193
0.3501
0.3012
0.3765

0.0416
0.1970
0.0305
0.2708

0.2226
0.2208
0.2127
0.4963

0.0298
0.0481
0.0419
0.4366

0.9324
0.9483
0.9225
0.7259

0.0348
0.0277
0.0085
0.2737

Total

0.1075

0.2579

0.3368

0.1476

0.2881

0.2266

0.8823

0.1516

2009
Autumn
Spring
Summer
Winter
Total
2010
Autumn
Spring
Summer
Winter
Total
2011
Autumn
Spring
Summer
Winter
Total
2012
Autumn
Spring
Summer
Winter
Total
2013
Autumn
Spring
Summer
Winter
Total
2014
Autumn
Spring
Summer
Winter
Total
2015
Autumn
Spring
Summer
Winter
Total
2016
Autumn
Spring
Summer
Winter
Total
2017
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Figure 3 shows a representation of the parameters over time. It can be observed how the values
follow a pattern according to the period of the year. The level and AR(1) adjustment values are slightly
different from those of the previous analysis. The level values are higher while the AR(1) adjustment is
lower. This is because when the trend is removed, possible long-term variations are supplied by the
level. The MAPE in winter season worsens while the smoothing parameters increase their variability
in autumn. The randomness of the method chosen to analyse variability makes many forecasts done in
winter to use a model optimised with data from autumn season. The special events during autumn
impact greatly on the winter forecasts.
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2017 Summer
2008 Winter
2008 Spring
2017 Spring
1.0
2017Winter
2008 Summer
2017 Autumn

2009 Autumn
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2009 Winter

2016 Summer
2016 Spring

2009 Spring
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delta (24)
delta (168)

phiAR

Figure 3. Radar diagram of the average of the parameters for the model N MC24,168 depending on the time.

This analysis was completed with a study on the inﬂuence of the size of the training dataset
on prediction accuracy. The date of 11 July 2016 was set for the 24-hours-ahead forecasts during
two weeks, and the size of the training dataset increased from 8 weeks to several years. In this way,
it is intended to observe the behaviour of the model with respect to the sample size, following the
indications of [41].
Figure ?? presents the MAPE of the 24-hour forecasts according to the size of the sample for the
N MC24,168 and AMC24,168 models in order to compare their behaviour. It can be observed that the
AMC24,168 model presents higher variability and the model starts to stabilize around the average value
1.7% when a sufﬁciently large set is used, in particular from 20,000 h. However, the N MC24,168 model
is much more stable, and with relatively small training sets, in particular, with a time series composed
of 5000 h, it maintains accuracy values around 1.6%. The AMC24,168 model is more unstable due to
the trend equation (Equation (6)) as the electricity demand time series has no clear trend as shown
in Figure 1. Using a larger dataset helps the N MC24,168 model to stabilize while AMC24,168 model
depends clearly on the season the dataset starts. Although N MC24,168 model shows better stability
than AMC24,168 , the smoothing parameter associated with the trend does not tend to 0 in order to
converge to the same model. This is due to the parameters are local optimal, but not global optimal.
Thus, the need for an analysis of these parameters and their stability is supported.
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Figure 4. MAPE of the 24-hours ahead forecasts according to the size of the datasets used to obtain the model.

Figure 5 shows the evolution of the value of each parameter according to the size of the data
set used for the adjustment of the N MC24,168 model. It can be seen how there is a stabilization of the
values in an asymptotic way. It is surprising how the values of the parameters associated with the
seasonality exchange the weights as the data set grows. It can be noticed some peaks where the values
go up. These peaks coincide with the beginning of the series on holidays. In fact, the most intense
peaks coincide with the dates of the Immaculate Conception or Christmas. Once again, a stability in
the predictions is observed demonstrating a great predictability. This characteristic does not have the
same pattern for all models, and depends largely on the values of the seasonal component, always
keeping low values for the α smoothing parameter.
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Figure 5. Evolution of parameters versus size of data set.

4.2. Triple Seasonal Models
In this section, an analysis of the parameters of the triple seasonal Holt-Winters models is carried
out. Data sets of size 3 years (53 × 24 × 7 × 3 h) were used to adjust the models. As in the case of double
seasonal models, 24-hour forecasts were made for two weeks. Although all triple seasonal methods
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depending on the seasonality and trend were analyzed, there are no major differences between the
models, and the AMC24,168,8766 model turns out to be the easiest to study, as it has 6 parameters,
including level, trend, seasonality and ﬁt.
The results obtained are shown in Table 4, where the values of the parameters are organized
according to the season and year. In particular, the mean and standard deviation of the smoothing
parameters obtained using the 80 sets for adjustment composed of 8 random weeks are shown. It can
be noticed that the standard deviation for Autumn of the year 2016 is not deﬁned because it was only
a random set of 8 weeks into the Autumn. Contrary to what happens in the double seasonal models,
and as seen in the previous section, when using sets of size greater than 20,000 h, the values of the
parameters are stabilized.
Table 4. Distribution of smoothing parameters of the AMC24,168,8766 model.
α

δ(24)

γ

δ(168)

δ(8766)

ϕ AR

mean

Dev.

mean

Dev.

mean

Dev.

mean

Dev.

mean

Dev.

mean

Dev.

0.0008
0.0006
0.0001
0.0001

0.0009
0.0008
0.0000
0.0000

0.0001
0.0001
0.0001
0.0001

0.0000
0.0000
0.0000
0.0000

0.3081
0.3137
0.3193
0.3064

0.0004
0.0069
0.0094
0.0044

0.2296
0.2377
0.2265
0.2144

0.0019
0.0183
0.0087
0.0146

0.0783
0.0480
0.0718
0.1612

0.0306
0.0502
0.0635
0.0038

0.9469
0.9463
0.9477
0.9466

0.0019
0.0012
0.0014
0.0004

0.0003

0.0005

0.0001

0.0000

0.3128

0.0081

0.2267

0.0149

0.0892

0.0604

0.9466

0.0014

0.0001
0.0008
0.0007
0.0004

0.0000
0.0009
0.0013
0.0005

0.0001
0.0001
0.0001
0.0001

0.0000
0.0000
0.0000
0.0000

0.3132
0.3032
0.3190
0.3259

0.0113
0.0045
0.0090
0.0101

0.2446
0.2277
0.2340
0.2404

0.0082
0.0018
0.0139
0.0215

0.0483
0.0886
0.0684
0.0826

0.0682
0.0221
0.0487
0.0386

0.9498
0.9438
0.9442
0.9446

0.0016
0.0008
0.0017
0.0016

0.0005

0.0008

0.0001

0.0000

0.3158

0.0116

0.2344

0.0138

0.0735

0.0405

0.9458

0.0026

0.0001
0.0001
0.0001
0.0001

0.000
0.0000
0.0000
0.0000

0.0001
0.0001
0.0001
0.0001

0.0000
0.0000
0.0000
0.0000

0.3185
0.3038
0.3147
0.3179

0.0079
0.0046
0.0030
0.0133

0.2348
0.2280
0.2214
0.2292

0.0122
0.0075
0.0060
0.0020

0.0802
0.0885
0.1017
0.1481

0.0154
0.0328
0.0259
0.0571

0.9510
0.9534
0.9515
0.9522

0.0003
0.0017
0.0011
0.0014

0.0001

0.0000

0.0001

0.0000

0.3134

0.0090

0.2272

0.0080

0.1064

0.0416

0.9523

0.0014

0.0001
0.0001
0.0001
0.0001

0.0000
0.0000
0.0000
0.0000

0.0001
0.0001
0.0001
0.0001

0.0000
0.0000
0.0000
0.0000

0.3178
0.3145
0.3235
0.3244

0.0100
0.0029
0.0130
0.0032

0.2452
0.2251
0.2352
0.2318

0.0077
0.0072
0.0094
0.0028

0.0467
0.0893
0.0557
0.1003

0.0462
0.0126
0.0517
0.0515

0.9437
0.9419
0.9429
0.9446

0.0005
0.0004
0.0018
0.0022

0.0001

0.0000

0.0001

0.0000

0.3240

0.0084

0.2343

0.0098

0.0731

0.0439

0.9433

0.0016

0.0001
0.0001
0.0007
0.0001

0.0000
0.0000
0.0010
0.0000

0.0001
0.0001
0.0001
0.0001

0.0000
0.0000
0.0000
0.0000

0.2984
0.3050
0.3134
0.3160

0.0095
0.0040
0.0055
0.0068

0.2258
0.2279
0.2250
0.2117

0.0106
0.0042
0.0127
0.0074

0.0983
0.0403
0.0596
0.1377

0.0204
0.0147
0.0523
0.0303

0.9426
0.9421
0.9411
0.9403

0.0014
0.0014
0.0027
0.0003

0.0002

0.0005

0.0001

0.0000

0.3082

0.0092

0.2224

0.0103

0.0840

0.0481

0.9415

0.0017

Autumn
Spring
Summer
Winter

0.0001
0.0001
0.0001
0.0001

—
0.0000
0.0000
0.0000

0.0001
0.00010
0.0001
0.0001

—
0.0000
0.0000
0.0000

0.3263
0.3035
0.3112
0.3089

—
0.0067
0.0065
0.0040

0.2246
0.2262
0.2232
0.2171

—
0.0096
0.0055
0.0025

0.0399
0.0757
0.0881
0.1301

—
0.0273
0.0344
0.0381

0.9470
0.9453
0.9457
0.9430

—
0.0015
0.0022
0.0008

Total

0.0002

0.0005

0.0001

0.0000

0.3134

0.0097

0.2281

0.0115

0.0862

0.0462

0.9456

0.0038

2011
Autumn
Spring
Summer
Winter
Total
2012
Autumn
Spring
Summer
Winter
Total
2013
Autumn
Spring
Summer
Winter
Total
2014
Autumn
Spring
Summer
Winter
Total
2015
Autumn
Spring
Summer
Winter
Total
2016

The value of the δ(24) parameter stabilizes around 0.3 for any period and with a minimum
variability. The value of the δ(168) parameter stabilizes around 0.2 and the new parameter δ(8766)
around 0.08 and 0.1. These values follow the pattern shown in Figure 5, although there is a transfer
between the δ(168) parameter and the δ(8766) . The introduction of the third seasonality has forced the
model to update the intra-weekly seasonality with more recent data over time. On the other hand,
values of α stabilize around practically 0, and values of ϕ AR around 0.95. The existence of so much
data makes the AR(1) adjustment practically responsible for adapting the level and makes the level
equation redundant. This would imply the elimination of a parameter to be optimized.
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In addition, an analysis of the size of the data set and its consequences on the forecasts was
carried out in the same way as in the previous case. It was used on the same day, 11 July 2016,
where the size of the observed data set was gradually increased and 24-hour forecasts were made over
two weeks. The results are shown in Figure 6. An asymptotic evolution towards a MAPE of 2% can be
seen. Although the MAPE is triggered and reduced again periodically. The shark fin form responds
to an adjusting dataset beginning in the autumn, and finishing in the end of autumn—remember
that in autumn the calendar effect was much more important than at other times. One of the main
characteristics observed in the triple seasonal models is the variability in predictability, mainly produced
by the time of year with more holidays, i.e., autumn.

MAPE(%)

6

4

2

0
26000

36000

46000

4J[FPGUIFBEKVTUJOHTFU
I

Figure 6. MAPE of the forecasts for 24-hours ahead according to the size of the dataset used to obtain
the AMC24,168,8766 model.

The selection of 11 July 2016 for the forecasts responds to the necessity to avoid many special
events nearby. The nearest one is the 1st May, and the series has enough time to react. As the model
has low values for alpha, gamma and δ8766 , near to zero, only the intraday and intraweek seasonal
components can deal and react against the irregularities of the series, smoothing the model to newer
values. The closer the start of the autumn period is, the less reaction time the model has to smooth
the irregularities. These irregularities affect forecasts more intensely. When forecasting in other dates,
the same analysis provides a similar ﬁn-shaped graph. The only difference is the minimum and
maximum of the MAPE, that depends on the date chosen.
5. Discussion of the Results
The objective of this section is the empirical analysis of multiple-seasonal Holt-Winters models
applied to hourly electricity demand in Spain.
The literature found that analyses the parameters of the models tries to give a solution to
the theoretical stability analysis, with the determination of the concept of predictability. However,
its application to Holt-Winters models is not direct. It is necessary to carry out an empirical analysis of
the models and their forecasts, and from there to draw conclusions about predictability.
A framework was established consisting of the usual process of adjustment and forecasting
using a Spanish hourly electricity demand data set provided by REE. The forecasts obtained are
then analyzed.
The double seasonal models with an 8 week adjustment period are shown to be robust with
respect to predictions. Two different periods, with different characteristics, were used and 24-hour
prediction MAPEs of around 2% to 2.6% were obtained. In the models with the best behaviour,
the parameters were analyzed, and a direct relationship was found between variability and high values
of the smoothing parameters associated with seasonality, and in the periods when a greater number of
holidays occur.
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The size of the observed data set inﬂuences the stability. The MAPE of the AMC24,168 model has
a variability of 0.2%, which from about 20,000 h is reduced to 0.1%. The N MC24,168 model is much
more stable—the series did not show a trend either—achieving this stability in sets longer than 5000 h.
As the number of observations increases, the smoothing parameters show a stabilization.
In the case of triple seasonal models, a large number of observations are necessary to adjust the
model. Therefore, parameter values are stabilized from the beginning. It can be seen how the predictions
get worse when the set of values starts at significant dates in the autumn, a season with many public
holidays. Forecasters need to use a dataset avoiding to start in autumn. If no other solution is possible,
it is interesting to reduce the dataset size as it is large enough, but not including autumn.
In short, it can be seen that the parameters need a large data set to stabilize, and that the triple
seasonal models are not able to improve the double seasonal forecasts due to the calendar effect.
As a consequence, it is necessary to develop models that are able to reduce this variability by including
the calendar effect in the model.
6. Conclusions
This article analyses the stability of the smoothing parameters in the multiple seasonal
Holt-Winters models. This is crucial for the proper appliance of these models to provide accurate
and trusted forecasts. Although most of the time, an automatic forecasting algorithm can provide
good results, forecasters need to understand the behaviour of these parameters before submitting the
forecasts. We use the time series of the hourly Spanish electricity demand.
In this work, we analyze the behaviour of the smoothing parameters of the multiple seasonal
Holt-Winters models applied to the series of hourly electricity demand in Spain. There are many
variables that affect the parameters within the same time series, including the computation of the
initial values, in addition to other factors, such as the calendar or climate conditions. This variability of
the parameters is subsequently reﬂected in the accuracy of the forecasts since they depend greatly on
the calculation of the parameters.
The variation of the parameters is analyzed when different seasonal and trend methods are used,
as well as different climatic situations of the series. Additionally, it is analyzed how the size of the
data set used in order to adjust the model inﬂuences on the parameters, and, thus, in the forecasts.
It was observed that the seasonal parameters are strongly dependent on the period of the year, making
autumn a really difﬁcult period to deal with. This effect is more pronounced in the intra-weekly
seasonality than the daily one. However, with the increase in the size of the ﬁtting set, these parameter
values stabilise around a value, which depends on the time series. When the size of the set is bigger
than 5000 hours, the values are stable. Triple seasonal models have much more stable parameters,
although a much larger set of data is necessary to adjust the model. It was found that the main source
of variability of the parameters is the calendar effect, which strongly inﬂuences the accuracy of the
forecasts, not being so much the climatic effect on the series. The accuracy of the forecasts is also
stabilised with a larger set of data, it is not necessary to have more than 5000 observations. It is also
observed how double seasonal models provide better predictions than triple seasonal ones. The results
of the current analysis are limited to being used with Spanish electricity demand. Of course, similar
results are expected when faced with load forecasting in other countries or systems. Future works will
be addressed toward the development of new models able to include calendar effect in the own model
as well as models for the prediction of holidays through the inclusion of discrete seasonalities.
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Featured Application: Energy demand forecasting to improve power generation management.
Abstract: Modern energy systems collect high volumes of data that can provide valuable information
about energy consumption. Electric companies can now use historical data to make informed
decisions on energy production by forecasting the expected demand. Many deep learning models
have been proposed to deal with these types of time series forecasting problems. Deep neural
networks, such as recurrent or convolutional, can automatically capture complex patterns in time
series data and provide accurate predictions. In particular, Temporal Convolutional Networks
(TCN) are a specialised architecture that has advantages over recurrent networks for forecasting
tasks. TCNs are able to extract long-term patterns using dilated causal convolutions and residual
blocks, and can also be more efﬁcient in terms of computation time. In this work, we propose a
TCN-based deep learning model to improve the predictive performance in energy demand forecasting.
Two energy-related time series with data from Spain have been studied: the national electric demand
and the power demand at charging stations for electric vehicles. An extensive experimental study has
been conducted, involving more than 1900 models with different architectures and parametrisations.
The TCN proposal outperforms the forecasting accuracy of Long Short-Term Memory (LSTM)
recurrent networks, which are considered the state-of-the-art in the ﬁeld.
Keywords: deep learning; energy demand; temporal convolutional network; time series forecasting

1. Introduction
Forecasting electricity demand is currently amongst the most important challenges for the
industries. Due to the increasingly high level of electricity consumption, electrical companies need
to efﬁciently manage the production of energy. Sustainable production plans are required to meet
demands and account for important challenges of this century such as global warming and the energy
crisis. Smart meters now provide useful data that can help to understand consumption patterns and
monitor power demand more efﬁciently. Data mining techniques can use this information to learn from
historical past data and predict the expected demand to make decisions accordingly. Obtaining accurate
forecasts can be essential for the future electricity market considering the increasing penetration of
renewable energies. However, forecasting power demand is a complex task that involves many factors
and requires sophisticated machine learning models to produce high-quality predictions.
Statistical-based models, such as the Box–Jenkins model called ARIMA, were for many years
the state-of-the-art for electricity time series forecasting [1,2]. However, machine learning models
have proven to provide better performance for problems of this domain. Artiﬁcial neural networks
(ANNs) [3], support vector machines (SVMs) [4,5], and regression trees [6] have been applied
successfully for diverse power demand prediction tasks. More recently, deep learning (DL) has
Appl. Sci. 2020, 10, 2322; doi:10.3390/app10072322
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emerged as a very powerful approach for time series forecasting. DL models are especially suitable for
big-data temporal sequences due to their capacity to extract complex patterns automatically without
feature extraction preprocessing steps [7]. As an evolution from simple ANNs, deep, fully connected
networks have been applied for load forecasting problems [8]. However, fully connected networks
are unable to capture the temporal dependencies of a time series. Consequently, more specialised DL
models such as recurrent neural networks (RNNs) and convolutional neural networks (CNNs) started
to gain importance in the time series forecasting ﬁeld. These networks can efﬁciently encode the
underlying patterns of time series by transforming the temporal problem into a spatial architecture [9].
In the recent literature, a signiﬁcant number of studies presenting results of the application
of RNNs to energy-related time series forecasting can be found [10,11]. Among all existing RNN
architectures, long short-term memory (LSTM) networks have been the most popular due to their
capacity to solve problems of previous RNN such as gradient explosion and vanishing gradient [12].
It has been considered a standard forecasting model for several tasks such as trafﬁc prediction [13],
solar power forecasting [14], ﬁnancial market predictions [15], and electricity price prediction [16].
Although CNNs were originally designed for computer vision tasks, they are also suitable for time
series data since they can extract high-level features from data with a grid topology. Despite the
popularity of RNNs, several works using convolutional networks can be found. In both [17,18],
the authors proposed CNN models for short-term load forecasting that provides comparable results to
LSTM models. Other works have been able to build deep convolutional networks that can outperform
LSTM networks for electricity demand [19] and solar power data problems [20]. Furthermore, in all
these works, the CNN models proved to be more suitable for real-time applications given their faster
training and testing execution time. The properties of local connectivity and parameter sharing of
convolutional networks reduce the number of trainable parameters compared to RNNs, hence they
can be trained more efﬁciently. There have also been proposals using hybrid models that combine
convolutional and LSTM layers. In [21], the output feature maps of a CNN are fed to a RNN that
provides the prediction. Other approaches consider combining the features extracted in parallel from a
CNN and a LSTM to improve the forecasting using electricity demand data [22] or ﬁnancial data [23].
These ensemble proposals can enhance the predictive performance by fusing the long-term patterns
captured by the LSTM and the local trend features obtained with the CNN.
More recently, a specialised CNN architecture known as temporal convolutional networks (TCN)
has acquired popularity due to their suitability to deal with time series data. TCNs were ﬁrst proposed
in [24], in which they were compared to several RNNs over sequence modelling tasks. TCNs use
causal dilated causal convolution in order to be able to capture longer-term dependencies and prevent
information loss. Furthermore, they present other advantages over RNNs such as lower memory
requirements, parallel processing of long sequences as opposed to the sequential approach of RNNs,
and a more stable training scheme. Several works have already successfully used TCNs for time series
forecasting tasks: the original architecture using stacked dilated convolutions was proposed in [25]
to improve the performance of LSTM networks for ﬁnancial domain problems; Ref. [26] designed a
deep TCN for multiple related time series with an encoder–decoder scheme, evaluating over data
from the sales domain; the study in [27] proposed a multivariate time series forecasting model for
meteorological data, which outperformed several popular deep learning models. However, to the
best of our knowledge, the potential of TCNs has not yet been explored for univariate time series
forecasting problems related to electricity demand data.
In this work, we study the applicability and performance of TCNs for multistep time series
forecasting over two energy-related datasets. With the ﬁrst dataset, we build a deep learning model
to forecast the electricity demand in Spain based on the historical consumption data over ﬁve years.
In the second dataset, the problem is to forecast the expected energy consumption of charging stations
for electric vehicles in Spain. Our aim in this study is to present a deep learning model that uses a TCN
to obtain high accuracy on time series forecasting. We present the results obtained with several TCN
architectures and perform an extensive comparison with different LSTM models, which has been so
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far the most extended approach for these types of problems. In the experimental study, we carry out
an extensive parameter search process which involves 1998 different network architectures.
In summary, the main scientiﬁc contributions of this paper can be condensed as follows:
•
•

A temporal convolutional neural network model to achieve high accuracy in forecasting over
energy demand time series;
A thorough experimental study, comparing the performance of temporal convolutional with long
short-term memory networks for time series forecasting.

The rest of the paper is organised as follows: Section 2 describes the materials used, the
methodology, and the experiments carried out; in Section 3, the experimental results obtained are
reported and discussed; Section 4 presents the conclusions and future work.
2. Materials and Methods
In this section, we present the datasets selected for the study, the methodology to perform time
series forecasting using deep learning models, and the details of the experimental study carried out.
2.1. Datasets
In this subsection, we present the two energy-related datasets selected for the study.
2.1.1. Electric Demand in Spain
The ﬁrst dataset used in the experimental study covers the national electrical energy demand in
Spain ranging from 2014-01-02T00:00 to 2019-11-01T23:50. During this period, the consumption was
measured every ten minutes which makes a time series with a total length of 306,721 measurements.
The data was provided by Red Eléctrica de España (the Spanish public grid) and is publicly available
at [28]. The dataset was divided into two sets: the training set contains 245,376 samples corresponding
to the period from 2014-01-02T00:00 to 2018-09-02T00:50; and the test set contains 61,343 samples
comprising the period from 2018-09-02T01:00 to 2019-11-01T23:40. As it has been done in previous
studies using this data [29], we deﬁned the forecasting horizon to be 4 hours, which involves a
prediction of 24 time-steps.
Figure 1 plots the electric demand data at different scales. As can be seen, the time series presents
both weekly and daily seasonality. In general, the demand is higher at weekdays than at weekends
and suffers a severe drop during night-time every day.
2.1.2. Electric Vehicles Power Consumption
The second dataset gathers information about power consumption in charging stations for electric
vehicles (EV) in Spain. This data was also obtained from Red Eléctrica de España and can be found
at [30]. In the near future, governments will have to build infrastructures that can fulﬁl the demands
of the increasing EV ﬂeet. Given their limited autonomy, the prediction of EV consumption seems
crucial to efﬁciently manage the power supply. In this article, we followed the same steps to generate
the EV demand time series as in [31]. The data was collected hourly and ranges from 2015-03-02T00:00
to 2016-05-31T23:00. For each geographical area, we obtained a single value of power consumption
for every hour. Later, in order to obtain a single time series, the different zones were aggregated
giving the total energy consumption of the Spanish EV. The forecasting horizon was set to be 48 h,
which involves a prediction of 48 time-steps. The dataset is divided into two sets: the training set
contains 8759 samples corresponding to the period from 2015-03-02T00:00 to 2016-02-29T23:00; and the
test set contains 2207 samples comprising the period from 2016-03-01T00:00 to 2016-05-31T23:00.
As can be seen in Figure 2, the time series presents weekly and daily patterns. Since electric
vehicles are most commonly charged at night, the time series presents peak values of demand during
the ﬁrst six hours of each day. Only Sundays and Mondays present a slightly different pattern, as it is
displayed in Figure 2c.
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(a) Complete time series showing the evolution of the electric demand in Spain from 2014 to 2019.

(b) Evolution of the electric demand in Spain during 2016.

(c) Evolution of the electric demand during four different weeks of 2018.

(d) Evolution of the electric demand within each day of the ﬁrst week of February 2019.
Figure 1. Line plots illustrating the electric demand time series data at different scales.
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(a) Complete time series showing the evolution of electric vehicle (EV) power consumption from March 2015 to
end of May 2016.

(b) Evolution of the EV power consumption during four different weeks.

(c) Evolution of the EV power consumption within each day of the ﬁrst week of February 2016.
Figure 2. Line plots illustrating the electric vehicle power consumption data at different scales.

2.2. Methodology
In this subsection, we describe the required data preprocessing steps and the fundamental
concepts behind temporal convolutional networks.
2.2.1. Data Preprocessing
In order to train a deep learning model that can predict several time-steps, a preprocessing stage
is needed to transform the original time series data. First, we perform min-max normalisation to
the entire sequence to scale the values between 0 and 1, which helps to improve the convergence
of deep networks. Secondly, we transform the sequence into instances that can be used to feed the
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network. There exist several strategies to deal with multistep forecasting problems [32]: the recursive
strategy, which performs one-step predictions and feeds the result as the last input for the next
prediction; the direct strategy, which builds one model for each time step; and the multi-output
approach, which outputs the complete forecasting horizon vector using just one model. As suggested
in recent forecasting studies that use neural networks [33,34], in this work, we adopt the MIMO strategy
(Multi-Input Multi-Output) which belongs to the last category. Instead of forecasting each time-step
independently, the MIMO approach can model the dependencies between the predicted values since it
outputs the complete forecasting window. Furthermore, this strategy avoids the accumulated errors
over predictions that appear in the recursive strategy.
Following this approach, a moving window scheme is used to create the input–output pairs that
will be fed to the neural network. All deep learning models used in this study accept a ﬁxed-length
window as input and have an output dense layer with as many neurons as the forecasting horizon
deﬁned for each problem (24 for electricity demand and 48 for electric vehicle demand). Figure 3
illustrates the process of applying the moving window over the complete time series. As can be
seen, the window slides and obtains an input–output instance at each position. While the output
window size is deﬁned by the problem, the input window size has to be decided. The optimal value
can be different depending on the data, the designed model, and the forecasting horizon. In our
study, we have experimented with three different sizes for the input window of each problem. The
values have been carefully selected, considering the characteristics and seasonality of the datasets.
For the electricity demand, we evaluate using 144, 168, and 268 time-steps as input window (which
corresponds to 24, 28, and 48 h, respectively). For the power demand of electric vehicles, we consider
168, 336, and 672 time-steps as input window (which corresponds to 7, 14, and 28 days, respectively).

Figure 3. Moving window procedure that obtains the input–output instances. In this example, the
input and output windows have lengths of 7 and 3, respectively.
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2.2.2. Temporal Convolutional Neural Network
TCNs are a type of convolutional neural network with a speciﬁc design that makes them suitable
for handling time series. TCNs satisfy two main principles: the network’s output has the same length as
the input sequence (similarly to LSTM networks); and they prevent leakage of information from future
to the past by using causal convolutions [24]. Causal convolution differs from standard convolution in
the fact that the convolutional operation performed to obtain the output at time t does not take future
values as inputs. This implies that, using a kernel size k, the output Ot is obtained using the values
of Xt−(k−1) , Xt−(k−2) , . . . , Xt−1 , Xt (Figure 4). Zero-padding of length k − 1 is used at every layer to
maintain the same length as the input sequence.

(a) Standard convolution block
with two layers with kernel size 3.

(b) Causal convolution block with
two layers with kernel size 3.

(c) Dilated causal convolution
block with two layers with kernel
size 2, dilation rate 2.

Figure 4. Differences between (a) standard convolutional network, (b) causal convolutional network,
and (c) dilated causal convolutional network.

Furthermore, with the aim of capturing longer-term patterns, TCNs use one-dimensional dilated
convolutions. This convolution increases the receptive ﬁeld of the network without using pooling
operations, hence there is no loss of resolution [35]. Dilation consists of skipping d values between
the inputs of the convolutional operation, as can be seen in Figure 4c. The complete dilated causal
convolution operation over consecutive layers can be formulated as follows [36]:
xlt = g

K −1

∑

k =0


(t−(k×d))

wlk x(l −1)

+ bl

,

(1)

where xlt is the output of the neuron at position (t) in the l-th layer; K is the width of the convolutional
kernel; wlk stands for the weight of position (k ); d is the dilation factor of the convolution; and bl is the
bias term. Rectiﬁed Linear Units (ReLU) layers are used as activation function (g( x ) = max (0, x )) [37].
Another common approach to further increase the network’s receptive ﬁeld is to concatenate several
TCN blocks, as can be seen in Figure 5 [38]. However, this leads to deeper architectures with many
more parameters which complicates the learning procedure. For this reason, a residual connection
is added to the output of each TCN block. Residual connections were proposed by [39] in order to
improve performance in very deep architectures, and consist of adding the input of a TCN block to its
output (o = g( x + F ( x ))).
All these characteristics make TCNs a very suitable deep learning architecture for complex
time series problems. The main advantage of TCNs is that, similarly to RNNs, they can handle
variable-length inputs by sliding the one-dimensional causal convolutional kernel. Furthermore,
TCNs are more memory efﬁcient than recurrent networks due to the shared convolution architecture
which allows them to process long sequences in parallel. In RNNs, the input sequences are
processed sequentially, which results in higher computation time. Moreover, TCNs are trained
with the standard backpropagation algorithm, hence avoiding the gradient problems of the
backpropagation-through-time algorithm (BPTT) used in RNN [40].
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Figure 5. Temporal Convolutional Networks (TCN) model with 3 stacked blocks. Each block has 3
convolutional layers with kernel size 2 and dilations [1, 2, 4].

2.3. Experimental Study
In this subsection, we present the design of the experimental study carried out over the two
energy-related datasets. Furthermore, we also describe the details of the parameter search process for
each model architecture.
2.3.1. Models
The aim of this work is to build a TCN-based deep learning model to improve the performance
in energy demand forecasting tasks, in terms of both accuracy and efﬁciency. In order to compare
the effectiveness of TCNs for this problem, we also evaluate the performance of recurrent LSTM
networks—that have so far been considered the state-of-the-art in forecasting. However, given the
high complexity of deep learning models, ﬁnding optimal values for the hyperparameters of these
networks is a very challenging task. Therefore, we have conducted an extensive experimental study
that involves more than 1900 combinations of parameters that build different convolutional and
recurrent architectures. An important hyperparameter that is common to both types of architectures
is the size of the input window. The possible values for past history were deﬁned in Section 2.1 and
depend on the data characteristics and seasonality. Additionally, we have searched for the best values
of several parameters that are speciﬁc for TCN or LSTM architectures. In the case of TCNs, we have
experimented with a different number of ﬁlters and stacked residual blocks, kernel sizes, and dilations
factors. In the case of LSTMs, we have experimented with a different number of stacked layers
and units. Furthermore, we have also studied the effect of training parameters in the performance
of all models, such as the batch size and the number of epochs. The Adam optimiser has been
selected for training the models, which has an adaptive learning rate that can improve the convergence
speed of deep networks [41]. The mean absolute error (MAE) has been used as the loss function for
all experiments.
Table 1 displays all TCN architecture conﬁgurations that have been tested over both datasets.
The parameter search process has been designed considering the receptive ﬁeld of neurons inside
the network, that can be calculated as follows: (receptive f ield = no. stacked blocks × kernel size ×
last dilation f actor ). Depending on the length of the past history window, we carefully select possible
values for kernel size, stacked blocks, and dilations so that the receptive ﬁeld covers the whole input
sequence. For instance, if the number of stacked block increases, less dilated convolutional layers are
needed, as can be seen in Table 1a,b. All these architectures are then tested with all combinations of
parameters displayed in Table 1c that are common for both datasets (number of convolutional ﬁlters,
epochs, and batch size). Overall, 756 (28 models from Figure 7a × 3 numbers of ﬁlters × 3 batch size ×
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3 number of epochs from Table 1c) experiments with different conﬁgurations using TCNs have been
conducted for the electric demand dataset, and 513 (12 from Figure 7b × 3×3×3 from Table 1c) for the
EV power consumption data.
Table 1. Architecture conﬁguration of all TCN models for each dataset and common parameter search.
a TCN architectures depending on the past history for b TCN architectures depending on the past history for
EV power consumption data.
electric demand data.
Past History

TCN Model Architecture
Kernel Size
2

3
144
4

6

2

3
168
4

6

2

3
288
4

6

No. Blocks

Past History

Dilations

3

[1, 3, 6, 12, 24]

1

[1, 3, 6, 12, 24, 48]

2

[1, 3, 6, 12, 24]

3

[1, 2, 4, 8, 16]

4

[1, 3, 6, 12]

3

[1, 3, 6, 12]

4

[1, 3, 9]

1

[1, 3, 6, 12, 24]

2

[1, 3, 6, 12]

3

[1, 2, 4, 8]

4

[1, 3, 6]

3

[1, 5, 7, 14, 28]

1

[1, 5, 7, 14, 28, 56]

2

[1, 5, 7, 14, 28]

4

[1, 5, 7, 14]

3

[1, 5, 7, 14]

1

[1, 5, 7, 14, 28]

2

[1, 5, 7, 14]

4

[1, 5, 7]

3

[1, 3, 6, 12, 24, 48]

2

[1, 3, 6, 12, 24, 48]

3

[1, 2, 4, 8, 16, 32]

4

[1, 3, 6, 12, 24]

3

[1, 3, 6, 12, 24]

1

[1, 3, 6, 12, 24, 48]

2

[1, 3, 6, 12, 24]

3

[1, 2, 4, 8, 16]

4

[1, 3, 6, 12]

TCN Model Architecture
Kernel Size

No. Blocks

2

3

[1, 5, 7, 14, 28]

1

[1, 5, 7, 14, 28, 56]

2

[1, 5, 7, 14, 28]

3

[1, 5, 7, 14]

3
168
4

6

2
3
336
4

6

672

Dilations

3

[1, 5, 7, 14]

1

[1, 5, 7, 14, 28]

2

[1, 5, 7, 14]

4

[1, 5, 7]

3

[1, 5, 7, 14, 28, 56]

2

[1, 5, 7, 14, 28, 56]

4

[1, 5, 7, 14, 28]

3

[1, 5, 7, 14, 28]

1

[1, 5, 7, 14, 28, 56]

2

[1, 5, 7, 14, 28]

4

[1, 5, 7, 14]

3

4

[1, 5, 7, 14, 28, 56]

4

3

[1, 5, 7, 14, 28, 56]

2

[1, 5, 7, 14, 28, 56]

4

[1, 5, 7, 14, 28]

6

c Parameter search for TCN models.
TCN Parameters
No. of ﬁlters

{32, 64, 128}

Batch size

{64, 128, 255}

No. of epochs

{25, 50, 100}

Table 2 presents the parameters that have been studied for LSTM networks. Given the sequential
processing nature of these networks, they can effectively cover the complete input sequence and
capture long-term dependencies. Therefore, the parameter search, in this case, is based on trying
different combinations of LSTM units that can process sequences and feed the output to subsequent
stacked layers. We also consider the same possible values as above for the input window length.
A total of 243 (3 past history × 3×3×3 from Table 2) experiments with different LSTM models have
been carried out for each dataset.
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Table 2. Parameter search for LSTM models for both datasets.
LSTM Parameters
No. stacked layers

{1, 2, 3}

LSTM Units

{32, 64, 128}

Training parameters

Batch size

{64, 128, 256}

No. of epochs

{25, 50, 100}

2.3.2. Evaluation Metric
For evaluating the predictive performance of all models we use the weighted absolute percentage
error (WAPE). This metric has been suggested by recent studies dealing with energy demand data [31].
Electric industries are interested in knowing the deviation in watts for better load generation planning.
Therefore, WAPE is very suitable for this context since it provides absolute error values. WAPE can be
deﬁned as follows:
MAE(y, o )
mean(|y − o |)
=
,
(2)
WAPE(y, o ) =
mean(y)
mean(y)
where y and o are two vectors with the real and predicted values, respectively, that have a length equal
to the forecasting horizon.
3. Results and Discussion
This section reports and discusses the results obtained from the experiments carried out with the
different model architectures presented in the previous section. For all tests, we have used a computer
with an Intel Core i7-770K CPU and a NVIDIA GeForce GTX 1080 8GB GPU. The source code and the
complete experimental results report can be found at [42].
3.1. Forecasting Accuracy
Figure 6 shows a comparison between the overall performance of TCN and LSTM models.
It presents the distribution of the results obtained for each dataset with all architectures depending on
the past history window length. In general, it can be seen that TCN models achieve a better predictive
accuracy compared to LSTM networks. In almost all cases, groups of different TCN architectures with
the same input window have a smaller deviation. This implies that TCN models are less sensitive to
the hyperparameter selection as long as the past history remains ﬁxed. The most robust performance
is given by TCN architectures using input windows of 288 for the electric demand data and 168 for the
EV power demand data. Only in the case of the EV power consumption using a very long past history
(672 h) do TCN models struggle to get a stable performance. Using longer input windows implies
more trainable parameters and can complicate the learning procedure of very deep convolutional
networks. With respect to the LSTM models, the worst results are obtained when using the largest
history size. This suggests that the proposed recurrent networks are not able to efﬁciently process long
input sequences, and can better capture temporal dependencies using smaller windows. The difference
in performance between TCN and LSTM is higher in the electric demand dataset, which is also the
longest time series. This indicates that the acquisition of high volumes of data is a fundamental step in
order to obtain robust TCN-based deep learning models.
Table 3 presents the TCN and LSTM architecture that obtained the best WAPE result for each
past history value. The highest accuracy for both datasets has been obtained with very similar TCN
architectures. In the case of the electric demand data, the best result (0.0093 WAPE) has been obtained
using 48 h (288 time-steps) as past history. This TCN architecture, which is represented in Figure 7a,
has two residual blocks with ﬁve convolutional layers of kernel size 6, 128 ﬁlters, and dilations of
1, 3, 6, 12, and 24. This model has been trained over 50 epochs with a batch size of 128 instances.
In contrast, the best LSTM model (0.0105 WAPE) for this dataset uses the smallest possible input
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window, which is 24 h. This LSTM model consists of 2 stacked layers with 128 units, and was trained
over 50 epochs using 64 as batch size. In general, for this dataset, it can be seen that the best results
have been provided by stacking two or three layers that use the greatest amount of ﬁlters or units
(128). For TCNs, the highest kernel size (6) has proved to be the most effective for capturing local trend
patterns in this long time series with daily and weekly seasonality. Furthermore, TCN blocks needed
at least four convolutional layers with increasing dilation factors to achieve the highest accuracy. Both
types of network achieve better results when training for 50 epochs, which suggest that an excessive
number of iterations may cause overﬁtting issues. Concerning the batch size, the optimal value is 128
for almost all cases. Deep networks lose generalisation capacity when trained using large batches since
they often converge to sharp minimisers [43], hence choosing smaller values can be beneﬁcial.

(a) Results for the electric demand data.

(b) Results for the EV power consumption data.

Figure 6. Distribution of weighted absolute percentage error (WAPE) results for all architectures
depending on the past history window.
Table 3. WAPE results of the best TCN and Long Short-Term Memory (LSTM) models for each possible
value of input window.
a Best results for electric demand data.
Past History
Time-Steps

Hours

144

24

168

Model Description

28

288

48

#

Type

Blocks

Filters

1

LSTM

3

128

2

TCN

2

128

3

LSTM

3

128

7

TCN

2

128

5

LSTM

3

128

6

TCN

2

128

Kernel

Dilations

6

[1, 3, 6, 12]

6
6

WAPE

Batch Size

Epochs

128

50

0.0105

256

50

0.0104

128

50

0.0109

128

50

0.0096

128

50

0.0151

128

50

0.0093

[1, 5, 7, 14]
[1, 3, 6, 12, 24]

b Best results for the EV power consumption data.
Past History

Model Description

Time-Steps

Days

168

7

336
672

14
28

#

Type

Blocks

Filters

7

LSTM

2

128

8

TCN

1

128

9

LSTM

3

64

10

TCN

2

128

11

LSTM

2

64

12

TCN

2

64

Dilations

Batch Size
128

50

0.4317

3

[1, 5, 7, 14, 28, 56]

128

50

0.4272

64

50

0.4429

64

100

0.4228

64

50

0.4336

64

50

0.4319

3
6

[1, 5, 7, 14, 28, 56]
[1, 5, 7, 14, 28, 56]

Epochs

WAPE

Kernel

For the electric vehicle power consumption data, the best result (0.4228 WAPE) has been obtained
with a past history of 14 days (336 time-steps). This TCN architecture, which is represented in Figure 7b,
has two residual blocks with six convolutional layers of kernel size 3, 128 ﬁlters, and dilations of 1, 5, 7,
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14, 28, and 56. This model has been trained over 100 epochs with a batch size of 64 instances. Similar to
the previous dataset, the best LSTM model (0.04317 WAPE) uses the smallest possible input window,
which is 7 days. This LSTM model consists of 2 stacked layers with 128 units and was trained over
50 epochs using 128 as batch size. Given the different nature of this dataset, the best conﬁgurations of
architectures present several differences. For TCNs, a smaller kernel was able to extract the underlying
patterns more accurately. Furthermore, a smaller batch size was better in almost all cases since the EV
time series has fewer instances to train with.

(a) Best TCN architecture for the electric demand data.

(b) Best TCN architecture for the EV data.

Figure 7. Architecture of the best TCN model for each dataset.

In addition, Figure 8 shows the evolution of the training and validation loss for the best TCN
and LSTM models. These plots can help to compare the learning process of the different architectures
presented in Table 3. It can be seen that TCNs have a more stable loss optimisation procedure compared
to the LSTM models, which can be associated with the use of the standard backpropagation method.
The training curves of convolutional networks suffer fewer oscillations than the recurrent approach.
For the electric demand dataset, TCN models converge faster to a lower validation loss. However,
for the EV power demand data, LSTMs have an inferior validation loss at the initialisation point and
hence converge more rapidly.
In general, the obtained results demonstrate that TCN models can outperform the forecasting
accuracy of LSTM models. TCNs have shown a more reliable performance regardless of the selected
architecture and parametrisation. The dilated casual convolutions employed by TCNs were better at
capturing long-term dependencies than recurrent units. Other important conclusions can be drawn
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from the experimental results of this study. As can be seen, the best LSTM models for both datasets
use the smallest possible input window. This indicates that the sequential processing of recurrent
networks is not optimal for dealing with very long input sequences. In contrast, the use of residual
connections in TCNs allows to increase the depth of the network and effectively encode longer
sequences. Furthermore, another aspect to consider is that the best performance was obtained when
stacked layers used as many ﬁlters or units as possible.

(a) Past history of 24 hours.

(b) Past history of 28 hours.

(c) Past history of 48 hours.

(d) Past history of 1 week.

(e) Past history of 2 weeks.

(f) Past history of 4 weeks.

Figure 8. Evolution of the training and validation loss function of the best TCN and LSTM models for
each possible value of past history. First row corresponds to the electric demand data (a–c), while the
second row corresponds to the EV power consumption data (d–f).

3.2. Computation Time
The deep learning models proposed in this study have complex architectures that involve a high
computational cost. Therefore, it is also essential to evaluate the models in terms of computational
efﬁciency. Table 4 presents the training and prediction time for all the best TCNs and LSTMs that were
presented in the previous subsection. It also reports the number of trainable parameters to further
enhance the comparative study. For obtaining these computation times, the batch size has been ﬁxed
to 128 instances for all models in order to perform fair comparisons. As can be seen, TCNs have far
more trainable parameters since their stacked blocks have many convolutional operations. This results
in higher training time compared to the LSTM models. The differences in training times are slightly
larger in the case of the electric demand data, considering that an epoch of this dataset involves many
more instances than the EV data. However, with respect to prediction time, TCN models are always
faster than recurrent networks. Regardless of the considerably higher number of parameters, TCNs are
able to provide very quick forecasts once they are trained. As it was expected, parallel convolutions of
TCNs can process long input sequences faster than the sequential processing of recurrent networks.
This seems an essential advantage for real-time applications, in which predictions need to be obtained
as soon as possible in order to make informed decisions.
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Table 4. Computation time of the best TCN and LSTM models for each dataset. Prediction time
corresponds to the time that a model takes to compute a prediction for one instance. Training time
corresponds to the time that a model takes to run one training epoch.
a Computation time for electric demand data.
Past History
Time-Steps

Hours

144

24

168

28

288

48

Model
#

Type

1

LSTM

2

TCN

3

LSTM

4

TCN

5

LSTM

6

TCN

Trainable Paramereters

Prediction Time (ms)

Training Time (s)

332,824

0.859

52.24

1,694,448

0.566

87.29

332,824

0.968

58.56

1,694,448

0.590

99.44

201,240

0.775

62.70

2,121,200

0.672

109.2

b Computation time for EV power consumption data.
Past History

Model

Time-Steps

Days

168

7

336

14

672

28

#

Type

7

LSTM

8

TCN

Trainable Paramereters

Prediction Time (ms)

Training Time (s)

332,824

0.532

3.01

1,694,448

0.347

4.41

9

LSTM

332,824

1.020

6.76

10

TCN

1,694,448

0.836

10.49

11

LSTM

201,240

1.148

4.76

12

TCN

2,121,200

0.726

10.18

4. Conclusions
In this paper, we proposed a deep learning model based on temporal convolutional networks
(TCN) to perform forecasting over two energy-related time series. The experimental study considered
two real-world time series data from Spain: the national electric demand and the power demand at
charging stations for electric vehicles. An extensive parameter search was conducted in order to obtain
the best architecture conﬁguration, testing more than 1200 different TCN models for both dataset.
Furthermore, the performance of these convolutional networks was compared in terms of accuracy and
efﬁciency with long short-term memory (LSTM) recurrent networks—that have so far been considered
the state-of-the-art for forecasting tasks.
The results of the experimental study carried out showed that TCNs outperformed the forecasting
accuracy of LSTM models for both datasets. The dilated causal convolutions used by TCNs were more
effective at capturing temporal dependencies than the recurrent LSTM units. Furthermore, TCNs
proved to be less sensitive to the parameter selection than LSTM models. Regardless of the chosen
values, the convolutional approach provided a more reliable performance. Moreover, we also aimed to
illustrate the importance of the size of the past history input window. Thanks to the use of residual
connections, TCNs provided better results when using longer input sequences. In contrast, LSTM
models were more accurate at encoding patterns when using smaller windows.
Regarding the computational efﬁciency, it was seen that TCN models have deeper architectures
with many more trainable parameters. This implied that the training procedure of a TCN was slightly
more costly. However, once TCNs were trained, they provided signiﬁcantly faster predictions than
recurrent networks due to the use of parallel convolutions to process the input sequences. In conclusion,
our study demonstrated that TCNs are a very powerful alternative to LSTM networks. They can
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provide more accurate predictions and are more suitable for real-time applications given their faster
predicting speed.
Future efforts on this path will be focused on analysing the use of ensembles of TCN blocks with
different receptive ﬁelds and using techniques such as evolutionary algorithms for the parameter
search process. Another interesting future work could be the application of TCN networks in an online
environment for real-time data streaming forecasting. Moreover, further research should also study
the suitability of TCN networks for other problems like multivariable time series forecasting or time
series classiﬁcation.
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