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ABSTRACT
As energy forecasting is paramount to efficient grid planning, this
work presents a comparative analysis of different hybrid deep learn-
ing frameworks for energy forecasting in applications such as en-
ergy consumption and trading. Specifically, we developed hybrid
architectures comprising of Convolutional Neural Network (CNN),
an Autoencoder (AE), Long Short-Term Memory (LSTM) and Bi-
directional LSTM (BLSTM). We use the individual household elec-
tric power consumption dataset by University of California, Irvine
to evaluate the proposed frameworks. We evaluated and compared
the result of these frameworks using several error metrics. The
results show an average MSE of ∼ 0.01 across all developed frame-
works. In addition, the CNN-LSTM framework performed the least
with a 20% and 10% higher RMSE and MAE to other frameworks
respectively, while CNN-BiLSTM achieved the least computation
time.

KEYWORDS
Hybrid deep learning, convolutional neural network, Bidirectional-
long short-term memory, energy consumption prediction, autoen-
coder.
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1 INTRODUCTION
Access to affordable and clean energy is not only captured as the
seventh 7𝑡ℎ objective of the Sustainable Development Goals (SDG)
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but has been linked to all elements of sustainable development [24].
This signifies that the development of any nation is directly related
to its energy consumption. Globally, energy demand is on the rise
due to the growing population and technological advancement [17].
To ensure energy security and stability, planning the power system
against large and sudden variation in generation and demand is
highly important [10]. Planning signifies a projection of how the
power system should operate over a given period under certain
assumptions. Unit commitment, economic dispatch and energy fore-
casting are employed to ensure stability, reliability, and economic
benefits [21].

Energy forecasting is an essential tool in the prediction of en-
ergy demand, consumption, and electricity trading. According to
the time horizon, energy forecasting can be classified into short-
term, medium-term, long-term, and real-time forecasting [25]. Tra-
ditional energy forecasting models have been deployed for a variety
of applications in different time range and different datasets. The
traditional techniques are statistical and machine learning models,
for example; Linear Regression, Autoregressive Integrated Moving
Average (ARIMA), Support Vector Regression (SVM) and Artificial
Neural Network (ANN) are data-driven and implemented on time-
series analysis [3]. However, an increase in numerical data intro-
duces complexities and inaccuracy in statistical data which makes
these methods inefficient for the modern and growing power net-
work [18], particularly in the surge of distributed energy resources
and trading [11, 12].

With advancement in the field of artificial intelligence and ma-
chine learning, deep learning models are now used for energy
forecasting [1]. Deep learning models can handle large dataset, non-
linear relationship, complexities, and offer better performance in
terms of computation in a timelymanner [16]. The techniques range
from Multilayer Perceptron (MLP), Restricted Boltzmann Machines
(RBM), Recurrent Neural Network (RNN), Convolutional Neural
Network (CNN), Autoencoders (AE), Deep Reinforcement Learning
(DRL), and Generative Adversarial Network (GAN) to hybrid deep
learning models. Many studies show that these models have been
applied to variety of short-term energy forecasting [15, 20], the
recent study focuses on hybrid models for better accuracy [4, 26].

In addition, it is vital to compare different hybrid deep learn-
ing frameworks for performance evaluation in energy forecasting
applications. For instance in [19], a comparative analysis of the
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statistical model (ARIMA), machine learning model (Multivariate
Linear Regression) and deep learning (LSTM) models for short-term
load forecasting was studied. Study [2] focused on comparison be-
tween deep learning models including multivariable CNN, LSTM,
GRU and hybrids of CNN-LSTM and CNN-GRU models for energy
consumption forecast in smart grids. While study [9] compares
six common methods, including Persistence, ARIMA, RNN, Long
Short-TermMemory (LSTM), Convolutional Neural Network-LSTM
(CNN-LSTM), and CNN-Fully-Connected Network (CNN-FCN) for
short-term locational marginal price (LMP) forecast.

In line with these studies, a comparative analysis of different
models and hybrids for a variety of application in energy forecasting
is required for quality and performance evaluation. Therefore, this
study seeks to implement the following:
• Develop a variety of deep learning and hybrid deep learning
frameworks comprising of CNN, LSTM, BiLSTM and AE for
energy forecasting in a variety of applications, including
consumption and trading.
• Discuss the architecture of the developed hybrid deep learn-
ing frameworks, whilst also evaluating the developed frame-
works utilising several error metrics.
• Provide recommendations of frameworks and hyperparame-
ters based on their performances highlighting their useful-
ness, outcome and trade-offs.

The remaining sections are organised as follows. Section 2 presents
the methodology of the energy forecasting frameworks and their
algorithms. Section 3 presents data description and architectures of
the proposed deep and hybrid learning frameworks, while Section
4 discusses the result. Section 5 concludes the paper with future
work.

2 LEARNING ALGORITHMS FOR ENERGY
FORECASTING

This section presents the hybrid deep learning algorithms used in
this article for energy forecasting. The data cleaning step is first
presented followed by the description of the learning algorithms.

2.1 Data pre-processing and Rolling Window
A data pre-processing step to deal with missing values in the col-
lected data is carried out for data smoothing. To improve prediction
performance, a moving average filter [22, 23] calculated by a rolling
window is employed for data cleaning in this study.

2.2 Deep learning and hybrid deep learning
algorithms

Five different deep learning and hybrid learning algorithms com-
prising CNN, LSTM, BiLSTM and AE for energy forecasting are
described below.

2.2.1 CNN. In the context of feature extraction preceding forecast-
ing, CNN is especially skillful at extracting complex features and
can store varied irregular trends. Feature extraction is an important
pre-processing step to reduce the parameters needed for making
predictions, therefore, reducing the network computations while
orchestrating prediction accuracy. CNN has several hidden layers
for its functioning. This includes a pooling layer, convolutional

layer, and an activation function. The input data is fed to the convo-
lutional layer that convert it into a features map. The features map
is sampled by the pooling layer to further reduce its dimension.

Given the input vectors 𝑥𝑚
𝑖

= {𝑥1, 𝑥2, · · · , 𝑥𝑛}, where 𝑥𝑚 rep-
resents the varied input vectors that could affect the predicted
output, including energy consumption data, weather data, week
index, energy price, consumer’s behaviour, etc. of𝑚 ∈ 𝑀 , and 𝑛 is
the number of normalised half-hourly unit per window of observa-
tion. Utilising the CNN framework with the input vector 𝑥𝑖𝑚 , the
resulting output from the first convolutional layer is expressed in
(1).

𝑦𝑚𝑖 𝑗 = 𝜎 (𝑏𝑚𝑗 +
𝑀∑

𝑚=1
𝑤1
𝑚,𝑗𝑥

0
𝑖+𝑚−1, 𝑗 ) (1)

where 𝑦𝑚
𝑖 𝑗

resulted from the output vector 𝑥𝑚
𝑖 𝑗

of the previous layer.
𝑏𝑚
𝑗

is the bias for the 𝑗𝑡ℎ feature map, 𝑚 is the index value of
the filter, 𝑤 is the weight of the kernel and 𝜎 is the activation
function for the CNN. Similarly, (2) is the output vector for the 𝑘𝑡ℎ
convolutional layer of the CNN framework.

𝑦
𝑚 (𝑘)
𝑖 𝑗

= 𝜎 (𝑏𝑚 (𝑘)
𝑗

+
𝑀∑

𝑚=1
𝑤
𝑚 (𝑘)
𝑚,𝑗

𝑥0
𝑖+𝑚−1, 𝑗 ) (2)

Next, the output of the convolutional layer is fed to the input of the
pooling layer to further down-samples the activation from feature
maps. This process reduces the number of parameters and network
computation costs. The max-pooling layer operation is represented
by (3).

𝑃
𝑚 (𝑘)
𝑖 𝑗

= max
𝑟 ∈𝑅

𝑦𝑘−1
𝑖×𝑇+𝑟 𝑗 (3)

where 𝑦 represents the pooling size and 𝑇 is the stride deciding the
length of the input data. If the CNN is being combined in a hybrid
model with other architectures, the output from the output 𝑃𝑚 (𝑘)

𝑖 𝑗

will be fed as input to the next architecture.

2.2.2 LSTM. To overcome the vanishing gradient of RNN and pro-
mote preservation of long-term dependencies, LSTM is proposed
by Authors in [8]. The LSTM framework is capable of learning from
temporal dependencies from one sequence of information to an-
other, which have been proved to be able to process sequence data
and applied in real world problems. Essentially, LSTM architecture
overcomes the RNN vanishing gradient problem by using memory
cells and gates: input, forget and output. The input data to be re-
served is determined by the input gate, the forget gate determines
the discarded data, the processing states are stored by the memory
cells, while the output gate delivered the LSTM output. LSTM is
expressed as follows:

𝑖𝑡 = 𝜎 (𝑊𝑖 , [ℎ𝑡−1, 𝑥𝑡 ] + 𝑏𝑖 ) (4)

𝑓𝑡 = 𝜎 (𝑊𝑓 , [ℎ𝑡−1, 𝑥𝑡 ] + 𝑏 𝑓 ) (5)
𝑜𝑡 = 𝜎 (𝑊𝑜 , [ℎ𝑡−1, 𝑥𝑡 ] + 𝑏0) (6)

𝐶𝑡 = 𝑡𝑎𝑛ℎ(𝑊𝑐 , [ℎ𝑡−1, 𝑥𝑡 ] + 𝑏𝑐 ) (7)
𝐶𝑡 = 𝑓𝑡 ×𝐶𝑡−1 + 𝑖𝑡 ×𝐶𝑖 (8)
ℎ𝑡 = 𝑜 + 𝑡 × 𝑡𝑎𝑛ℎ(𝐶𝑡 ) (9)

where, 𝑖𝑡 , 𝑓𝑡 , and 𝑜𝑡 are the input, forget and output gate re-
spectively,𝑊𝑖 ,𝑊𝑓 ,𝑊𝑐 ,𝑊𝑜 are the weight of the LSTM gates: input,
forget, memory cells and the output, respectively. Also, 𝑏𝑖 , 𝑏 𝑓 , 𝑏𝑐 , 𝑏𝑜
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are the bias of the respective gates. 𝑥𝑡 is the current input vector
at time 𝑡 . 𝜎 is the activation function, 𝑏 is the bias and 𝐶𝑡 is the
candidate memory cell, identifying the memory to store in the cell
state; 𝐶𝑡−1 is the old cell state and 𝐶𝑡 is the new cell state. ℎ𝑡 is the
hidden state of the LSTM cell, updated at every 𝑡 step.

2.2.3 BiLSTM. While LSTM architecture is an enhanced version of
RNN to overcome its vanishing gradient problem by using memory
cells and gates, it only considers the previous state of information,
thereby losing valuable information from the next state. Thus, a
BiLSTM is used to combine the information in the sequence pre-
diction in both forward and backward directions. The input vector
𝑥𝑡 is fed to the input of the BiLSTM layer through the gate units.
Similarly to LSTM, BiLSTM consists of different gate functions (in-
put, output and forget gate) in backward and forward directions,
each gate is activated when the memory cells update their states
represented in (4) through (6). Where ℎ𝑡 is the hidden state of the
LSTM cell, updated at every 𝑡 step in both forward and backward
directions. The hidden state and cell state determined through the
gate operation of the BiLSTM is expressed in (10) and (11) for the
cell and hidden state respectively.

𝑐𝑡 = 𝑓𝑡 · 𝑐𝑡−1 + 𝑖𝑡 · 𝜎 (𝑊𝑖 , [ℎ𝑡−1, 𝑥𝑡 ] + 𝑏𝑖 ) (10)

ℎ𝑡 = 𝑜𝑡 · 𝜎 (𝑐𝑡 ) (11)
The output of the BLSTM layer is concatenated for both forward
and backward direction expressed as

𝑦 = 𝜎 (
←−−−−−−−−→
𝑊𝑦ℎ𝑡 + 𝑏𝑦) (12)

2.2.4 Encoder-decoder (AE). While CNN extracts important fea-
tures from the dataset, AE, on the other hand, are specially de-
signed for representation learning. For instance, AE are utilised to
understand unsupervised inputs in a feature vector. It consist of an
encoder and a decoder to first encode the input sequence before
subsequently decoding it using internal representations. The en-
coder framework could be made up of several RNN units to encode
the input sequence into a vector (𝐶). Based on the input vector
𝑥𝑡 and previous hidden state ℎ𝑡−1, the current hidden state ℎ𝑡 is
calculated as ℎ𝑡 = 𝑓 (𝑥𝑡 , ℎ𝑡−1). Where, 𝑓 is any RNN function, like
LSTM or GRU [5]. The output vector from the encoder unit serves
as the input vector to the decoder unit. The decoder unit follows
the encoder representations; thus, the hidden layer is expressed as
ℎ𝑡 = 𝑓 (𝐶,ℎ𝑡−1) to give an output 𝑦𝑡 = 𝑔(ℎ𝑡 ). Where𝐶 is the output
vector from the encoder unit and 𝑔 is an activation function.

3 FRAMEWORK EVALUATION
This section presents the experimental setup, dataset description
and evaluation metrics for the proposed deep and hybrid learning
frameworks for energy forecasting.

3.1 Dataset description
The UCI dataset [7] is used to evaluate and compare the proposed
frameworks. To avoid repetition, a detailed description of the UCI
dataset is provided in [13, 14]. The UCI dataset has 8 input variables
and 1 output target with a total of 2, 075, 269 records. There are
25, 979 missing values which are handled in the data cleaning steps
before proceeding to the deep and hybrid learning frameworks. UCI

dataset is for residential buildings. The dataset time resolution is
converted to 24ℎ𝑟 for short-term electricity prediction.

3.2 Experimental setup and Evaluation Metrics
The computation to train and test the developed frameworks is
performed on Google Colaboratory [6] using Intel Core i7-CPU, 16
GB RAM and 64-bit operating system.

Table 1: LSTM-autoencoder and its Definition

No Layer Type Neurons Param
1 Input 8 8
4 LSTM 200 167200
7 Repeat vector 200 0
8 LSTM 200 320800
9 TimeDistributed (Dense) 100 20100
10 TimeDistributed (Dense) 1 101

After extensive experimentation and analysis of different param-
eters, the hyperparameter meeting the optimal performance of the
developed frameworks are summarised in Tables 1, 2, 3, 4, and 5.

Table 2: CNN-LSTM-AE and its Definition

No Layer Type Neurons Param
1 Input 8 8
2 Convolution1D 64 1600
3 Convolution1D 64 12352
4 MaxPooling1D 64 0
5 Flatten 320 0
6 Repeat vector 320 0
7 LSTM 200 416800
8 TimeDistributed (Dense) 100 20100
9 TimeDistributed (Dense) 1 101

Table 1 presents the framework with LSTM and autoencoder.
Table 2 presents the framework with CNN, LSTM and autoencoder.
Table 3 presents the frameworkwith BiLSTM,while Table 4 includes
a CNN with BiLSTM in its framework. Finally, Table 5 presents the
CNN and LSTM framework.

Table 3: Bidirectional LSTM and its Definition

No Layer Type Neurons Param
1 Input 8 8
5 Bidirectional 128 37376
9 Dense 100 12900
10 Dense 7 707

After further extensive hyperparameter tuning, using a variety
of optimiser, a learning rate of 0.001, 70 epoch, 160 batch-size, 0.33
validation split and ReLU activation function are selected.

The performance of the developed frameworks are evaluated
using several error metrics, including mean squared error (MSE),
mean absolute error (MAE), and root mean squared error (RMSE),
as well as the computation time. The computation time includes
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(a) Training loss for Bidirectional-LSTM framework
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(b) Validation loss for Bidirectional-LSTM framework
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(c) Training loss for CNN-BiLSTM

0 10 20 30 40 50 60 70

Epoch

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

V
al

id
at

io
n
 l

o
ss

Adam;

Adadelta;

Adagrad;

Adamax;

Ftrl

Nadam;

RMSprop;

SGD

(d) Validation loss for CNN-BiLSTM
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(e) Training loss for CNN-LSTM-AE
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(f) Validation loss for CNN-LSTM-AE

Figure 1: Training and validation loss for different optimisers for the developed hybrid deep learning frameworks
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Table 4: CNN-Bidirectional LSTM and its Definition

No Layer Type Neurons Param
1 Input 8 8
2 Convolution1D 64 1600
3 Convolution1D 64 12352
4 MaxPooling1D 64 0
5 Bidirectional 128 66048
9 Dense 100 12900
10 Dense 7 707

Table 5: CNN-LSTM and its Definition

No Layer Type Neurons Param
1 Input 8 8
2 Convolution1D 64 1600
3 Convolution1D 64 12352
4 MaxPooling1D 64 0
5 TimeDistributed (Dense) 64 0
6 LSTM 100 66000
7 Dense 100 10100
8 Dense 7 707

the training and testing time of the frameworks on the dataset. The
MSE measures the average of the squares of the difference between
the predicted and actual values illustrated in (13).

MSE =
1
𝑛

𝑛∑
1
(𝑦 − 𝑦)2 (13)

where 𝑦 is the vector of 𝑛 predictions produced from the 𝑛 energy
dataset, and 𝑦 is the observed vector of the predicted energy vari-
ables. RMSE expressed in (14) is the standard deviation of predicted
errors, i.e., the root mean square of MSE

RMSE =

√√
1
𝑛

𝑛∑
1
(𝑦 − 𝑦)2 (14)

On the other hand, MAE expressed in (15) measures the absolute
differences between the predicted and the actual values

MAE =
1
𝑛

𝑛∑
1
|𝑦 − 𝑦 | (15)

4 RESULTS AND DISCUSSION
In this section, an experiment to select an appropriate optimiser for
the developed frameworks is first presented. Then a comparative
analysis of the frameworks using the UCI energy consumption
dataset against the defined error metrics is presented.

4.1 Experiment on different optimisers
Since an appropriate optimiser is paramount for efficient dimension-
ality reduction, the developed frameworks are analysed to deter-
mine the optimum optimiser. We performed different experiments
in selecting an optimal optimiser for the frameworks. The optimis-
ers analysed are Adam, Adadelta, Adagrad, Adamax, Ftrl, Nadam,
RMSprop, and SGD. This is illustrated in Fig. 1 (a to f). Fig. 1 shows

the training and validation loss for 3 of the developed frameworks.
While all the training and validation loss for the optimisers are less
than 0.1, Adam optimiser gave the lowest training and validation
loss in all the developed frameworks. In addition, it can be observed
that all the optimisers except Adadelta and Ftrl have similar result
for the framework with AE (Fig. 1 (e and f)) compared to other
proposed frameworks.

4.2 Comparative analysis of the frameworks
To compare the developed frameworks using the defined error met-
rics, we selected Adam optimiser with a learning rate of 0.001, since
it performed better than other optimisers from the above analy-
sis. Fig. 2 presents the comparison result using the UCI dataset for
daily energy consumption prediction. In terms of MSE, all the frame-
works have a similar result of 0.01. For RMSE andMAE, CNN-LSTM
framework has the highest value of 0.1 and 0.08, respectively com-
pared to other frameworks. Specifically, the RMSE and MAE values
for CNN-LSTM are 20% higher than BiLSTM, CNN-BiLSTM and
CNN-LSTM-AE, and 10% higher than LSTM-AE. However, compar-
ing the computation time including training and testing, LSTM-AE
is the longest, followed by CNN-LSTM-AE. CNN-BiLSTM achieved
the lowest computation time among the developed frameworks.

BiLSTM CNBiLSTM CNNLSTM CNNLSTM-AE LSTM-AE

Deep learning and hybrid models
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Figure 2: Performance comparison of the developed frame-
works.

5 CONCLUSION
This work developed five different hybrid deep learning frameworks
utilising architectures comprising CNN, AE, LSTM, and BiLSTM
for energy forecasting applications. Utilising household energy
consumption data to evaluate the developed frameworks, the results
were compared using several error metrics. The results show an
average MSE of ∼ 0.01 across all developed frameworks. In addition,
the CNN-LSTM framework performed the least with a 20% and 10%
higher RMSE and MAE to other frameworks respectively, while
CNN-BiLSTM achieved the least computation time. The future
work will focus on an in-depth study on automatic fine-tuning of
hyperparameters to decide on optimal values, instead of by trial
and error.
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