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Abstract: The development of data-driven building energy consumption prediction models has
gained more attention in research due to its relevance for energy planning and conservation. How-
ever, many studies have conducted the inappropriate application of data-driven tools for energy
consumption prediction in the wrong conditions. For example, employing a data-driven tool to
develop a model using a small sample size, despite the recognition of the tool for producing good
results in large data conditions. This study delivers a review of 63 studies with a precise focus on
evaluating the performance of data-driven tools based on certain conditions; i.e., data properties, the
type of energy considered, and the type of building explored. This review identifies gaps in research
and proposes future directions in the field of data-driven building energy consumption prediction.
Based on the studies reviewed, the outcome of the evaluation of the data-driven tools performance
shows that Support Vector Machine (SVM) produced better performance than other data-driven tools
in the majority of the review studies. SVM, Artificial Neural Network (ANN), and Random Forest
(RF) produced better performances in more studies than statistical tools such as Linear Regression
(LR) and Autoregressive Integrated Moving Average (ARIMA). However, it is deduced that none
of the reviewed tools are predominantly better than the other tools in all conditions. It is clear that
data-driven tools have their strengths and weaknesses, and tend to elicit distinctive results in different
conditions. Hence, this study provides a proposed guideline for the selection tool based on strengths
and weaknesses in different conditions.

Keywords: building energy consumption prediction; data driven tools; energy conservation; energy
efficiency; energy prediction; machine learning

1. Introduction

Many countries are experiencing challenges of excess energy use at all levels of indus-
try and economy. Although energy conservation is considered the most plausible solution
to alleviate this issue, identifying the most effective approach for energy conservation across
all sectors remains a challenge [1]. Since buildings constitute the most prevalent share of
over 36% of total energy consumption and carbon emissions around the world [2,3], various
methods have been explored and applied for improving energy efficiency in buildings,
such as building energy modeling [4], the use of prediction tools [5,6], demand response
control [7], among others. Of these methods, the importance of advanced prediction tools
for energy planning and conservation has been well noted in the literature [6,8,9]. Building
energy consumption prediction can serve as a guide for informed decision-making towards
the conservation of energy in buildings.

Despite the stated importance and extensive application of various tools for energy
prediction in buildings, there is no consensus on the most suitable tool for building energy
prediction. In recent years, various researchers have applied different contemporary tools,
namely statistical or artificial intelligence (Al) tools [10-13]. These tools have been very
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prominent in research, due to their relatively good performance in energy prediction. How-
ever, the selection of these tools for energy prediction has been mostly arbitrarily performed
or based on popularity; without consideration for strengths and weaknesses [14-17]. The
ineffective method of tool selection often leads to the production of poor model perfor-
mance and time-consuming comparative analysis of tools, rather than the utilization of the
right tool for the specific condition. In research, this tool selection method can be due to
a lack of adequate evaluation reports of data-driven energy prediction tool performance,
centered on pertinent conditions. It is eminent that the tool’s performance in several models
(such as building energy prediction models) is greatly contingent on the tool and features
selected, among other factors [18-21].

Data-driven building energy prediction models (i.e., statistical or artificial intelligence
(AI)) have been explored and developed by many researchers, using various features
and building characteristics; climate, among others [22-24]. There is a lack of adequate
studies that have identified the pertinent features for the development of energy prediction
models, which could be one reason for the production of inaccurate results in studies [16,25].
However, the utilization of the wrong data-driven tool for a specific condition also leads to
poor performance in studies [14-17]. Despite the prominence of these efforts, the need for
more review studies that evaluate existing data-driven tools based on their performance
in various conditions (including the features selected for model training, and energy type
predicted, among others) is imperative. This is because such reviews will help facilitate the
selection of the right tool for a specific condition, and reveal the relevant features required
for model development.

To address this gap, this study aims to deliver a structured review of the perfor-
mance of data-driven tools, such as Artificial Neural Network (ANN) [26], Random Forest
(RF) [27,28], and Linear Regression (LR) [13], among others, employed for the prediction
of building energy consumption to identify the optimal tool in different conditions. This
study focuses on evaluating the performance based on the following conditions: type of
building used, type of energy predicted, and type of features used, among others, in the
various studies; and delivers a discussion of the findings; a guideline for tool selection;
and proposes future research directions. This study is structured as follows. Section 2
delivers an abridged overview of the existing review articles in the field of building energy
prediction and pinpoints the gaps. Section 3 explains the methodology utilized in this study.
Section 4 discusses the selected studies based on the features selected, the type of energy,
and the type of building, among others, and it also delivers the proposed framework for
tool selection. Lastly, Section 5 conveys the conclusion and future research directions.

2. Overview of Existing Review Studies

There has been increasing research on exploring the performance of various data-
driven tools for predicting energy use in buildings [20,23-25]. However, only a few review
studies have systematically analyzed these tools based on relevant situations. Hence, there
is no consensus on the best tools for certain conditions [29]. Several data-driven tools
possess to the capacity produce optimal performance in different conditions based on
their related strengths; for example, Artificial Neural Network (ANN) is recognized for
its production of optimal performance following the availability of a large dataset to train
the model [30], and similarly, Support Vector Machine (SVM) using a small dataset [31].
However, ANN has been applied in small data conditions, and vice versa. Therefore, it
is imperative to comprehend the strengths and weaknesses of data-driven tools under
certain conditions.

Several studies have reviewed the performance of data-driven tools in relation to
certain conditions, and instances of these studies are concisely stated in Table 1 below.
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Table 1. Overview of existing review studies and this study.

References Year Tools Reviewed Energy Type Focus Highlights
Generally, it is difficult to conclude which data-driven
tools are the best. From the academic literature, it was
ANN Algorithms deduced that most models produced reasonable
SVM comparison based performance accuracy using large datasets.
[32] 2018 Gaussian process on performance This paper conducted a comparative review of four
Clusterin P extensive review data-driven tools, namely Support Vector Machine
g on ANN (SVM), Artificial Neural Network (ANN), clustering,
and Gaussian-based regressions based on popularity
in the field of building energy prediction.
This paper concluded that Al-based tools are suitable
for prediction as they often produce better
performance. It was also stated that in comparison to
. . single method of prediction, the hybrid two-prediction
[33] 2017 Hybrid ANN Electricity Algor.lthms . methods could be employed for more accurate results.
SVM Hybrid algorithms Thi . . .
is paper conducted a comparative review of Hybrid
ANN, SVM, and Stochastic time series tools, primarily
centered on the performance of these tools for
predicting electricity energy.
This paper performed a comparative review of studies
that employed time series tools, namely
ARIMA Algorithms Autoregressive Integrated Moving Average (ARIMA),
[34] 2017 ARMA Electricit rgn rison based Autoregressive Moving Average (ARMA), and
. ANN ectricity comparnson base Al-based tools, namely ANN and SVM, for electricity
on performance .
SVM energy prediction.
It was stated that direct tool comparison across studies
is pointless.
ANN This paper delivers a comprehensive review of certain
ARIMA data-driven tools for energy use prediction. This study
SVM AlgorithmsHybrid also presents an analysis of a “hybrid model”, which
[35] 2017 Fuzzy time series Electricity algorithms combines two or more prediction tools.
N ary t Neiehbor Features It also examines tools applied with other time series
(k?\H\?)S-H ig d variables, such as outdoor climate, as well as indoor
yor environmental conditions.
kNN This paper delivers a review of commonly used tools
136] 2019 SVM Electricity Building typologies in the field of energy consumption prediction. This
o ANN Natural gas Data properties focused on data properties, building typologies, and
DNN assessment of accuracy.
iglll\\]/[A Types of Features This paper provided a review of building energy
[37] 2020 SVM Algorithms prediction tools with a focus on feature engineering,
LR performance performance, and types of features.
Although the existing review studies provided
comprehensive reviews of data-driven tools for energy
use prediction, the tools were reviewed with a focus
on performance/accuracy, feature typologies, and
specific types of energy. There is still a shortfall of
comprehensive reviews that capture the strengths and
performance of data-driven tools in various
. conditions, such as energy types (e.g., electricity,
ARIMA . Algorithms natural gas, etc.), feature types (e.g., building
Electricity performance -
ANN Natural G T £ Feat envelope, meteorological/weather, etc.) and temporal
This study 2022 SVM atura’ »as ypes of Features granularity. Comparatively, this paper conducts a
Overall building Types of energy . . A .
LR ener Temporal comprehensive review of five data-driven tools,
RF 8y pora’ namely ARIMA, ANN, SVM, Linear Regression (LR),
granularities

and Random Forest (RF), for energy use prediction
with a focus on various conditions (i.e., energy types,
feature types, and temporal granularity). This type of
review is imperative for proffering the knowledge to
promote more informed decision-making for the
appropriate selection of data-driven tools, rather than
the arbitrary selection of tools or selection based

on popularity.

3. Materials and Methods

This paper conducted a systematic review of data-driven tools and their performance
in various conditions. The arbitrary selection of tools for building energy prediction
engendered few tools that produced good performance (i.e., ANN [30], SVM) [31]. However,
to reduce the time-consuming comparative analysis and achieve optimum performance,
developers need to gain a better comprehension of the selection of the appropriate tool for
a specific condition (for example, the type of building considered, data properties, required
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accuracy, and type of energy considered). Figure 1 presents the framework of the key stages
of this research.
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Total records

criteria (n = 63)

Proposed guideline for
tool selection for energy
consumption prediction

Scopus
Data-driven tools
——

perfomance

)| » Types of features
utilised

» Types of Energy

§ predicted

Evaluation of
data driven tools
based on -

» Types of Building

- Tempo_re_ll
granularities

Figure 1. Diagram of the review framework.

In the past decade, several data-driven tools have been applied for energy prediction,
to such an extent that it is essentially unviable to comprehensively review all tools in a single
study. Hence, five tools were chosen for review, centered on popularity and limited existing
reviews. The selected data-driven tools [i.e., Artificial Neural Network (ANN), Support
Vector Machine (SVM), Linear Regression (LR), Random Forest (RF), and Autoregressive
Integrated Moving Average (ARIMA)] have been noted as being popular and promising in
extensive reviews [8,38,39].

Several databases were considered, such as Scopus and the Institute of Electrical
and Electronics Engineers (IEEE), Google Scholar, and Web of Science, based on their
possession of high-quality articles. However, only Scopus and IEEE were utilized in this
study. This is because Google Scholar engendered endless results with wavering precision
from the expected result, as also experienced by [40], while the Web of Science was not
used due to accessibility limitations. Nevertheless, the utilized databases were measured
as sufficient for a systematic review centered on their elevated indexing rate and broad
publication coverage [2,41]. Additionally, the two databases consisting of studies from
various countries worldwide were utilized to eliminate geographical bias [42].

Firstly, the keywords used for searching the two databases were cautiously selected
from existing review studies and a reflection of other energy-related articles [43,44]. Using
Scopus and the Institute of Electrical and Electronics Engineers (IEEE), a keyword-based
search was conducted. Several review and research articles have used synonyms such as
({“predict”, “forecast”}, {“usage”, “load”}). The selected keywords were encompassed by
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utilizing Boolean operators such as “OR” and “AND” to obtain suitable research articles
from the two databases (Scopus, IEEE). The keywords utilized were as follows:

“building” AND “energy” OR “electri *” OR “power” OR “load” AND “consumption” OR

“performance” AND “forecast *” OR “Predict *”

The search outcome produced research articles on building energy use prediction. The
results showed an increase in research from the year 2017, which is the reason why 2017
was chosen as the start year. The end date for this search was the year 2022. The titles and
abstracts of the search results were examined to confirm the suitability of the articles for this
study. Regarding inclusion criteria, the study needed to be extensive and have produced
satisfactory clarity (i.e., clear explication of methodology and findings). Furthermore,
the study needed to have employed one of the selected tools for the development of
the building energy prediction model. However, in exceptional cases where the abstract
and title were not clear enough to determine their suitability for the study, the full text
was examined. Regarding exclusion criteria, only English articles were selected due to
constraints in terms of interpretation costs, and research articles that did not utilize or
apply the selected tools were eliminated. Additionally, to improve the validity of this study,
only journal research articles were chosen because they were considered to be of good
quality [42]. After screening the articles, only 51 articles were systematically selected for
review. However, to include more studies and avoid bias, the bibliographies of selected
articles were explored to identify related articles that utilized at least one of the data-driven
tools reviewed. Subsequently, 22 more studies were included, which made up a total of
63 studies reviewed in this study.

4. Results and Discussion

This study conducted a review of the five most applied data-driven tools in model
development for predicting energy use in buildings. The five most utilized tools selected
included Artificial Neural Network (ANN), Support Vector Machine (SVM), Random Forest
(RF), Linear Regression (LR), and Autoregressive Integrated Moving Average (ARIMA).
Table 2 shows the performance values of the data-driven tools captured in these studies,
including the various energy types, building types, and time granularity explored (indicated
with a tick symbol (v/)), while those that were not clearly stated were represented with the
(X) symbol.

4.1. Scope of Prediction

The scope of the studies was categorized based on the type of energy load predicted,
the building types, and temporal granularity, based on all the different types of predic-
tions conducted in the reviewed studies. Four types of temporal granularities (i.e., yearly,
monthly, daily, hourly), three types of energy consumption (i.e., Electricity, Natural Gas,
Overall building energy), two types of building (i.e., residential, commercial) and two per-
formance measures (i.e., Mean Absolute Error (MAE), Root Mean Squared Error (RMSE)).
The proportion of the data-driven tools based on energy types, temporal granularity, and
performance were as follows: 14% of the selected data-driven tools were applied for yearly
energy usage prediction, while 6%, 30%, and 50% focused on monthly, daily, and hourly
energy usage predictions, respectively. The fraction of the different types of energy load
predicted in the selected research articles were 41%, 50%, and 9% for overall building
energy (OBE), electricity, and natural gas, respectively, as shown in Figure 2. Numerous
data-driven tools were employed in the selected studies, yet the most employed was SVM
with 32%, while the other tools accounted for 24%, 16%, 19%, and 9% for ANN, RF, LR, and
ARIMA, respectively.
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Table 2. Performance of data-driven tools employed in reviewed studies.

Author

S/N and Year Data Driven Tools Energy Types Building Types Time Granularity
Natural Total Overall
ANN SVM RF LR ARIMA G .. Building Residential ~Commercial Yearly Monthly Daily Hourly
as Electricity E
nergy
1 [14] 0.99 0.97 0.98 1.30 v v v
2 [45] 1.10 i v v
3 [46] 0.75 0.79 0.80 v v v v
4 [47] 0.18 0.10 v v v
5 [48] 0.34 0.71 1.36 Vv Vv
6 [49] 38.70 X X
7 [50] 29.55 31.36 31.85 51.97 Vv Vv X
8 [51] 242 v X
9 [15] 1.46 157 1.05 v v X
10 [52] 16.36 25.75 v v X
11 [53] 29.16 v X
12 [54] 9.52 v v
13 [55] 8.65 6.24 i v X
14 [56] 5.82 6.11 v Vi Vv
15 [16] 0.06 0.07 0.06 0.09 v Vv v
16 [57] 0.06 0.07 0.06 0.09 Vv v Vv
17 [58] 74.26 v v X
18 [59] 17.00 24.11 v v v
19 [60] 0.67 0.80 0.68 Vv Vv v
20 [17] 0.28 0.25 0.29 0.29 v v v v
21 [29] 24.85 v v v
22 [61] 3.13 2.56 v X
23 [62] 2.78 4 4
24 [63] 0.64 Vv vV
25 [64] 0.76 v X
26 [32] 2.82 2.71 2.80 v X
27 [26] 0.99 0.95 v X
28 [65] 22.67 v X
29 [66] 18.10 20.63 v v
30 [67] 2.70 2.79 v v v
31 [68] 0.25 0.20 v v
32 [69] 2.15 0.97 v V4
33 [70] 1.13 v X
34 [71] 0.37 0.35 0.41 0.42 0.39 Vv Vv vV Vv
35 [72] 1.58 v v X
36 [73] 50.77 64.18 v v
37 [74] 0.32 v v
38 [75] 21.73 i v v
39 [76] 1.69 26.02 1.09 Vv Vv Vv
40 771 0.08 0.10 v v X
41 [78] 89.49 87.40 Vv Vv X
42 [79] 0.96 v Vv Vv
43 [80] 4.49 v v
44 [81] 8.36 6.97 16.72 v v v
45 [82] 6.19 v v v
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Table 2. Cont.

S/N Author Data Driven Tools Energy Types Building Types Time Granularit

and Year gy 1yp! g 1yp y

Natural Total Overall
ANN SVM RF LR ARIMA G .. Building Residential ~Commercial Yearly Monthly Daily Hourly
as Electricity E
nergy

46 [83] 0.02 Vv v Vv 4
47 [84] 11.86 v v v
48 [85] 0.69 0.99 073 v v v
49 [86] 7.84 7.00 i v
50 1871 16.70 v v v
51 [10] 0.50 3.55 v v v X
52 [88] 24.47 34.95 43.90 v 4 v
53 [89] 27.10 25.80 26.20 Vv Vv
54 [90] 7.50 V4 V4 v/
55 [91] 0.06 Vv v
56 [92] v Vv v
57 [93] 13.68 12.57 17.65 v v v
58 [94] 0.05 Vv Vv Vv
59 [25] 68.31 11.68 417 v V4 4
60 [95] 26.88 23.70 26.00 Vv 4 V4 Vv
61 [1] 7.04 418 v v v
62 [96] 64.40 19.87 v v v v
63 [97] 2322 21.82 30.78 v v v
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Figure 2. (a) Proportion of studies that employed the different data-driven tools (b) Proportion of
studies that predicted different energy types (c) Proportion of studies that predicted different granu-
larity of energy consumption (d) Proportion of studies that utilized meteorological and occupancy
(e) Proportion of studies that employed different types of building.

4.2. Data Properties—Types of Features

The selection of input features is often the first yet most relevant stage in the develop-
ment of reliable data-driven prediction models [98,99]. Selecting the most significant input
feature is imperative in the development of data-driven energy consumption prediction
models, as model performance is also predicated on the sets of features or features [11,100].
The relevant input features are often greatly correlated with the target feature(s) or predicted
feature(s), with low correlation with each other. However, if features are highly correlated
with each other, but have low correlation with the target feature(s), methods such as Prin-
cipal Component Analysis (PCA) can be applied for dimension reduction [85,101,102].
Researchers often select features based on domain knowledge, the academic literature, or
understanding of prediction problems, which sometimes leads to the difference in features
applied in studies. Several features were used in the reviewed studies, such as building
properties (building wall thickness, wall area, window-wall ratio (WWR), building floor
area, building orientation, area of the roof, roof thickness, building height, orientation, area
of window glazing, glazing area circulation, mean heat transfer coefficient of the wall, heat
transfer coefficient of the roof, solar radiation of external walls, southern/northern/eastern
window-wall ratio (WWR), shading coefficient (SC) of the window, SC of the window),
occupancy features (building operation schedule, water temperature, and occupants size),
and meteorological or weather features (wind speed, direction of wind, dew point tem-
perature, air pressure, solar radiation, dry-bulb temperature, quantity of rainfall, and
humidity). Occupancy and meteorological features have received increased attention in
recent studies [14,45,46,103] due to their significance in predicting energy consumption
in buildings.

Building electricity is mainly influenced by two features, namely occupancy and
weather conditions [88,104]. Meteorological features have been more frequently utilized in
recent research, having been employed in 79% of the reviewed studies. Only 21% of review
studies used occupancy features. The low proportion of studies that utilized occupancy fea-
tures could be due to the inability to easily obtain these data [22,105]. However, observation



Energies 2023, 16, 2574

9 of 20

and examination of 35 buildings elicited that there is a high correlation between outdoor
weather (i.e., temperature, wind speed) and building properties (window, wall) [106]. It is
also concluded that the lower the U-values of windows ultimately results in better energy
performance of the building [107]. Additionally, the high correlation between the building
wall and the outdoor weather of the location of the building is based on the fact that the
intensification of wall thickness in cold regions has a significant impact on a building’s
energy performance [108,109]. Furthermore, it is noted that energy savings through the
optimization of wall properties vary in various outdoor weather conditions [109]. For
example, in a cold region, [109] indicated that the increase in wall thickness has a sizable
impact on the building’s heating energy usage, while it displays a relatively minimal impact
on the building’s cooling energy usage.

Occupant behavior has a considerable effect on the energy consumed in buildings
and on prediction, it is considered one of the key reasons for differences or errors between
the predicted output and the actual energy consumption values [105]. Although occu-
pant behavior is considered one of the most important features that influence the energy
consumed in buildings, it is also considered one of the key reasons for uncertainty in
prediction outcomes [11]. However, considering the difficulty in obtaining occupancy data
and its relative importance, studies such as [110] have gone further. To obtain occupancy
data, [110] attached an infrared thermal sensor to the main entrance to determine the occu-
pancy rate. Nonetheless, this study proves that the occupancy rate could not significantly
impact electricity energy consumption.

4.3. Data-Driven Tools

Data-driven tools are required to train a building energy usage prediction model.
Prior research in the field of data-driven energy use prediction has employed SVM and
ANN, among others. Generally, ANN and SVM were employed for energy use prediction
in 24% and 32% of the selected articles, respectively. While ARIMA, LR, and RF were
employed in 9%, 19%, and 16%, respectively. In recent years, the most applied tools
for developing building energy prediction models have been data-driven tools (mainly
statistical and Al-related tools) [57,59]. Based on popularity, ANN is considered the most
prevailing for energy use prediction in buildings [111,112]. Aside from its disadvantages,
such as high computational costs and deficiencies in terms of transparency [30,33,51],
numerous studies have randomly employed the ANN tool due to its acceptance in the field
of energy prediction [16,25,60,95,113,114]. ANN is fairly recognized for its production of
good outcomes following the availability of large data sizes to train the model [12,30,115].
However, ANN and other fairly common data-driven tools (i.e., RE, LR) have been utilized
and compared in various studies using a small data sizes [71,73,116]. More recently, SVM
has emerged as one of the most utilized data-driven tools based on its capacity to produce
good outcomes regardless of the data size [31,33,117]. However, a drawback of SVM
is its large requirements and low computational efficiency [118]. Various comparative
analyses of ANN and SVM have been conducted and some studies have concluded that
SVM performs better than ANN, while some have concluded otherwise [15,48,50]. The
selection of a data-driven tool for energy use prediction or other purposes should not only
be based on its strengths and its popularity /acceptance, but also a comprehension of its
disadvantages [119].

4.3.1. Performance Evaluation

In the research, after the development of energy prediction models using data-driven
tools, the evaluation of these models is often implemented using various measures, such as
Mean Absolute Error (MAE), R squared, Root Mean Square Error (RMSE), and Coefficient
of Variation (CV), among others. Of these performance measurements, the most utilized
measurement was MAE.

1.  Mean Absolute Error (MAE) is an evaluating measurement of performance that
examines the disparity between the predicted values and the actual values at their re-
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spective points in a scatter plot. The score closer to zero represents better performance,
while the closer the value is to one indicates a poor performance.

1
MAE = — Y |AE; — PE;| 1)

2. Root Mean Squared Error (RMSE) is an evaluating measurement of performance
employed for calculating the difference between predicted values and actual values.
The RMSE score closer to zero represents better performance, while the closer the
value is to one indicates a poor performance.

RMSE = \/ % Y " (AE; — PE;)? )

Comparative analysis of data-driven tools is mainly implemented to identify the most
effective tool based on the prediction performance. In the energy prediction field, overes-
timation and underestimation can have a detrimental effect on industrial and economic
developments [47]. Figure 2 shows a direct comparative analysis of the selected tools in a
chart. Some studies utilized MAE, while few studies employed RMSE to evaluate perfor-
mance. Hence, both performance measures were utilized for this comparison, and this can
be undoubtedly measured and compared centered on low error values, representing good
model performance. Figure 2 displays the average error values for a set of tools in a direct
comparison. The results show that SVM and ARIMA outperformed other tools, such as
ANN, LR, and RF.

Figure 3 shows a pairwise comparison of the reviewed tools using average perfor-
mance; however, this is not enough to deduce an unbiased inference. For a more objective
and equitable analysis, Figure 4 also shows the number of studies that concluded that one
tool is better than the other, based on different evaluation methods.

ARIMA [Nl 0.59
LR 5.51

ARIMA NN 0.84
RF 0.69

LR 13.70
RF 9.03

AR IIV1A | 10.69
S Ppiki

LR 11.40
SVM  —— 7.71

RF 5.63
SVM I —— 5.57

ARIMA I /.15
ANN | 1232

LR 11.07
ANN [ /.10

RF 6.23
ANN | 501

SVM I 12.90

AN IN | 17.50

0 5 10 15 20

Figure 3. Pair-wise comparison using average performance.
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ARIMA I 2
LR 3

ARIMA I 1
RF 1

LR 2

ARIMA I 2
SVM I 4

LR 4
SVM I —— 9

RF 4
SVIM | O

ARIMA I
ANN I 4

LR 4
AN N | 7

RF 3
ANN I 3

SVM e 10
/AN N | O

Figure 4. Pair-wise comparison based on the number of studies that noted one tool as being better
than the other.

The results from Figures 3 and 4 show that SVM outperformed other tools such as
ANN, LR, RF, and ARIMA. Figure 4 shows that Al-related tools such as SVM, ANN, and RF
produced better performances in more studies than statistical tools such as LR and ARIMA.

However, the good performance of ARIMA in comparison to LR could be due to the
capacity of ARIMA to handle temporal dependencies such as weather data [120]. It is
noted that meteorological data is employed in 79% of the review studies as it is one of
the key factors for energy prediction in buildings [88,104]. Similarly, RF also produced
better performance than LR due to its ability to capture nonlinear relationships between
predictors [121]. Several factors could justify the reason for the outperformance of SVM,
such as data size, data quality, etc. SVM can handle non-linear relationships in the data [122]
and produce good performance in small data sizes [31].

4.3.2. Temporal Granularities

There are four major types of building energy consumption prediction that have
recently gained more attention: yearly, monthly, daily, and hourly. This is due to the
availability of advanced energy consumption meters in buildings, which record energy use
at varying intervals [47]. Of all the energy prediction types, hourly energy prediction was
the most performed among the selected research articles, constituting a total of 52%. Other
energy prediction types were researched in a reasonable portion of the total research articles,
such as daily (27%), monthly (6%), and yearly (15%). In research, temporal granularities are
separated into classes, namely short term (i.e., daily, hourly) and long term (i.e., monthly,
yearly); the short term has been noted as the most prevailing because of their direct
relationship with the daily operations of the building [123]. Hence, a low percentage of
the selected articles concentrated on long-term (i.e., monthly, yearly) energy consumption
predictions. This could also be due to the more pronounced nonlinearity in long-term
sample sizes in comparison to short-term sample sizes [124]. However, long-term energy
consumption predictions are considered vital to decision-making regarding economic and
operational scheduling [114]. In building energy consumption prediction, various data-
driven tools have been stated to elicit good outcomes for certain granularities. For example,
RF and SVM have been noted for their good outcomes in predicting long-term electricity
(heating and cooling load) consumption [48,125]. However, SVM has also shown good
performance among other data-driven tools for predicting long-term electricity use [93].
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(a)

(c)

For temporal granularity, the chart visualized in Figure 5 above shows the average
performance values (i.e., MAE, RMSE) for predicting the specific granularity of energy
consumption in buildings. Figure 5 shows that LR produced the best performance for
annual energy prediction, while the Al-related tool also produced a relatively good perfor-
mance. Considering ARIMA was not employed for annual energy prediction, it cannot be
proffered that statistical tools are better at predicting annual energy consumption. Regard-
ing monthly energy use prediction, only the performance of SVM produced a relatively
poor performance. In comparison to other tools, ANN produced the best performance
for daily energy use prediction and SVM produced the worst performance. Furthermore,
RF produced the best performance for hourly energy use prediction and ANN produced
the worst performance. To prevent ambiguity, tools employed in only two studies were
removed from this comparison, considering that this engendered high average perfor-
mance values. For example, ARIMA was only employed in two studies for hourly energy
use prediction. Additionally, studies with performance values of over 50 were removed.
For example, [25] employed ANN for hourly energy prediction, and the MAE was 68.31.
Additionally, Figure 5 also shows the number of studies that employed each reviewed tool
for different granularities of data. The results show that SVM was the most employed for
predicting hourly usage, while ANN was the most employed for daily energy prediction.

Yearly (b) Monthly
2.18
g 14.96
3
= ANN =SVM =RF =LR = ANN =SVM = ARIMA
Dail Hourly

Y (d) il

12.3
Vs,
15
=ANN =SVM =RF mLR =mARIMA mANN =SVM =RF mlR m=ARIMA

Figure 5. Number of studies and average performance values of each for specific granularity of
energy prediction—(a) yearly, (b) monthly, (c) daily, (d) hourly.

4.3.3. Building Types

Data of varying sizes have been collected from different building types and these data
have been utilized for developing data-driven (statistical or Al tools) energy use prediction
models [71,73,83]. In this study, the different buildings types were classified into two sets,
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namely: residential (i.e., [91,126]), commercial (i.e., hotel buildings [5,25,127], hospital
buildings [93,128], educational buildings ([54,59]). The percentage of reviewed studies that
utilized different building types were as follows:

A total of 38% of selected research articles explored energy use prediction for resi-
dential buildings, which was relatively low compared to the 62% that explored energy
use prediction for commercial buildings. The relatively low fraction of articles focused on
residential buildings could be due to a shortage of sensor-based data, which is a prerequi-
site for training the model [129]. Additionally, the difficulty in accessing occupancy data
could be another reason for the low concentration of residential buildings. In commercial
buildings, researchers have obtained occupancy by attaching data from infrared thermal
sensors to the main entrances of buildings to collect occupancy data [110]. Occupancy
behavior is measured as the most indeterminate feature in building energy use predic-
tion [22,105]. Nevertheless, the importance of overcoming these setbacks in energy use
prediction cannot be overemphasized, as residential electricity constitutes 70% of total
electricity in the UK [48]. Furthermore, owing to the elevated degree of total energy use in
commercial buildings, there has been a higher number of studies focused on commercial
buildings than residential buildings [47]. Commercial buildings consume over 45% more
energy than residential buildings in the UK [59].

Based on the reviewed studies, Al tools showed better outcomes than statistical
tools. A total of 37% of studies concluded that ANN produced the best performance in
comparison to other data-driven models for energy use prediction for both residential and
commercial buildings. Following this, SVM was rated as the best prediction model for
both residential and commercial buildings in 37% of reviewed studies. ARIMA and LR
were concluded as the best models in 31% and 25% of the studies in predicting energy use
for both residential and commercial buildings. However, further analysis was conducted
using the performance values of all studies. Figure 6 displays the average performance
values (i.e., MAE, RMSE) for predicting the energy consumption of two types of buildings
(i.e., residential, commercial). Figure 6 shows that RF outperforms the other models for the
prediction of energy use for residential buildings, while ARIMA elicited better performance
than other models for commercial buildings.

ARIMA

I 14.89

17.76
LR

I — 10.01

10.33
RF

I 0.97

12.08

I —— 12.27

SVM

16.53
ANN

I — 11.12

0 2 4 6 8 10 12 14 16 18

Commercial m Residental

Figure 6. Average performance values of energy prediction for predicting different buildings.

4.3.4. Energy Consumption Types

This study reviewed research articles that developed data-driven models and con-
ducted a comparative analysis of these models for predicting three different energy types:
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electricity, natural gas, and overall building energy. Overall building energy denotes the
combination of all the energy types consumed in a building. The fraction of studies that
explored the different energy types were as follows: overall building energy (50%), elec-
tricity (38%), and natural gas (12%). The high percentage of studies focusing on overall
building energy could be due to a combination of other types of energy. Following this,
electricity has received a good percentage of attention from review studies based on its
noted consumption of over 65% of total electricity usage in China, as well as its projection of
constituting over one-fifth of electricity consumption in buildings worldwide by 2050 [130].
The low focus on natural gas could be because of the adoption of renewable energy sources
for operational buildings and the eradication of non-renewable sources (i.e., natural gas) [1].

4.4. Proposed Framework

Based on the results and deductions of this systematic review, Figure 7 presents a
streamlined framework to support or guide the selection of tools by energy prediction
researchers and model developers. Essentially, all of the tools reviewed in this study could
make predictions. However, some tools are better than others in specific situations. For
example, if a low error rate is the target goal for model developers and only a small sample
size is available for model training, SVM will be a suitable choice for such a situation.

+ Artificial Neural Network(ANN):
- Can perform well and handle large amounts of data.

- Can be computationally expensive. 1 Randon e O
- Deficiency in transparency. I Low ertor ke~
- Less interpretable than other models. Computationally expensie - -
- Prone 1o overfting. Less interpretable than other models -
- Canbe less other ng small sample prone to overfting -
e sl 10 i e o e L e v May not be able to handie complex non-finear relationships -

gy use pr

- Produce good performance for daily energy use predictioh

prediction -
- Good fo preicton of energy use for both residental ot o ik of ey e Ko Fekeil DOl

and commercial buidings.

+ Support Vector Machine (SVM): In practice, This framework
l will result in optimal usage of + Linear Regression (LR):
tools for the right situation 2
ol lontiyes based on their Efficient and fast -
strengthsiweaknesses Sibibleor ke ditases t
Less prone to overfitting than other models. L
— — Can be computationally expensive Easy to interpret - R
/- asitcanbe diffcult to understand the \ Can't hande categorical variables data - 1/. Can'be used to understand the N
/ specific features that are driving the predi Y o St /relationship between energy consumption and "\
[ ) - Can't handle temporal dependencies i the data. i o | fother factors. \
|« which is important in energy consumption B q Y \
\E\rcdlawn as the energy consumption pattern / - Perform well using small sample sizes L Ll st - which is important in energy consumption
~_changes over time. s ) ol iogandess ofhe data sze Good for both residential and commercial ennergy use prediction - +|prediction as the energy consumption pattern /
Perform: \changes over time. /
- Have large requirements \\ ///
Low computational efficiency ) -
- Good outcome in predicting fong term energy 4 - Can handle temporal dependencies in the data
consumption ~ Simple to use and interpret
- Low error rate - Also good for short-term predictions.

- Can't handle correlated independent variables, which can lead
1o overfitting or unstable estimates.

- Good for both residential and commercial ennergy use
prediction

Figure 7. Proposed guideline for tool selection for energy consumption prediction.

In Figure 7, the singular rectangles around the circle show the strengths and weak-
nesses of each data-driven tool, and their ability to produce good predictions in certain
conditions. For example, ANNSs are noted to be computationally expensive; however, they
produce good predictions for the energy use of residential and commercial buildings.

5. Conclusions

In this review, it is apparent that the application of data-driven tools for building
energy use prediction has drawn more research attention. Various models perform well
for various purposes, in different conditions, and are trained on various feature sizes
and data sizes. However, many tools are applied in the wrong conditions without much
consideration of their strengths in dissimilar circumstances or conditions. This paper
delivers a systematic literature review of commonly used tools in the field of energy
consumption prediction, based on certain relevant conditions. The development of an
energy use prediction model requires step-by-step consideration of all the studied aspects
in this study. This study delivers a guideline for model developers to facilitate informed
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decision-making during model development in diverse conditions, and therefore, eradicate
the development of models based on popularity.

Results show that Al-related tools such as SVM, ANN, and RF produced better per-
formances in more studies than statistical tools such as LR and ARIMA. However, LR
produced optimal performances in specific situations, such as annual energy prediction.
ARIMA elicited good performances for energy prediction of commercial buildings, while
RF produced good performance for residential buildings.

Based on overall performance, regardless of the different criteria, SVM produced very
good results. This could be due to several reasons—SVMs can handle high-dimensional
data, which is important in energy consumption prediction as the energy consumption
pattern changes over time. Furthermore, it is less prone to overfitting than other tools and
it performs well with small data sizes. Although, SVM produced good performances in
the majority of the reviewed studies, in general, the finding indicated that no singular
data-driven tool is fundamentally better than all other tools in all conditions.

This study has shown that specific areas require further attention: yearly and monthly
energy consumption predictions, and natural gas energy predictions. The low focus of
attention in these areas could be due to insufficient data; however, this is slowly changing
as several buildings have been equipped with smart meters. Therefore, this will elicit
more research in these areas. Despite the results, which convey that no singular tool
performs best in all conditions, future research should consider the review of hybrid tools
performance in several conditions. Furthermore, future research should explore ANN, LR,
and RF for yearly, daily, and hourly energy use predictions, as they appear to yield good
results in many conditions or circumstances. Future research should also consider focusing
on studies that employ deep learning methods in various situations, and developing SVM
and other hybrid models for predicting building energy consumption.
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