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This  paper  presents  the  implementation  of  a new  online  real-time  hybrid  load-forecasting  model  based
on an  autoregressive  model  and  neural  networks.  This  new  system  is  currently  running  at  the  Spanish
Transport  System  Operator  (REE)  and  provides  an hourly  forecast  for the current  day  and  the  next  nine
days  timely  every  hour  for the  national  system  as well  as  18  regions  of  Spain.  These  requirements  impose
a heavy  computational  burden  that  needs  to be considered  during  the design  phase.  The  system  is  devel-
oped  to  improve  forecasting  accuracy  specifically  on  difficult  days  like hot,  cold  and  special  days.  In  order
to achieve  this  goal,  a deep  analysis  of the  temperature  series  from 59  stations  is made  for  each  region  and
ower demand
eural Network application

the  relevant  series  are  included  individually  in  the  model.  Special  days  are  also  analyzed  and  a  thorough
classification  of  days  is proposed  for the  Spanish  national  and  regional  system.  The  model  is  designed  and
tested  with  data  from  2005  to 2015.  The  results  provided  for the  period  from  December  2014  to  October
2015  show  how  the  addition  of the proposed  model  to  the TSO’s  ensemble  causes  a  5%  RMSE  overall  error
reduction  and  a 15%  reduction  on  the  59 difficult  days  considered  in  the  testing  period.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Short-term load forecasting (STLF) has been an active research
opic for a long time. The changing characteristics of the consumers
air conditioning universalization or appearance of electric vehicle)
nd lately also of the producers (different renewables and dis-
ributed generation) keep forcing the industry to obtain more and

ore accurate forecasts every day. Short-term forecasting includes
ead times from 1 hour to several days and it provides relevant
nformation to system operators to ensure reliability of the sys-
em and to producers for determining schedules and utilization.
nother application of STLF is the optimization of market bidding

or both sides of the market. The deregulation of the Spanish mar-
ets in the past decade has put a lot of pressure on forecasts to
mprove trading profits.
As it was previously stated, STLF has received a lot of atten-
ion in the last decades [1–6]. Forecasting models have evolved
rom statistical models to more complex models based on different
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378-7796/© 2017 Elsevier B.V. All rights reserved.
sorts of artificial intelligence. Statistical models include multiple
linear regression models [7–9], exponential smoothing techniques
[10] and time-series [11–14]. These methods offer accurate results
and their research is currently active. Artificial intelligence in STLF
comprises several techniques like Artificial Neural Networks (ANN)
[15–19], fuzzy logic [16,18,20–23], Support Vector Machines (SVM)
[24] or Evolutionary Algorithms [18,20,25–27]. The aforemen-
tioned categories refer to the mathematical entity that processes
the data, the forecasting engine. Many of the referred techniques
are combined in hybrid models that produce forecasts in several
steps.

However, the forecasting engine is not the only key aspect of
a forecasting models and other processes like data normalizing,
filtering of outliers, clustering of data or decomposition by data
transform [26–29] are also relevant. Specifically, this paper will
focus on temperature and special day data treatment. The charac-
teristics of the load (influence of meteorology, type of day or social
events among others) need to be taken into account in order to
develop an accurate model for the specific data base [3,4], therefore
it is not possible to determine a single technique that outperforms

the rest.

Moreover, those systems working under real conditions or
tested as real world applications [30,31] are of special relevance
[4]. The significance of created knowledge that is validated by con-
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Nomenclature

Indices
d Day
d* Similar day
h Hour
m Forecasting model
s Weather station
t Instant

Variables
e(d, h) Forecasting error on day d at hour h
f(m, d, h) Forecast from model m for day d at hour h
L(Tsd, h) Load as a function of temperature at station s, on day

d at hour h
Lr(d, h) Actual load on day d at hour h
p(d, h) Combined forecast for day d at hour h
Tsd Temperature at station s, on day d
y(t) Output of the model

Parameters and settings
˛(1,3) Slope of linearized relation between cold (1) and hot

(3) temperatures and load
ˇ(1,3) Intercept of linearized relation between cold (1) and

hot (3) temperatures and load
p Number of lags of the AR model
q Number of lags of the MA  model
� Coefficients for the AR part of the model
� Coefficients for the exogenous part of the model
ny Number of lags of the Neural Network model
nu Number of exogenous inputs of the Neural Network

model
k Intercept for the linear combination of forecasts
� Weight for each model in the combination
ns Number of similar days in the optimization period
w Weight of the similar days in the optimization func-

tion
THHs,THHc Temperature thresholds for hot (s) and cold (c)

days on station s
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During the development of the final models, several techniques
inuous use by the industry instead of self-reported results under
ab conditions is especially important for the advancement of the
eld.

Red Eléctrica de España (REE), the Spanish Transport System
perator (TSO) is a key agent for the efficiency of the electric sys-

em and it periodically seeks improvements on its STLF system.
pecifically, their previous research work [32], states the rele-
ance of understanding how the load reacts to special days and
eather variables. Lack of accuracy in STLF for special days is the
ain loss derived from their forecasting system and, therefore, it is

he focus of this research. Special days show a deviation from the
xpected load profile due to several reasons: national or regional
olidays, Daylight Savings Time (DST), special periods like Christ-
as  or Easter and even extreme temperatures. Even though the

ffects that these factors may  have is generally known, in order to
chieve the desired level of accuracy, it is required that each type
f day identified for each electric system and even subsystems.

This paper presents a complete, functional forecasting system
hat is currently running at the REE headquarters providing timely
orecasts every hour. The system’s ability to perform accurately in
 real environment is one of the key aspects of this research, but
ts main accomplishment is how the local weather variables and
he calendar data is treated in order to build an information system
s Research 154 (2018) 401–412

in which a forecasting engine may  be able to detect patterns and
forecast future loads.

Considering all of the above, this paper presents a new hybrid
model based on neural networks (NN) and autoregressive (AR)
techniques that includes all the processing steps to be executed
online (in a real-time environment) and provides a timely fore-
cast not only for the national aggregate but also for each of the 18
regions that the Spanish TSO considers. The information treatment
for both temperature data and calendar information conforms the
key innovation presented in this paper:

- Section 2.2.2 describes a methodology which is valid to select the
best locations from the available temperature data series as well
as to obtain the key parameters for the treatment of the selected
series.

- Section 2.2.3 describes the classification system for each type of
day employing two  levels of variables (exclusive and modifiers) to
assign a proper classification to each day of the year. This system
requires a deep understanding of the behavior of the system but
its results prove that a more simplistic classification is insufficient
to achieve the necessary accuracy.

The described procedures are original methods that outper-
forms the initial system described in Ref. [32].

The use of both NN and AR techniques have been widely
described and it is not a key aspect of this model: Both methods
have been employed as they produce low correlated error from
similar input information. Each technique provides a separate fore-
cast, and the final output is based on a linear combination of both
techniques optimized over a period of time. The national output is
obtained by a similar linear combination of both national forecasts
and both aggregations of the regional forecasts. The actual forecast
consists on a 24-h curve for each day from the current day to nine
days ahead, considering the most relevant information for each
horizon of prediction. Although, these forecasts are made hourly
the results shown in this paper refer to the forecast made at 9 a.m.
for the next day. The results of the proposed methods allow the TSO
to improve the general accuracy of its whole system, especially on
the difficult days that motivated this work.

This paper is organized as follows: Section 2 summarizes the
characteristics of the databases used, the different techniques that
have been evaluated and the definition of the definitive model used.
On Section 3, the results of the model are shown along with a
detailed analysis regarding each sub-model, meteorology, type of
day and other variables affecting accuracy. Section 4 contains the
conclusions and recommendations of use considering the results
exposed on the previous section.

2. Materials and methods

The work described in this paper starts as a project to enhance
the STLF system for the Spanish TSO (REE). The project started
from scratch from the data acquisition system to the forecast data
formatting and alarms system. The input of the system is the his-
toric database along with a series of text files from REE and AEMET
(National Weather Agency) with both new load and weather infor-
mation. The output is a text file with a current-day and nine
following days hourly forecast which is casted every hour. One of
these files is created for each of the 18 zones of the peninsula plus
one for the whole system. These files are then included in the TSO’s
forecasting ensemble.
were evaluated from which some were finally used and others were
discarded. The criteria used to include each technique were based
on forecasting results over testing periods of at least two years.
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ig 1. (a) Data storage: temperature, calendar and load data are read from their sou
issing points and the input vector is composed according to current time and whi

ngines  to obtain 2 values for the same hour. (d) Forecast postprocessing: forecasts

pecifically, the use of wavelets transform was analyzed but, as it
s mentioned in Ref. [33], the problem of border distortion forced us
o use a previous forecast to pad the series of data at the forecasting
nd but the output of the system did not provide a forecast more
ccurate than the initial one. In addition, the forecasting engine
escribed using Self-Organizing Maps (SOM) described in Ref. [19]
as tested. However, it was discarded because even though the lab

esults were valid, the implementation in a real-time application
as too computationally consuming. As a conclusion, even though

orecasting engines and their training methods receive much of the
esearch attention. The processes that yielded larger improvements
nd, therefore, are the key aspect of this paper are the information
reatment of temperature and calendar data.

This section describes the details of the forecasting system as
t was finally deployed and the data flow through each forecasting
rocess.

.1. Forecasting Sytem and Data Flow

The forecasting system provides hourly load curves for the cur-
ent day and the next nine days. However, this is constructed by
sing one model for each of the forecasted hours. In addition,
orecasts are done at different times of the day with different infor-

ation available so we  use a different model depending on the time
f the forecast. The forecasting system selects the correct models
Neural Network and Auto-regressive) for each forecast. The fore-
ast made at 9 a.m. for the next day is the reference used for the
esults section: in order to obtain the current-and-next-nine-days
urve at this time a total of 15 + 9 x 24 = 231 models are used. At
0 a.m., current day and days 1, 2 and 3 are forecasted again using
4 + 3 × 24 = 86 different models. The structure of the models to
orecast day 1 at 9 a.m. and 10 a.m. is identical but the trained mod-
ls are different as the relevance of each variable shifts. For instance,
he weights of temperature related variables increase as the fore-
asted day approaches the current time as the weather forecast
ecomes more reliable. The whole data flow to forecast one hour
an be observed in Fig. 1. The process is repeated for each hour of
he forecasted interval.
.2. Data analysis

Even though forecasting engines and training methods receive
ost of the attention on forecasting models, a proper processing
Fig. 2. Example of data corruption at a regional level.

of the right data is probably even more important. The type of data
normally used are temperature, calendar and previous load. In this
study, humidity and pressure data were also tested but yielded
no significant improvement over two-year periods: not in overall
accuracy nor in any specific type of day.

This subsection will present the data types used, their main
characteristics and the processing stages applied to them in order
to produce an input vector that properly suits the capabilities of the
forecasting engines.

2.2.1. Load data
Load data is available from 2005 to 2015. Load database contains

actual load from the entire inland system and regional data. For
each region, the load data used are actually the energy flows at the
frontier of each area, which causes that aggregation of regional data
differs from inland data in about 0.1%.

In addition, regional data may  contain misleading information
if energy flow is affected by operations on the grid and, therefore,
a proper filtering system should be used to discard any faulty data.
Fig. 2 shows data incoherence on four consecutive Mondays starting

May, 27th.

Such filtering system is included in the system and it identifies
abnormalities by comparing them to an expected range based on
forecasts and previous real data. Permanent storage of these cor-
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Fig. 3. Long term trend

ected data requires human authorization but if the data is needed
nd human validation has not arrived then the corrected value is
sed and an alarm is issued.

Long-term trend in the load series is affected by economic and
emographic factors. On previous works on Spanish load forecast-

ng [19], long-term trend is modeled as a linear variable (Fig. 3).
owever, the impact that the economic recession has had on
ational electric demand not only requires non-linear terms, but
lso reduces greatly the predictability of the trends. This has caused
hat, in order to avoid great long-term discrepancies between the

odel and reality, it needs to include a linear and a quadratic term
nd be trained at least annually using only the most recent data.

During our validation process, the frequency of training was
ested at 3, 6, 12, and 24 months while using data from the last
, 5 and 7 years. The results showed that using more than 3 years
f data resulted in a loss of accuracy due to the long term trends
f the model. Retraining more frequently than once a year did not
esult in any further improvement.

Seasonal and shorter trends are mostly due to weather and
ocioeconomic factors like holidays, vacation periods and DST. This
ype of behavior is modeled through the weather and calendar vari-
bles but in order to capture the most recent evolution of load, the
ast hourly load known at the time of the forecast is included also
s a variable.

.2.2. Meteorological data
The meteorological data analyzed consisted on daily maximum

nd minimum temperatures, humidity and atmospheric pressure
rom 59 stations scattered across Spain.

Meteorological data have a definite influence on electricity con-
umers. Seasonal trends occur causing load peaks during summer
nd winter time due to extreme high and low temperatures. In
rder to capture the dynamics of this influence, it is important to
etermine not only which locations are relevant for each region,
nd to which extent, but also how the variable lags affect over time.
or each location considered, a number of lagged variables is also
nalyzed. In this manner, we can evaluate the effect of each vari-
ble current and recent values. The effect of temperature on load
as been widely studied; in this research, the concepts of cold and
ot degree days (HDD and CDD as described in Ref. [32]) are used to
reprocess the data in order to address the non-linear relationship
f load and temperature. However, while in Ref. [32] the tempera-
ure input to the system is calculated as a weighted average from
0 locations, our approach is to select for each region the most
elevant locations and include all of them as input to the model.

n addition, we employ a lagged variable for each location which
rovides a definite improvement on sudden temperature changes.

The selection of the stations and the parameters to obtain HDD
nd CDD variables becomes an optimization problem in which we
nish national demand.

first define a function of the load in terms of the temperature, and
the hour (1).

L(Td
s , h) = {

˛1 · Td
s + ˇ1, Td

s > THHs

ˇ2 THCs < Td
s < THHs

˛3 · Td
s + ˇ3, Td

s < THCs

(1)

where h is the time of the day,Td
s is the temperature on day d at

station s, THHs and THCs are the thresholds for cold and hot days at
station s. The coefficients  ̨ and  ̌ are obtained by linear regression
for each station and threshold, but in order to select the optimal
of said station and thresholds combination, it is also necessary to
solve the following optimization problem (2), which defines the
minimization of root mean squared error (RMSE) over the training
period:

min

∑n
d=1

√∑24

h=1

(L(Td
s ,h)−Lrd

h
)
2

Lrd
h

24

n
(2)

The stations taken into consideration are the ones that are inside
or near the considered region. This reduces greatly the complexity
of the problem as for each region we only evaluate about 8 stations.
For the national region, all stations are considered. Fig. 4 shows the
scattered plot of the load of Madrid at 18 h vs temperature at 3
different locations and the functions calculated for each case. The
RMSE of the fitting shows that temperature data from Madrid has
a higher correlation and, therefore should be used over Alicante’s
and Alicante’s over Bilbao’s. Fig. 5 shows the result for optimiz-
ing the parameters from Eq. (1). The thresholds are selected to
minimize RMSE between actual load and L(Td

s , h). Humidity and
atmospheric pressure data have been analyzed as both normalized
and raw data but provided no significant improvement and were,
therefore, discarded.

Once the stations and thresholds are selected for each region,
it is also necessary to determine how many past days to take into
account. This is done by splitting the data set into a training set
(2005–2012) and a testing set (2013 divided itself into 3 sub-sets).
The training set is used to train the models while the testing set
is used to determine how many past days allow an improvement
in forecasting accuracy. The significance condition is achieved if
the variable (or lag) improves the mean average percentage error
(MAPE) on all 3 testing sub-sets.
The temperature variables for each model are one HDD and CDD
pair of variables for each station and for each day lag considered.
Therefore, for a region with 3 stations and a 2-day lag the number
of variables is 2 × 3 × 3 = 18.
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Fig. 4. Actual load in Madrid against temperature at different locations.
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Fig. 5. Actual load against tem

.2.3. Calendar data
The effect of calendar on electric load includes single special

ays like national or regional holidays but also periods of time in
hich the consumers behavior is shifted, like vacation periods or
ays after DST. This section will describe the classification of day-
ypes obtained in this research that yielded the best result over the
esting period and have proven effective over the actual experi-

ent.
The information about holidays is obtained from the official

azette of Spain (BOE) and from each of the regions. In order
o extract all relevant information from this source it is impor-
ant to understand that special day load profiles are very different
rom that of a normal day, but also that there can be significant
ifferences among the special days. Therefore, it is necessary to

etermine how to group properly the special days to facilitate the

earning procedure of the forecasting engine.
ture: selection of thresholds.

Special and anomalous days have attracted less attention than
normal days from an academic point of view. However, there have
been several attempts to tackle this problem [21–23,32,34,35]. The
proposal on Ref. [21] introduces the concept of fuzzy logic in the
classification of type of days. However, the number of fuzzy cat-
egories used is limited to weekdays, Saturdays and Sundays and
holidays which is insufficient for the accuracy required in our prob-
lem. The problem is similar in Ref. [23], where again four categories
are used. The concept that the weekday in which a holiday occur is
relevant has been taking into account but not with a sufficiently dif-
ferentiation among holidays themselves. Fuzzy logic is employed
differently in Ref. [22], but also the method proposed requires
specific neural networks for each category making it increasingly
difficult if the categories increase in number. The use of unsuper-

vised neural networks like SOM is presented on Ref. [34]. This tool
is used to classify the load profiles into different categories and ana-
lyze their membership in terms of variable known beforehand. In
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he case presented in Ref. [34], only 8 categories were employed,
ut the reason why this technique was discarded in our study is that
nce the classification is done in as many categories as necessary,
he rules to assess beforehand the membership to each category
ere inconsistent and difficult to articulate. The rule system pro-
osed on Ref. [35] addresses most of the problems encountered in
orecasting special days: holidays are different among themselves,
eekday affects the holiday profile and days adjacent to holidays

re affected. The definition proposed in this model is similar to that
f rule 3 on Ref. [35] but it increases the number of considered holi-
ays and it has been design in order to ensure that there are at least

 similar days to the forecasted day in any 3-year training period.
inally, the previous work described in Ref. [32] set the grounds
o determine different types of special days. The specified classifi-
ation, however, is restricted to six types of days, which is found
nsufficient, and it is, therefore, thoroughly expanded in this work.

The proposed method consists on using a set of binary variables
o express membership of a given day to each category. The cat-
gories are split into two groups. The first one includes mutually
xclusive categories while the second group contains categories
onceived as modifiers to the first category. Each category must be
efined carefully in order to avoid a low number of members within
he training period that could damage the validity of the sample.
able 1 describes the mutually exclusive variables while Table 2
hows the modifiers:

The bottom line on Tables 1 and 2 show the number of variables
sed for each type category. For instance, it takes 11 variables for
he national special holidays plus 13 for each Easter day as each
ay is different to any other. However, it only takes one variable to
ategorize national holidays as all the days listed are considered to
ave similar profile. Therefore, each day must fall under one and
nly one of the mutually exclusive variables.

There are also 18 modifying variables that may  be simulta-
eously active along with one of the mutually exclusive ones.
odifiers are mutually exclusive among themselves by their defini-

ion as they belong to different times of the year. The only exception
o this being the regional modifier which takes into account the
ercentage of the GNP that the provinces on holiday represent.

These variables are used as input to the corresponding model in
rder to forecast the national as well as the regional loads. How-
ver, the regional forecast uses a set of extra variables for special
egional days and modifies the “before & after holiday” category to
nclude days adjacent to regional holidays. In addition, the regional

odifier is adjusted to represent the portion of the regional GNP
hat the provinces on holiday within the region represent.

.3. Forecasting engines

Forecasting engines are the mathematical entities that provide
 forecast based on a given input after a proper training that would
ave enable them to learn the behavior of the load profile. In
rder to obtain a reliable output, three different forecasting engines
ere designed employing autoregressive techniques (AR) and non-

inear autoregressive networks with exogenous inputs (NARX).
elf-organizing maps (SOM) as described in Ref. [19] were tested
ut incurred in high computational burden which rendered them
seless for online use.

The objective is to obtain as many accurate forecasts as possible
s long as their error is not highly correlated. In a later stage, the dif-
erent forecasts are combined to improve the overall performance.
ll models were developed using Matlab toolboxes (Econometric
nd Neural Network developed by Mathworks) and the SOM tool-

ox 2.0 developed by the Helsinki University of Technology [36].
oth models received the same input variables, as described pre-
iously. However, the results achieved by each of them and their
onfiguration are different. The following points provide a brief
Fig. 6. Schematic view of the NARX system as shown on a Matlab Mathworks visu-
alization.

description of the theoretical foundations of each model and how
they have been employed for this application:

Autoregressive Model: Autoregressive models, described in (3),
are the most fundamental time series models. In a model AR(p), the
current value of the process is expressed as a linear combination of
p previous values of the process and a random shock.

yt =
p∑

i=1

ϕi · yt−i + εt (3)

If a number of exogenous variables or predictors known at time
t, Xt , are considered, then the model becomes (4). However, the
model adopted in this research is autoregressive with errors and
includes exogenous input, as described in (5).

yt =
p∑

i=1

ϕi · yt−i + Xt · � + εt (4)

yt =
p∑

i=1

ϕi · et−i + Xt · � + εt (5)

The first term of the right side of (5) is very similar to that of a
moving average model (MA), shown in (4). While in a MA(q) model
the current value of the output is expressed as a linear combination
of q previous random shocks, in an AR(p) model with errors, the p
previous values considered are the actual known previous errors of
the model and, therefore, are not considered random.

yt =
q∑

i=1

ϕi · εt−i + εt (6)

The parameter p of the model from (5) is obtained empirically
and the coefficients ϕi, and � are calculated from the training data
by a maximum likelihood method.

NARX Model: NARX neural networks are a nonlinear autoregres-
sive system with exogenous input and its mathematical expression
is:

yt = f (yt−1, . . .,  yt−ny , ut−1, . . .,  ut−nu ) (7)

The output value is expressed as a function of ny previous out-
puts and nu inputs known at the time of forecasting. The function
implemented for our model is a feedforward neural network. The
training for this type of network is realized offline with an open
loop in which the output is back fed from the data base as if it was
another of the inputs. Once the training is complete, the loop can
be closed and the model is able to provide multistep forecasts. The
parameters for this model are the same of a regular feedforward

network, such as number of hidden layers, number of neurons or
training length, plus the number of previous outputs (lags) fed back
to the model. Fig. 6 shows a visualization of the model working in
closed loop.
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Table  1
Definition of exclusive variables used to describe the type of day.

Exclusive variables

National special days National holidays Before & after holiday Day of the
week

Special days with their
own  specific profile.

Special days with a
similar profile

Days which profile is
affected by an adjacent
holiday

Regular days

All  Easter Only
Monday–Friday

Rest of national
holidays
marked at
B.O.E.

Before holiday After holiday

January 1st Monday before Good
Friday to Saturday after
Easter Monday

January 2nd Typically August 15th Only Monday–Friday Only
Monday–Thursday

Monday

January 6th January 5th October 12th Tuesday
May  1st December 7th November 1st Only Friday Wednesday
December 24th December 26th December 6th Thursday
December 25th December 30th December 8th Friday
December 31st Saturday
6  13 5 1 1 2 6

Table 2
Definition of modifying variables used to describe the type of day.

Modifiers

Christmas Regional August Daylight saving time

Days affected by Christmas period Days affected by
regional holidays

Days affected by
holiday periods in
August

Days affected by Daylight Savings Time

Only
Monday–Saturday

Only
Monday–Friday

Only Sunday Decimal number
from 0 to 1

Traditionally, vacation
periods are assigned
splitting August in 4
periods

Spring Fall

December 20th December
27th–29th

December
26th–30th

Expresses the fraction
of  the GNP that the
provinces on holiday
represent

Sunday Sunday

December 21st Jan, 2nd–5th Period 1 Monday Monday
December
22nd

Period 2 Tuesday Tuesday

i
c
r
r
o
n
d
t

e
n
t
t
t
T
r
n
a
r
2

2

f
e
i
i

December 23rd 

4  2 1 1 

The training of neural networks is based on random initial-
zation and, therefore, its output has a random component. This
omponent is minimized by employing more than one network for
edundancy. Several tests using from 3 to 20 networks were car-
ied out to determine the optimal number of networks. Accuracy
ver two-year periods did not improve when using more than 10
etworks while computational burden increased linearly. The 10
ifferent networks are trained and the final output is calculated as
he average output once maximum and minimum are discarded.

The settings for the autoregressive and neural networks mod-
ls are fundamentally different. The only common parameter is the
umber of lags, which was found to be optimum at a value of 7 for
he AR model and 14 for the neural one. A possible explanation is
hat a linear system like the autoregressive model may  not be able
o find relevant patterns that the nonlinear system actually finds.
he neural network is defined to have 1 hidden layer with 15 neu-
ons, is trained by the Levemberg–Marquadt algorithm. Both the
umber of lags for each model and the number of hidden neurons
re obtained through the same validation process as the number of
edundant neural network. Number of lags tested ranged from 3 to
1 and the number of hidden neurons from 5 to 25.

.4. Forecast combination and probabilistic forecast

The previous point described the two models used to obtain

orecasts. The forecasts made by each model should be similar but
ach one presents different characteristics on their error series. As
t was previously stated, if the error series of the different models
s poorly correlated, a linear combination of them would provide a
Period 3
Period 4
4 3 3

new forecast. The information available to determine the optimal
combination are the results of the previous days. The type of day is
taken into account by giving a heavier weight to the errors occurred
on days similar to the forecasted day. This optimization problem is
then stated as the determination of the coefficients (0–1) assigned
to each model that minimize the average error of the last 30 days. As
each models forecast one hour, the minimized error is the error only
at the forecasted hour. The case of the national aggregate forecast
is different as it uses four forecasts: two from forecasting as a single
region plus two  from aggregating the results from all regions. The
optimization problem, however, is analogous and it is described as
follows:

Let f m
d,h be the output of model m for the national load on day

d and hour h, �m the coefficient from 0 to 1 assigned to model m
and k a constant term, then the combined forecast pd,h is defined
in (8):

pd,h = k +
4∑

m=1

�m · f m
d,h (8)

The term k and the coefficients �m are then calculated as a min-
imization problem of the error, ed,h over a period of time. Let ld,h

be the actual load of day d at hour h:
ed,h = pd,h − ld,h (9)

In order to assign a heavier weight to days similar to the fore-
casting day, we  will assume ns similar days and a total number of
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Table 3
Forecasting Errors of Proposed Models and Weights in Optimized Reference.

RMSE MAPE Reference weights

Autoregressive 3,66% 3,33% 0,13
Neural Network 2,95% 2,50% 0,22
AR(aggregate) 2,29% 1,97% 0,58
NN(aggregate) 3,09% 2,69% 0,07
Actual forecast 1,83% 1,56% DNAa
08 M.  López et al. / Electric Power S

0 days. We  will denote the error on similar days as e*.  Then, the
inimization problem is defined as follows:

in(
30−ns∑
d=1

ed,h + w

ns∑
d∗=1

e∗
d∗,h) (10)

The coefficients are restricted to be in the (0,1) range and the
arameter w is experimentally obtained and equal to 5.

Also a probabilistic forecast was provided. While this kind of
orecast can be analytically obtained from a linear forecaster, it is
ifferent for a system that includes non-linearities like the use of a
eural network or a linear combination based on results. In these
ases, it is possible to use an empirical approach based on previ-
us results. The first step is to obtain the cumulative distribution
unction (CDF) from the previous errors as shown in Fig. 7. The prob-
bilistic forecast required to include percentiles 10, 15, 50, 85 and
0. These values are obtained by adding the correspondent offset
rom the CDF to the actual forecast. Fig. 8 shows a box plot including
he actual load and percentiles 10, 15, 50, 85 and 90 for an example
ate.

.5. Online system, computational burden and maintenance

The results of the model are needed to take appropriate actions
n an hourly basis. Therefore, the tool must provide accurate fore-
asts on a timely manner. This means that it should include the
atest information available and process it sufficiently fast. A ten
ays forecast for 18 regions of Spain plus a national aggregate was
rovided. Therefore, to obtain the full national forecast, it is neces-
ary to forecast all regions first.

The execution time for each region may  vary depending on the
umber of variables that its input matrix includes (ranges from 2 to

 s per region per forecasted day). The 10-day forecast takes about
2 min  to complete. In order to reduce this time, the forecast from
ay 4 to 10 ahead is done only once every day when meteorological
orecasts arrive. The updated information available every hour is
ot significant enough to improve a potential forecast for these

onger terms. Then an hourly forecast takes about 4 to 5 min.
The simulations were run on a PC with an i3 processor running

t 2 GHz with 4 Gb RAM. The code had not been yet compiled into an
xecutable program so execution in real time of the final application
hould never exceed the time limits expressed above.

The tool is also designed to be retrained with new data in order
o capture new long-term trends like the recent economic recession
r its incipient recovery. It is not encouraged to retrain the model
ore often than once a year since the behavioral change expected

s a longer term feature.

. Results

The forecasting tool presented has been tested from December,
st 2014 to October, 30th 2015, for a total of 315 days. All data used
o test the model was obtained in real time conditions. We will only
nclude results for the whole country, but the contribution from the
egional models is reflected in the aggregated models. In this sec-
ion we will discuss the results from each model that contributes to
he forecasting tool and the effectiveness of the combining method

roposed. The results will be shown in terms of Mean Average Per-
entage Error (MAPE) and also Root Mean Squared Error (RMSE) as
hey are the two  metrics used in the industry and will be catego-
ized in order to understand the strong aspects of the model.
Optimized reference 1,95% 1,65% DNAa

a Does Not Apply: only the four models are assigned a weight in the reference.

3.1. Forecasting accuracy of the general system and its different
sub-models

There are 4 sub-models that provide a national forecast:

• National autoregressive.
• National neural network.
• Cumulative regional autoregressive.
• Cumulative regional neural network.

The difference among the sub-models stem from the type of
forecasting engine used (autoregressive model vs. neural network)
and whether it is an actual forecast of the national load or the
aggregate of all regional forecasts.

The final forecast provided by the system is a linear combination
of all four models, whose coefficients are obtained by an optimiza-
tion of the results from the last 30 days. Table 3 shows the results
from all four methods, plus the final combined forecast during the
testing period. In addition, in order to provide a benchmark for the
combination, the result of the best constant combination of the
four models calculated a posteriori is also included. The effects of
the combination process will be further analyzed in Section 3.6 but
for now the results allow us to assess that the best model is the one
based on neural networks (for the national load), but also that the
aggregated models provide the best forecast overall. In addition,
the combination method is validated as it is more accurate than
the benchmark combination. This is possible because the method
proposes a dynamic combination that can adapt to the results of
the models while the reference is constant for the whole inter-
val. The weight assigned to each model varies as their performance
fluctuates.

3.2. Contextualization of the results: comparison with existing
forecasters

In order to contextualize the previous results, the Spanish TSO
provided reference forecasts from the currently working fore-
casters at their facilities. These reference models are based on
autoregressive engines (Forecasters #1 and #3) and a combination
of autoregressive and neural networks (Forecaster #2). The raw
input for all three references is the same as the one used for the pro-
posed model except for Forecaster #1, which also uses forecasted
cloudiness.

Table 4 shows the result of the three forecasters plus the pro-
posed one. In terms of lowest error, the proposed model ranks 3rd
out of the four models. However, while accuracy is the most impor-
tant factor for a model acting alone, when it comes to combine
groups of forecasters it is important to study their correlation and
their contribution to the combination. Essentially, two models with
low correlation between their errors are likely to yield a more accu-
rate combination. To illustrate this phenomenon, three references

have been included: reference A combines the three forecasters
from the TSO, reference B adds the proposed model to the com-
bination and reference C combines the best 3 of the four models
(Forecasters #1, #2 and this proposal). These references have been
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Fig. 7. Probability distribution of the error and cumulative distribution function used for probabilistic forecasting.
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Fig. 8. Probabilistic forecast of day May, 14th 2015.

Table 4
Forecasting Results for Current and Proposed Models and Weights in References .

RMSE MAPE Weights (A) Weights (B) Weights (C)

Forecaster #1 1,68% 1,43% 0,27 0,17 0,21
Forecaster #2 2,06% 1,77% 0,2 0,1 DNAa

Forecaster #3 1,59% 1,35% 0,53 0,45 0,47
Proposed model 1,83% 1,56% DNAa 0,28 0,32
Optimized ref (A) 1,46% 1,24% DNAb

Optimized. ref (B) 1,39% 1,18%
Optimized. ref (C) 1,40% 1,19%

a Does Not Apply: The forecaster does not participate in the reference.
b Does Not Apply: Only the forecasters may  be assigned a weight in a reference.
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btained as the optimized combination of the forecasters along the
esting period considering the results a posteriori.

From the coefficients from reference C it can be observed that
hile the proposed model is less accurate than forecaster #1, it
as a heavier weight in the optimal combination due to its lower
orrelation between their errors. Therefore, it is safe to say that
he proposed model is the second most relevant out of the four
orecasters evaluated.

.3. Forecast of special and difficult days

The previous section showed how the proposed method allows
n improvement on the forecasting accuracy over the whole testing
eriod. This section will provide results for a better understanding
f what type of days this improvement is focused on. Table 5 shows
he results categorized by the 10 coldest and hottest days, national
olidays, Mondays before a holiday and Fridays after a holiday, 14
ays from Christmas Eve to Jan 6th, and 15 days on Easter.

The results show that the proposed model obtains the most
ccurate results in all categories except for hot days and Easter, in
hich it ranks second. Most importantly, it offers the best results

ver the 59 difficult days considered. Also, the reference forecasts
 and C show that by substituting the proposed model instead of

orecaster 2, the error is reduced in all categories, except for hot
ays (forecaster 2 shows a remarkable good behavior in that cat-
gory) and the error for all difficult days is reduced from 2.01% to
.70% (RMSE). It also achieves a small reduction on the error for the
est of the days from 1.36% to 1.34% (RMSE).

.4. Forecast of different weekdays and time of day

Load forecasting error depends highly on the time of day and
he day of the week. Generally, it is desired that forecasting error
s evenly distributed, but actually certain days or hours prove to
e more difficult than others. In this sense, it is important that the
eneral improvement in accuracy of a new model does not over-
hadow a more unevenly distributed error. On Fig. 9, panels (a) and
b) show how the overall improvement in forecast accuracy of ref-
rence C in respect of reference A does not cause any larger errors
t any time or weekday.

.5. Forecast error depending on the forecasting horizon
One of the requirements for the system was to provide a forecast
ot only for the current and next day but also for the next 9 days.

n fact, several forecasts are made throughout the day in order to
Fig. 10. Forecasting error as the forecast horizon increases.

obtain more refined forecasts for the next and current days. Fig. 10
shows the results in terms of MAPE for the model depending on
how much time ahead the forecast is emitted. The marker shows
the time at which the forecast analyzed in the previous sections is
casted. The accuracy of the next day forecast continues to improve
throughout the day from a 1.56% (MAPE) at 8 a.m. to a 1.32% at
11 p.m.

In addition, the error reaches a maximum of 2.56% (MAPE) when
the forecast is made 9 days ahead. The improvement in accuracy of
the model from 4 to 9 days ahead is only due to the improvement
of the accuracy of meteorological forecasts.

3.6. Combination process

The combination process described in Section 2.4 shows that
an independent term is calculated along with the weight for each
technique. This means that the combination of all four forecasts
is able to reduce the error due to long term trends not captured
by the model. This type of errors causes the models to continu-
ously either under or overestimate the load. The optimization over
a recent period helps identifying this bias and minimizing it. In this
aspect is particularly helpful that the optimization assigns heavier

weight to the days similar to the forecasted day than to the rest of
days within the optimization period. In this way, the system is able
to distinguish a different effect of long term trends on work days
than on weekends or special days.
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Table  5
Forecasting Results for Current and Proposed Models in Difficult Days.

Colder
days

Hotter
days

National
holidays

Long
weekends

First & last
week of year

Easter
weeks

Total
difficult
days

Rest # Days
w/RMSE >4%

# Of days 10 10 7 3 14 15 59 256 N/A
Forecaster 1 RMSE 2,13% 2,22% 3,59% 2,55% 3,29% 1,62% 2,30% 1,57% 8

MAPE  1,75% 1,87% 2,99% 2,19% 2,76% 1,33% 1,91% 1,34%
Forecaster 2 RMSE 2,13% 1,68% 4,48% 6,11% 4,70% 2,68% 3,08% 1,88% 24

MAPE  1,81% 1,42% 3,75% 5,67% 4,27% 2,20% 2,67% 1,61%
Forecaster 3 RMSE 1,86% 2,14% 3,53% 1,92% 2,79% 1,65% 2,18% 1,48% 8

MAPE  1,57% 1,79% 2,96% 1,56% 2,40% 1,35% 1,83% 1,26%
Proposed RMSE  1,71% 2,03% 2,62% 1,68% 2,61% 2,01% 2,16% 1,75% 7

MAPE  1,43% 1,69% 2,27% 1,40% 2,22% 1,57% 1,78% 1,49%
Optimized ref. (A) RMSE 1,80% 1,67% 3,29% 2,57% 2,78% 1,40% 2,01% 1,36% 5

,14% 

,54% 

,35% 
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MAPE  1,51% 1,36% 2,73% 2
Optimized ref. (C) RMSE 1,57% 1,69% 2,37% 1

MAPE  1,28% 1,40% 2,01% 1

. Conclusions

This paper presents the last addition to the STLF system of REE
nd proves how the inclusion of the proposed techniques provides

 more accurate forecast especially on the days that historically
ncurred on largest errors.

.1. Implementation under real time conditions

The results in Table 4 show that the proposed system is a good
andidate to become the third model in the TSO’s ensemble as it
utperforms Forecaster #2. In addition, Table 4 shows how the best
ombination of 3 systems not only includes the proposed model but
t assigns it a weight of 32% only second to Forecaster #3 and with

 significant improvement in overall accuracy of 5%.
In addition, Table 5 shows how the proposed method is actually

he most accurate over the 59 total difficult days, which is cur-
ently the largest loss of the system and the aspect targeted by the
ey aspects of the proposed model: temperature and special day
reatments.

The model provides forecasts (hourly profiles) for the current
nd next nine days every hour, as it is needed by the TSO. In order
o achieve this in a timely manner, some techniques have been
ropped due to their poor performance in relation to their com-
utational burden (SOMs). In addition, the input selection and the
eural network topology and redundancy have been designed in
rder to meet the timing requirements. The proposed system has
een widely tested in working conditions.

.2. Results on hot and cold days

One of the main targets of this research was to define a proper
ay to treat temperature information for large region forecasts.

he approach described in this paper shows a more detailed and
ailored solution than the treatment found in Ref. [32]. Its imple-

entation requires an analysis of the relation between the load
nd each temperature series. However, the results shown in Table 5
how that a one-fits-all solution to the temperature problem is not
alid to reach maximum accuracy and that such detailed analysis
nd customized solution is needed.

The proposed method obtains the best result for the 20-day
ample of hottest and coldest days.

.3. Results on special days
Another target of this research was to improve accuracy of the
orecasting system on special days. For the testing period, a total of
9 days has been considered special under the categories named

[

[

2,38% 1,16% 1,69% 1,16%
2,09% 1,24% 1,70% 1,34% 4
1,84% 1,01% 1,43% 1,15%

on Table 5. This table shows the results for these specific days,
which account for 18% of the total of days considered. The proposed
method performs more accurately than any of the individual REE
forecasters in 4 out of 6 categories and overall. The comparison of
two optimizations, both including and not including the proposed
model in the mix, shows that the error on special days is reduced
by 15% while the error on the rest of the days is scarcely reduced
a 0.8%. These results show how the proposed model achieves both
the general and specific goals set. The scarcity of special days is the
reason that the overall result is a mere 5% reduction.

4.4. Further work

As an extended collaboration between the research team at
UMH and REE, this work will be expanded in the following months
to include forecasts of extra-peninsular systems: Balearic and
Canary Islands and the two autonomous cities of Ceuta and Melilla,
thirteen new zones.
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