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Abstract

The ever-increasing complexity in the power system has introduced a higher demand for forecasting
to keep the grid stable. Load forecasting has been an integral part of planning and maintenance
by power system operators for both short and long horizons. Due to lacking technology, load fore-
casting has mainly been applied at the regional level. However, the revolution in sensor technology
and data processing for machine learning has also enabled the investigation of residential load
forecasting. The current practice within machine learning consists of black box models, which are
highly complicated, giving little insight and reliability. Explainable artificial intelligence aims to
solve this by allowing domain experts and others to understand the choices of the model.

This thesis aims to develop an hour-ahead load forecasting model for a residential home using
explainable artificial intelligence. Multiple LSTM and CNN-LSTM models were proposed with a
foundation in theory. During the development phase, the explainable artificial intelligence tool
SHapley Additive exPlanations was used to investigate and increase performance by feature eval-
uation. Additionally, anomalies and outliers were examined in hopes of obtaining insight into
the behavior and a greater understanding of the model environment. It was found that the use
of explainable artificial intelligence significantly improved the model’s performance and gave an
indication of which features to include and omit. Surprisingly, the LSTM model outperformed the
CNN-LSTM hybrid models. Moreover, including regional load forecasting further enhanced the
model. Finally, it was found that including too many features limited performance.

The improvements and increased insights provided by explainable artificial intelligence found in
this thesis suggest that there is a potential for explainable artificial intelligence to be a fundamental
path toward trustworthy artificial intelligence. However, to reach its potential, more research is
needed.
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Sammendrag

Den stadig økende kompleksiteten i kraftsystemet har introdusert et større behov for prognoser
for å holde nettet stabilt. Lastprognoser har vært en avgjørende del av planlegging og vedlike-
hold gjort av kraftsystemoperatører, p̊a b̊ade kort og lang sikt. P̊a grunn av manglende teknologi
har lastprognoser i hovedsak blitt brukt p̊a regionalt niv̊a. Imidlertid har revolusjonen innen
sensorteknologi og databehandling for maskinlæring ogs̊a muliggjort utviklingen av lastprognoser
for boliger. Dagens praksis innen maskinlæring best̊ar av black box modeller, som er svært kom-
pliserte og gir lite innsikt og p̊alitelighet. Forklarlig kunstig intelligens har sett en økt i utvikling,
slik at domeneeksperter og andre kan forst̊a valgene til modellen.

Denne oppgaven tar sikte p̊a å utvikle en lastprognose-modell for strømforbruk en time frem i tid,
for et bolighus ved å bruke forklarbar kunstig intelligens. Flere LSTM- og CNN-LSTM-modeller
ble foresl̊att basert p̊a et teoretisk grunnlag. Under utviklingsfasen ble det forklarbare kunstige
intelligensverktøyet Shapley additive explanations brukt til å undersøke og øke ytelsen ved funks-
jonsevaluering. I tillegg ble anomalier og feilvurderinger undersøkt i h̊ap om å f̊a innsikt i atferden
og en større forst̊aelse av modellen og dens omgivelser. Det ble funnet at bruken av forklarbar kun-
stig intelligens forbedret modellens ytelse betydelig og ga innsikt om hvilke funksjoner som skulle
inkluderes og utelates. Overraskende nok presterte LSTM-modellene bedre enn CNN-LSTM hy-
bridmodellene. Dessuten ble modellen ytterlige forbedret ved å inkludere regionale lastprognoser.
Det ble og konkludert ved hjelp av forklarbar kunstig intelligens at de best ytende modellene var
de med et færre antall innputvariabler.

Forbedringene og økt innsikt gitt av forklarbar kunstig intelligens funnet i denne oppgaven antyder
at det er et potensial for forklarbar kunstig intelligens til å være en grunnleggende vei mot p̊alitelig
kunstig intelligens. For å n̊a sitt potensiale vil det være nødvendig med mer forskning innen temaet.
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Chapter 1

Introduction

The constant progression in the field of electric power engineering and leaps made in computer

science has not only led to new exciting ideas, but new challenges have surfaced as well. Fur-

thermore, it has become evident with global warming that new, intelligent solutions are crucial to

complete the green shift. The electricity demand is expected to increase by 2050 [2], with Norwe-

gian power consumption estimated to increase by 23 TWh [3]. The new energy sources penetrating

the market, such as wind and solar, are weather dependent, meaning they are more unreliable.

An increasingly loaded power system supplied by renewable energy will lead to vulnerabilities.

Statnett, the Norwegian Transmission System Operator (TSO), has in their investments plans for

2030 an estimated 60 − 100 billion NOK earmarked for grid investments [4]. The Norwegian

government has also created a new operating cost model, taking effect on July 1st. This model

aims to incentivize distributing the load throughout the day, counteracting peaks. Power peaks

are unfortunate as they increases the stress, leading to higher losses and wear to components [1].

In Norway, households are responsible for about 22% of the total energy use, comprised mostly of

electricity [5]. The aggregated power consumption of households is especially susceptible to power

peaks due to people having similar living patterns. Formerly, little planning was done in regards

to power consumption in households. This is because electricity is viewed as readily available at

the ”push of a button”, and changes use of electricity should not burden the consumer. However,

introducing ”smart technology” and automatization, can aid planning and peak shaving. This is

apparent with the recent Electric Vehicle (EV) evolution. If every car owner were to charge their

car simultaneously, the grid would be overloaded. However, by spreading the charging throughout

the day, peaks are removed. This is also possible for other high demanding equipment, like heaters

and dishwashers. On the production side, new compact solar and wind technology has made it

relevant for consumers to become prosumers– namely, both producers and consumers.

With the aforementioned changes and challenges, there is an increasing need for forecasting to

control production and consumption optimally. Today, forecasting is used actively by producers,

TSOs and Distribution System Operators (DSOs), and power market operators, among others.

However, due to multiple challenges, relatively little is done in residential load forecasting. First

of all, local load forecasting demands accurate sensors due to the relatively small fluctuations in

consumption becoming significant. Secondly, data storage and processing have improved massively

over the last couple of years. And finally, for residential load forecasting to be useful, it needs to

be scalable, which has until recently been expensive.
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A comprehensive review by Debnath et al. [6] explored different types of forecasting methods

used for energy forecasting. Historically, statistical models such as AutoRegressive Integrated

Moving Average (ARIMA) have been important. ARIMA is still a valid option due to its simplicity

compared to Deep Learning (DL) models. DL models utilizing neural networks usually outperform

statistical methods, with Artificial Neural Networks (ANN) being used in 13.2 % of the models

in the review [6]. The literature also mentions Support Vector Machines (SVM) and Long Short-

Term Memory (LSTM), among the most used Artificial Intelligence (AI) methods [6], [7]. Hybrid

models are becoming increasingly popular, often consisting of a statistical method and a DL method

or multiple different DL methods. Aside from model type, selecting input variables, also called

features, is crucial for performance. The choice of features is heavily affected by the forecasting

horizon. For short-term load forecasting, such as hour-ahead predictions are reliant on historical

loads data. Furthermore, Numerical Weather Predictions (NWP) and categorical data is often

utilized in forecasts [7].

DL models, such as LSTM and ANN, are complex, with multiple interconnected layers. Intro-

ducing numerous features further complicates the model, making it impossible to understand the

underlying decisions made by the model. Models which humans do not understand are called black

box models. Due to not being explainable, black box models are controversial in medicine and other

fields due to a lack of trust and responsibility [8]. Explainable Artificial Intelligence (XAI) partly

solves this problem. It can be seen as a way of getting knowledge about the model, turning the

black box into a glass box model. Figure 1.1 depicts different DL and statistical methods plotted

against the accuracy and interpretability of the model. Red circles show the various methods, while

the arrows and green dots indicate how XAI is expected to improve the models. XAI is one of four

pillars of Trustworthy AI, an increasingly used measure for the usefulness of AI. The three other

pillars are Responsible AI, Privacy Preserving AI, and Valid AI [8]. Within the energy field, XAI

has been utilized for frequency control in power systems [9]. Zhang et al. [10] used the XAI library

called SHapley Additive exPlanations (SHAP) on a reinforcement model for emergency control on

power systems. A model for Photo-Voltaic (PV) forecasting was explained using different types of

XAI-tools by Kuzlu et al. [11]. The paper compared Local Interpretable Model-agnostic Explan-

ations (LIME), SHAP, and ELI5. The paper did not suggest any improvements to the model, nor

did any other papers found in the literature.

2



Figure 1.1: Relationship between interpretability and accuracy for different statistical and machine
learning models [12].

With an increasing demand for load management, the use of forecasting will become critical in all

stages of the power system. The uncertainty of black box models is one of the leading pitfalls of

today’s technology. Obtaining clarity can lead to higher reliability, and subsequently, it can be

applied more extensively. This thesis sets out to explore the possibilities of XAI within energy

forecasting and will try to answer: how can the application of XAI-tools improve and gain

insights into the inner workings of black box models as a step toward trustworthy AI?

This master’s thesis is structured into three main parts. The first part consists of researching

the current environment of relevant topics. Additionally, data is collected and investigated during

this segment to gain insight ahead of the modeling stage. The second part involves developing an

hour-ahead load forecasting model for a residential house using different measures. Two different

approaches are used. The first type is an LSTM model, and the second is a hybrid approach

consisting of a Convolutional Neural Network (CNN) hybridized with an LSTM model. The third

part of the thesis concentrate on implementing SHAP to the different models in hopes of unlocking

a deeper understanding of the models. This will, in turn, be used to try to improve the model

further. Specifically, the thesis attempts to contribute the following:

• Development of hour-ahead electrical load forecasting models for a Norwegian detached house

using LSTM and CNN

• Perform explanatory analysis with XAI-tools such as SHAP to gain insight and improve the

forecasting model

• Conduct performance evaluation to attain the best performing model

• Obtain a greater understanding of the modeling environment for future forecasting problems

3



Chapter 2

Background Theory

2.1 Electric Loads and Generation

This section is inspired by the specialization work [1] and covers the electric loads from a regional

to household perspective, in addition to a short section covering electric power production.

2.1.1 Industrial and Regional Loads

The long history of the process industry in Norway was and is heavily reliant on hydropower

production. According to Støa et al. [13], the process industry uses about 35 TWh of annual

hydropower production. The metallurgy industry and aluminum production are among the leading

causes of emissions in the industry, releasing close to 6 million tons of CO2 − eq, with the entire

sector being responsible for 18% of Norway’s emissions in 2017 [13]. To decrease these emissions,

the aim is to become net zero by 2050 through direct and indirect electrification. Among the

measures are more electric heating and hydrogen in electrolysis. Most of the electricity going into

the oil production today is created on-site by gas turbines. However, during the last decade, the

introduction of underwater cables providing electricity from onshore production has become more

regular. It is expected that by 2025 7.5 TWh of energy use on Norwegian oil rigs will be covered

by sea cables, equating to about five percent of the total power consumption of Norway [14]. It is

expected that this will only increase towards 2040 as well.
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Figure 2.1: Net energy consumption in Norway, 2020. Excluding raw materials [5].

Sintef has, in collaboration with the Confederation of Norwegian Enterprise (NHO), proposed

a road map for probable future industries in Norway [13]. Among these industries are battery

and hydrogen production. Furthermore, the Norwegian Water Resources and Energy Directorate

(NVE), in their report on Expected electricity consumption towards 2040 [3], indicated that data

centers can amass 5 TWh in Norway by 2040. Another study, performed by Det Norske Ver-

itas (DNV) for the Norwegian government, indicated that producing 10, 000 tons H2/year would

require 0.5 TWh [15]. As of today 225, 000 tons of grey hydrogen is produced in Norway. In addi-

tion, DNV estimated that by 2030 the maritime sector and transport would need an accumulated

46.9 tons of hydrogen annually, which translates to 2.3 TWh of electricity for hydrogen produc-

tion [15]. Regarding battery production, as of 2021, multiple factories are planned for large-scale

battery production. Among these are Morrow batteries in Arendal [16] and Freyr in Mo i Rana

[17]. Large-scale battery production is energy-intensive. In a study by Kurland [18], producing

1 kWh of battery capacity requires 50 − 60 kWh, excluding previous steps in the supply chain.

Introducing battery production to Norway will establish a great need for energy [3].

From Figure 2.1, it is observed that the transport sector is mainly run on oil and oil products.

In total, the transport sector is accountable for 60 % of emissions in the sectors not subject to

regulation through the Emissions Trading System (ETS) [14]. There is currently a significant

change to both personal transport as well as heavy duty transport. The Norwegian government

has decided that by 2025 all new passenger cars, vans, and city busses will be electric or run on

other clean sources [14]. By 2030 50 % of trucks and all heavy vans will be electric [14]. As of

2019, only 1 % of all transport consumption came from electric sources [5]. There are different

predictions about much power on land transport will require in 2050, but NVE estimates about

14.5 TWh, whilst Energy Norway estimates upwards of 20 TWh [19].

Furthermore, the maritime and aviation industries are headed towards more electric consumption.

There is work on short-distance electric ferries, and already some electric ferries in operation
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[20]. Electrification of long-distance ships is, however, not feasible as of right now. A more viable

solution is using other clean energy sources, such as the aforementioned hydrogen [15]. The aviation

industry has similar struggles, where short distance flights are deemed feasible, but longer flights

are challenging to accomplish. Avinor intends that all domestic flights in Norway are electric by

2040 [21].

The third largest energy consumer in Norway is households. Contrary to the transport sector,

homes are mostly powered by electricity. In 2017, 83 % of the 47.6 TWh total energy use came

from electricity. The primary consumers are heating, lighting, and electrical appliances. Over the

last couple of years, the percentage of electricity used in this has increased. The two main reasons

for this are increased electricity use for heating and more electrical appliances used in the home

[5]. Even though the percentage is rising, NVE reports that the total consumption in the sector

will remain stable, even decline by up to 1 TWh by 2040 [3]. Although the number of buildings

in Norway is increasing, improved energy efficiency will counteract the need for more energy to

buildings. Especially heating demand will most likely decrease as a result of improved insulation

and warmer outdoor temperatures.

2.1.2 Power Production

Apart from hydropower, Norwegian generation consists of wind, thermal and solar. About 10 % of

Norwegian production stems from wind energy. Today, wind energy is harvested on land by large-

scale turbines. However, in the future, offshore wind power will most likely be a viable solution. As

of today, the technology has not reached this point, but it is estimated that production will be ready

by 2030 [22], [23]. The rest of the energy production stems from thermal and solar, covering 2 %

and a negligible amount, respectively. According to NVE, solar power plants will be the cheapest

option based on Levelized Cost Of Energy (LCOE) by 2030. The expected production price of

PV panels will most likely drop, making it a viable option, even in Norway [24]. Furthermore, PV

panels have the advantage of being scalable, making it versatile, from large solar plants to be roof

mounted. A future power grid with an increased share of unreliable power sources will increase

the need for better planning and use of available power.

2.1.3 Local Loads

NS3031 [25] is the Norwegian standard for rules and regulations for the calculation of energy per-

formance of buildings. In this, the gross energy need for a household is divided into six categories:

1. Heating

(a) Room heating

(b) Ventilation heating

2. Hot water

3. Cooling

(a) Room cooling

(b) Ventilation cooling
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4. Fans and pumps

(a) Fans

(b) Pumps

5. Lighting

6. El-specific equipment

The main contributor to the energy usage of Norwegian households is heating. About 78% of the

energy demand is due to heating and hot water [2]. Norway, being situated far north, is heavily

affected by seasonal changes. Especially during the winter, the need for heating is essential.

Furthermore, in the winter, the number of sunlight hours diminishes, with some parts of Norway

not seeing the sun for a short period of the year. This increases the need for lighting. With

improved technology, the efficiency of heating and lighting has drastically reduced the energy

demand. Where heating formerly was mainly provided from fireplaces and oil boilers, today, the

major share of heating is supplied by electricity [26]. With the summers being temperate, there is

little need for cooling or heating in residential buildings. Generally, the use of electrical appliances

is increasing. This is particularly relevant for the car fleet as the number of EVs penetrating the

market grow, which in turn increases the residential loads and peaks.

2.1.4 Different Categories of Electrical Household Appliances

The load profile of electrical appliances is affected by multiple parameters. One of the most

predominant ones is user pattern, e.g., domestic hot water use is heavily influenced by the length

of showers taken by the individual. Extensive research has been done to understand how different

household appliances affect the general load of the resident. Among the most used Appliance

Load Monitoring (ALM) methods are Non-Intrusive Load Monitoring (NILM) and Intrusive Load

Monitoring (ILM). The difference between the methods is where and how many sensors are placed.

NILM relies on a single measuring point, usually located on a smart meter. As this measurement

will be the net consumption, one can subsequently define it as,

P (t) =

n∑
i=1

pi(t). (2.1)

From Equation (2.1), it is understood that each term in the sum represents an active electrical load

at time t. NILM aims to provide an accurate breakdown of P(t). This is accomplished through

load signatures. A load signature is the distinct behaviour different appliances exhibit during use.

For example, a heater will behave differently to an EV charger. These states can be assigned into

four different types, as done by [27]. The following four states are (and depicted in Figure 2.2):

Type I: ON/OFF Type I appliances operate at only one load level, which can easily be recog-

nized when used. Examples of ON/OFF equipment are non-dimmable lights.

Type II: Finite State Machines Finite state machines are similar to Type I appliances. How-

ever, finite state machines can operate at multiple different load levels based on different settings

on the machine. A washing machine is an example of a Type II load in a household. During a
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wash, it will require different amounts of power depending on what mode it is on and where in the

washing cycle it is.

Type III: Continuous Variable Devices Equipment that draws different amounts of power

depending on the operating state is recognized as continuous variable devices. These load signatures

can be difficult to identify as they do not have a preset number of operating conditions, making

them unpredictable. Charging of batteries falls into this category.

Type IV: Permanent Consumer Devices This category is self-explanatory as these devices

are constantly on. Among these is equipment that draws small amounts of power, such as alarm

sensors.

ILM, on the other hand, relies on multiple sensors located at different spots in the house. There

are three different types of intrusive sensors depending on the location [28].

1. Submeters at circuit breaker level dividing the house into zones

2. Plug level sensors that monitor loads connected to each plug

3. Embedded sensors in appliances

An advantage to ILM is with reliant sensors, one can obtain more accurate measurements. On the

other hand, ILM solutions are more expensive and require more overhead as sensors need to be

connected to desired locations.

Figure 2.2: Different load types over time [27].

2.2 Statistical Methods

Statistical methods have been one of the drivers of advancements within computer science. At

the same time, computer improvements have driven statistical methods to be faster and able to

process more data. Statistics and statistical models provide insights and generalizations of large

data sets. This section is adopted from the specialization project [1] due to being underlying math,

which requires no new information.
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2.2.1 Autocorrelation

Autocorrelation gives an indication of correlation between a dependent variable in a time series

at two different intervals. Comparing a variable with a lagged version of itself gives insight into

whether data has a degree of randomness. In time series modeling, the observed data is usually

taken from one contributor rather than one data point from multiple contributors [29]. An advant-

age of autocorrelation is that it reveals trends and seasonality aspects of a time series model. Using

the AutoCorrelation Function (ACF) one can measure the linear relationship between a value yt

and a value yt−k, which lags the time t with k steps. The ACF is given by,

rk =

∑n
t=k+1(yt − ŷ)(Yt−k − ŷ)∑n

t=1(yt − ŷ)2
(2.2)

where ŷ is the predicted value. Each factorial (yt − ŷ) represents the residual or estimate of the error

in the model, denoted et. The resulting autocorrelation coefficient rk will be in the interval [−1, 1],

where high positives represent a high degree of correlation. By plotting a series of autocorrelation

coefficients based on different degrees of lag, one obtains a correlogram that clearly depicts trends

[30].

Another way of understanding the relationship between current values and lagged versions of itself

is with the Partial AutoCorrelation Function (PACF). Autocorrelation includes the influence of

the values between the present and the kth lagged value. This can make the actual correlation

between yt and yt−k hard to identify. PACF, on the other hand, removes the effects of the lags

[1, k − 1] [30]. The general expression of the PACF at lag k can be expressed as,

φkk = Corr(yt, yt−k|yt−1, yt−1, ..., yt−k+1). (2.3)

This requires that the time series is normally distributed.

2.2.2 Stationarity

A time series model with the same joint distribution for yt1 , yt2 , ..., ytn and yt1−k, yt2−k, ..., ytn−k

for all points in time and all lags k is called strictly stationary [31]. Weak stationarity, on the

other hand, implies that a stochastic process {yt} has a constant mean function µ(t) and that the

autocovariance γ(t, h) is independent of time and all lags h. It is essential to know that strong

stationarity does not imply weak stationarity. Forecasting relies on stationarity as many statistical

tools require that the statistical properties not change over time. However, in the real world,

stationarity is seldom. Among the most normal deviations from stationary models are trends and

seasonality. Initially, it is important to get a sense of what kind of deviations are relevant for

the given model. As mentioned in Section 2.2.1, a correlogram can be used to find trends and

seasonality. An easy way of removing trends is by calculating the difference between subsequent

observations, giving the change in observations. In some cases, it is also necessary to take the

change of the change, resulting in second-order differencing. Removing seasonalities can be done

similarly. However, instead of finding the difference in consecutive values, one finds the difference

y′t = yt − yt−m, where m is the number of lags to get the same season at a previous time [30].
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2.2.3 Linear Regression

Linear regression models describe linear approximation of independent variables, xi, and their

relationship with the outcome. The goal of regression analysis is to create a regression model

that predicts an outcome based on the independent variable and is often used in forecasting and

projections. The result of this prediction is called the dependent variable and is denoted by ŷ. A

simple linear regression model is written as ŷ = β0 +β1x+ ε. The scalar value, β0, is the intercept,

and β1 describes the slope of the regression line [32]. When having multiple independent variables

for a scenario, one can create the following general formula

ŷ = Xβ + ε. (2.4)

Here ε is the error term, which considers the influence of noise and other factors. When fitting

a linear regression model, the goal is to minimize the error term, meaning ε = y − Xβ. It is

important not to mix y and ŷ as they are the actual and expected values, respectively. There are

multiple ways to estimate the β, and it is therefore not necessarily a unique solution to the issue.

Ordinary Least Squares (OLS) are among the estimators often used for linear regression. OLS

takes advantage of the Residual Sum of Squares (RSS),

RSS(β) =

N∑
i=1

(yi − ŷ(xi))
2. (2.5)

Rewriting Equation (2.5) using the vector from Equation (2.4) one obtain the following equation,

RSS(β) = (y −Xβ)T (y −Xβ). (2.6)

By minimizing Equation (2.6) it can be shown through some extra calculations (such as in Hastie

et al. [33]) that one can obtain the unique solution,

β = (XTX)−1XT y. (2.7)

2.3 Artificial Intelligence and Machine Learning

Artificial Intelligence originates from logic and biology, among others, and has become an integral

piece of computer science over the last decade. The resurgence after the AI winter (A period

with stagnated research on the topic) is highly owed due to the improved computational power

and storage [34]. AI uses computers to replicate natural intelligence, i.e., human and animal-like

intelligence. Machine Learning (ML) and AI are found in everything from finance to surveillance.

AI is usually an umbrella term for all programs inspired by natural thinking, whereas ML utilizes

statistics and different algorithms. DL is often seen as a subset of ML utilizing neural networks.

10



Machine learning

Unsupervised
learning

Clustering

Supervised learning Reinforcement
learning

Classification Regression Reward-based problems

Figure 2.3: Different ML classes and their area of use.

Different ML problems require different solutions. For example, training an intelligent vacuum

would need a different approach compared to a forecasting problem. The four predominant learning

techniques in ML are supervised, unsupervised, semi-supervised, and reinforcement learning [35].

Supervised learning problems are given labeled data, often consisting of input and output, to

train the model to replicate the desired output. In Figure 2.3, it is seen that supervised learning

generally consists of classification and regression problems, where classification problems consist of

sorting data into given categories. Unsupervised learning excels at pattern recognition without the

help of an expert and is often used to sort data into multiple groups or clusters. Semi-supervised

learning combines the techniques above [35]. Reinforcement learning, or reward-based learning,

rewards or punishes the intelligent agent based upon how well it performs. For example, the

intelligent vacuum could be given positive feedback for cleaning well. The following section will

cover Supervised learning as this is the method used for forecasting problems.

2.3.1 Supervised Learning for Regression

The labeled data used in supervised learning is split into a training, a test, and often a validation

set. The model will use the training set to learn different relationships between input and output.

An unbiased opinion can be formed during tuning using a validation set. And finally, after tuning,

the performance of the best model is checked with a test. There are some guidelines to how one

chooses to divide the sets. (1) The test set needs to represent the general notion of the entire data

set [36]. For example, for a regression problem over ten years, if there are significant changes in

the behavior after the initial five years, it would not be wise to train for only those years. One

way to get a realistic distribution is to shuffle the data before splitting. (2) DL algorithms require

large data sets to learn. There are no distinct answers to how large the different sets need to be,

but they need to be representative and statistically sound [37]. If there is a lot of available data,

it is customary to use an 80/20 ratio for the training and test set. The validation set usually is

a small portion of the training data. Less data typically indicate that a larger percentage of the

data should be used for testing [37].
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Figure 2.4: Three linear regression models with polynomial features creating three different func-
tions [38].

Input and output can be paired into a set of, [(x1, y1), ..., (xn, yn)]. The input variables, also called

features, can create a hypothesis space, H, with multiple functions hi. Each of these functions

resembles the unknown function y = f(x). The supervised learning algorithm tries to find the

function h(x; θ) ≈ f(x) [35]. However, even though an accurate model is realizable, it could be

too advanced. This is often associated with overfitting, which is a model not resembling a natural

pattern but rather an obscure model perfectly fitting the model. Such an advanced model will often

result in poor performance in testing and use due to the testing set most likely not being identical

to the training set. The opposite of an overfit model is an underfit model, which poorly fits the

model. The two different versions and a good approximation are shown in Figure 2.4. Choosing

the most important features is often challenging and requires a domain expert to structure the

data.

• Neural networks

• Naive Bayes

• Regression

• SVM

• K-nearest neighbour

• Random forest

Above is a list of the most used supervised learning techniques [39]. For intricate regression

problems, SVM and neural networks are highly used. In the following sections, two subsets of neural

networks are described, namely MultiLayer Perceptron (MLP) and Recurrent Neural Networks

(RNNs).

2.3.2 Artificial Neural Networks and MultiLayer Perceptron

The human brain is composed of millions of interconnected neurons, firing signals between each

neuron. How strong each connection is and the signals passed in between are processed into
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information flow. ANNs are built with the same structure. A neural network consists of multiple

neurons or nodes1 connected in multiple layers. Typically, neural networks are composed of three

types of layers: an input layer, hidden layer(s), and an output layer. In vanilla ANNs, all neurons

in neighboring layers are connected through directed links called edges. All edges have a weight,

wi,j , representing how strong the connection between nodes i and j is. This notation will be used

in the following sections and superscripts denoting the current layer. The following description

is of MLP, a popular subcategory of ANNs [40]. The structure of an MLP is divided into two

stages, (1) forward propagation and (2) backward propagation [41]. The features are fed into

the input layer during the first step, where each neuron corresponds to a feature. Following the

input layer, the signals are sent through their edges into the first hidden layer. This process can

be mathematically written as,

z
(1)
j = b+

n∑
i=0

wi,jxi. (2.8)

Here, z
(1)
j is the input into node j in the first hidden layer as indicated by the superscript. b is

the bias vector, which can be compared to the constant in a linear model since it can move the

output either left or right. Meanwhile, xi is the output from the input layer. Before the signals are

fed forward to the next layer, an activation function, σk(zkj ), is applied to map the linear function

in Equation (2.8) into a non-linear function with the output, a
(k)
j [37], [42]. This is illustrated in

Figure 2.5 and Equation (2.9). An example of how a signal is sent through a network with three

layers is f(x; θ) = f (3)(f (2)(f (1)(x))) where f(x; θ) is a mapping of the actual problem y using the

weights and biases, θ [43]. Activation functions are elaborated in more detail in Section 2.3.3.

akj = σk(zkj ) (2.9)

Usually, the same activation function is used on all neurons within the same layer, akj is multiplied

with the subsequent weights and fed to the next hidden layer. This process repeats itself for all

hidden layers, meaning that all previous layers affect the current layer. Finally, the model is sent

through the output layer, where it is transformed into understandable data, ŷm.

ŷm = σout(z
L
m) (2.10)

Neural networks can easily be rewritten from neural form, shown in Figure 2.5 into matrix form

shown in Equations (2.11a) and (2.11b) [41]. This formulation is easier to interpret for computers.

H = σ(XWk + bk) (2.11a)

O = HWL + bL (2.11b)

Here, H is the hidden layer matrix, H ∈ Rn×h, n is understood as the number of examples in a

minibatch, and h is the number of hidden neurons in the given layer. The input matrix is denoted

as X ∈ Rn×d, where d is features. Finally, the weight and bias matrices are dependent on whether

it is in a hidden layer or the output layer. Bias can be written mathematically as b ∈ R1×m, with

m being the number of neurons, making m = h for the hidden layers. The weights are given by a

1These will be used interchangeably
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real number W ∈ Ru×v, where u and v represent neurons in the previous and current layer. For

the input layer u = d, and for the output layer v equals the number of output nodes.

 Σ σ(zh)

 Σ σ(zi)

 Σ σ(zj)

 Σ σ(zk)

 Σ σ(zl)

bl

bk

wi,k

wj,k

wh,k

wj,l

wh,l

wi,l

wbk,l

wbl,l

Figure 2.5: Illustration of connections between neurons in an ANN with weights and biases.

2.3.3 Activation Functions

From Equation (2.8), it is understood that the linearity would be kept in a network without

activation functions. Furthermore, the output from each neuron would be in the range of [−∞,∞].

This could create instability in how much power each neuron would hold and is often restricted

to given limits. Activation functions are introduced to remove these issues. Activation functions

can aid in ”activating” important data and contain less critical information by moving the output

either to the left or right [44].

One of the most straightforward step functions is the binary step,

σ(z) =

0 if z < 0

1 if z ≥ 0
.

There are multiple issues with the binary step function. First of all, the derivative is 0 if x 6=
1 and undefined if x = 0. This can cause issues during back-propagation covered in Section 2.3.4.

Additionally, it is often limited to binary classification problems. A more widely used activation

function is introduced with the sigmoid function [42].

σsigmoid(z) =
1

(1 + exp−z)
(2.12)

In addition to being non-linear, the sigmoid is a bounded differentiable real function defined for

all real inputs [45]. The output is between 0 and 1, as seen in Figure 2.6a, making it suitable

for calculating probabilities [46]. The downfall of being in this range is it will never create a

non-negative output. This can cause the output to propagate left and right. Furthermore, even

though the sigmoid has a smooth gradient, the significant range is short, which leads to gradient

saturation. The sigmoid struggles especially with deep networks, as presented by Nwankpa et al.

[45]. To counteract the issues of the sigmoid the Hyperbolic Tangent Function, Tanh was
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introduced.

σtanh(z) = Tanh(z). (2.13)

From Figure 2.6a and Figure 2.6b, it can be observed that they both possess the S-shape, but

the tanh function is zero-centered. This aids during back-propagation. It has been found to

improve training for neural networks with multiple layers [45]. Both the sigmoid and tanh functions

struggle with a vanishing gradient. The vanishing gradient problem is a common issue for neural

networks and will be covered in Section 2.3.6. There are activation functions counteracting this,

and arguably one of the most used activation functions is the Rectified Linear Unit function

or ReLu introduced by Nair et al. [47].

σReLu(z) = max(0, z) (2.14)

Initially, from Figure 2.6c, the ReLu can easily be misinterpreted as linear, which it is not. For

values larger than 0, it does, however, behave linearly. Because of the simplicity of the ReLu,

the computational time is quick compared to heavy mathematical operations found in sigmoid

and tanh [46]. Nodes where input values are below zero will have an output of zero, as seen in

Equation (2.14). This causes an issue called the dying ReLu problem. With the output of a neuron

being 0 and the gradient being undefined, the node is at the chance of being deactivated. The

weight accompanying that node will not update during back-propagation, leading to no update in

the learning capacity of that node. Leaky ReLu was introduced in 2013 to fix the dying Relu

problem. By including a small constant, α, turning the equation to,

σLReLu(z) = αz + z =

z if z > 0

αz if z ≤ 0
. (2.15)

This change removes gradients from being zero. In the output layer, different activation functions

are often used to fit the problem at hand better. Classification models usually use some variation

of a sigmoid function or a Softmax function. Regression problems, on the other hand, use a linear

activation function to get an unbounded value that represents the target value.

(a) The sigmoid function. (b) The tanh function. (c) The ReLu function.

Figure 2.6: Some of the most commonly used activation functions.
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2.3.4 Back-propagation

During forward propagation, the network uses the weights and biases to compute the model’s

output. For regression problems in supervised learning, the goal consists of getting as close as

possible to the actual value. Formulating this into an optimization problem, one tries to minimize

the model’s aggregated error. This is done using a cost function, also called the error function [48].

C =
1

2n

∑
x

(‖y(x)− ŷ(x; θ)‖2 (2.16)

The cost function in (2.16) is often referred to as quadratic cost function or Mean Square Error

(MSE). x is individual training examples in the total set X with n number of samples. For back-

propagation, two assumptions are needed: (1) The cost function needs to be written as an average

over all individual training samples, C = 1
n

∑
x Cx. (2) The cost function needs to be able to be

written as a function of outputs cost C = C(ak) [48]. MSE satisfies both, as seen below,

(1) Cx =
1

2
‖y − ŷ‖2,

(2) C =
1

2
‖y − ŷ‖2 =

1

2

∑
j

(yj − ŷj)2.

Before introducing back-propagation, an understanding of gradient descent is needed. Optimization

problems usually involve finding either the maxima or the minima of the objective function. In

this case, the objective function is the cost function. Getting as close to the actual value implies

finding the minima of the cost function. Taking the derivative of a function at a point finds the

slope of the given function at that point. For multi-variable functions partial derivatives, ∂
∂θi
f(θ)

finds the change in regards to xi. Vectorizing the partial derivative over all variables gives the

gradient. Mathematically this is denoted with ∇θf(θ). The gradient of a given point θ returns

the steepest ascent. To find the minima, one has to move away from this point. This is done by

iteratively calculating the gradient and then taking a short step in the opposite direction.

θ′ = θ − η∇θf(θ) (2.17)

In Equation (2.17), θ′ is the new point after moving slightly away from the previous. The step

distance is decided by the learning rate, η, and is usually a small constant. By increasing the

learning rate, the model moves quicker, but it is at risk of missing the minima. A challenge with

gradient descent methods that they do not necessarily find the global minima since they will only

find the closest minima.

During forward propagation, each neuron impacts the final output. However, as they are not

perfect, each of them introduces a small error. Node i in the kth layer will have the error δki = ∂C
∂zki

.

Back-propagation calculates the gradient of the cost function with respect to weights and biases

[43]. Back-propagation calculates the gradient using the chain rule. The complete derivation of

back-propagation will not be covered here but is thoroughly covered by Goodfellow et al. [43].
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One way to formulate the four equations of back-propagation is as the following [48],

δL = ∇aC � σ′(zL), (2.18a)

δk = ((wk+1)T δk+1)� σ′(zk), (2.18b)

∂C

∂bki
= δki , (2.18c)

∂C

∂wli,j
= ak−1

j δki . (2.18d)

As the back-propagation is calculated recursively, the first equation (Equation (2.18a)) calculates

the error given by the output layer, δLi . The partial derivative, ∂C
∂aLj

is a measure of the rate of change

in cost as a function of the ith activation function in the output layer. σ′(zLi ) is the derivative of the

activation function for input into node i in the output layer, zLi . Equation (2.18b) is then applied

to calculate the error terms in the previous layer, which is done recursively through all prior layers.

Equation (2.18a) is used for the penultimate layer, and then the results from (2.18b) are used for

the subsequent layers. Taking the transpose of the weights in layer k + 1, (wk+1)T , and applying

the error from the same layer one can think of it as moving the error backward in the system [48].

The rest of Equation (2.18b) is the same as in Equation (2.18a), namely the Hadamard product of

σ′(zk). Equation (2.18c) describes the rate of change with respect to potential biases in node i in

the kth layer. It is observed that this error is already calculated in Equations (2.18a) and (2.18b).

Finally, using Equation (2.18d), the impact of the weights regarding the rate of change in cost is

calculated. Earlier, it was presented on how to calculate ak−1
j and δki . Consequently, the gradient

of the cost function is given by Equations (2.18c) and (2.18d).

2.3.5 Optimizers for Gradient Descent

Multiple different versions of the gradient descent utilize different measures for finding the min-

ima. One of the simplest algorithms, therefore often called vanilla gradient descent, is the Batch

gradient descent. Batch gradient descent takes advantage of Equation (2.17), calculating the

value for the training set. The obvious downfall of this is that it is slow and needs a lot of memory.

Stochastic gradient descent (SGD) increases the speed by performing the updates for training

samples instead of after each iteration. However, if the learning rate is not sufficiently low, the

SGD algorithm is at the chance of overshooting [49]. Additionally, with a decreased learning rate,

SGD performs similarly to Batch gradient descent.

The two previous optimizer algorithms are both naive, in the sense that they will always have the

same step length. Imagine one stands near a maximum with a steep slope downwards, instead of

taking meticulous and short steps, one could take advantage of the momentum and take longer

strides. Mathematically this can be formulated by introducing an update vector, vt, consisting of

the step from Equation (2.17) and the update vector for the previous time step multiplied with a

constant γ. The constant is often called the momentum term and is usually 0.9 [49]. The general
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formulation of gradient descent methods using momentum is the following,

vt = γvt−1 + η∇θf(θ), (2.19a)

θ = θ − vt. (2.19b)

Continuing down the steep slope mentioned above, when at the bottom, one have gained a lot of

momentum, meaning one would most likely continue past the minima and start ”climbing” up on

the other side. Therefore, it is desirable to add some way of slowing the momentum before reaching

the minima. There are multiple different algorithms proposed, often building on previous versions.

The Nesterov Accelerated Gradient (NAG) takes advantage of γvt−1, when calculating the

gradient to estimate the following parameters. Adagrad improves upon NAG by introducing

automatic learning rate tuning [49]. Furthermore, Adagrad differentiates the learning rate based

on the occurrence of the parameters. Other examples of optimization algorithms are Adadelta,

RMSProp, Adaptive Moment Estimation (Adam), and Adapg [50].

Proposed by Kingma and Ba [51], Adam is a continuation of RMSProp, taking advantage of the

first and second moment of the gradients. The first moment, mt, is understood as the moving

average of the gradient, while the second gradient, vt is the squared gradient. Calculation of Adam

can be formulated into five equations, Equations (2.20a) - (2.20e).

mt = β1mt−1 + (1− β1)∇f(θt) (2.20a)

vt = β2vt−1 + (1− β2)∇f(θt)
2 (2.20b)

m̂t =
mt

1− βt1
(2.20c)

v̂t =
vt

1− βt2
(2.20d)

θt+1 = θt −
η√
v̂t + ε

m̂t (2.20e)

Equations (2.20a) and (2.20b) calculate the first and second moment, using two biases, β1 and β2.

The biases control the decay rates of the respective moving average and are conventionally set to

β1 = 0.9 and β2 = 0.999. The initial values, m0 and v0, are 0, making them zero biased. Kingma

and Ba corrected this by forming estimates for the two, m̂t and v̂t, fixing the zero bias. Finally,

(2.20e) shows how the new parameters are calculated, where ε is added to counteract division by

zero.
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2.3.6 Vanishing Gradient

Recalling the calculations of the gradient of the cost function in Section 2.3.4, Equation (2.18d)

describes how the gradient is calculated with regards to the weights using Equations (2.18a) and

(2.18b). Furthermore, it covered how the chain rule is applied throughout the network to calculate

the error term, δk. Below is an example of a neural network with three layers (where the output

layer is denoted as L).

δ0 = ((w1)T (((wL)T (∇aC � σ′(zL)))� σ′(z1)))� σ′(z0)

It is seen that the error in layer 0 will be dependent on the product of the derivatives of the

activation layers. This exposes a weakness for neural networks using gradient descent algorithms

and back-propagation called vanishing gradients. First, networks with many hidden layers will be

the product of many derivatives. If one or more of these derivatives are small in scale, the resulting

error term will diminish, resulting in a small weight gradient. Neurons affected by this will, in

return, learn less and, in the worst case, stop learning altogether. This is further established if the

activation function has a derivative with a short significant range. The sigmoid is an example of

an activation function with a short significant range. When σ(zki ) is close to 0 or 1, the derivative

will consequently become nearly zero [48]. One solution is to change the activation function to,

ReLu, which will have the following derivative,

σ′ReLu(z) =


0 if x < 0

1 if x > 0

undefined if x = 0

.

Another issue caused by the same weakness is exploding gradients. As the name implies, this hap-

pens when the gradients become excessively large, making the gradient descent algorithm update

with too large steps. Gradient clipping is a partial solution to exploding gradients. Introducing a

threshold that is compared with the norm of the gradient, one can hinder steps larger than this

threshold.

2.4 Recurrent Neural Networks

A downside to MLPs is that they were initially developed to work on static models [52]. However,

most real-life problems are not in static environments. This makes MLPs less efficient when mod-

eling systems where previous instances impact the current. An example is language recognition,

where prior words in a sentence heavily influence the meaning of the sentence and meaning of the

following words. Regression problems are often impacted by previous sequences, forming patterns

in the problem. One way to deal with sequence data is using RNNs. The structure of RNNs is

very similar to that of MLPs, but with one significant difference. In addition to forward links, an

additional internal connection is added. This connection can mathematically be formulated for

each hidden state, ht, as,

ht = f(h(t−1),xt; θ). (2.21)
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Figure 2.7: Visual example of how RNNs store sequence data for each time step.

Recalling forward propagation for MLPs (section 2.3.2), the equations can be rewritten to fit

recurrence. The initial hidden state h0 is used to calculate the first input z1. Equation (2.22a)

explains forward propagation for time steps [1, τ ] [43]. W and U represent the weight matrices

between hidden layers and input to the hidden state, respectively. xt is the inputs at time step t.

zt is then processed through an activation function as seen in Equation (2.22b). Each time step

is fed through an output layer, where the hidden state is first multiplied with an output weight

matrix, V, and a new bias, c, is added. To get the actual output, ŷt, a new activation is applied,

as seen in Equation (2.22d).

zt = b + Wh(t−1) + Uxt (2.22a)

ht = σh(zt) (2.22b)

ot = c + Vht (2.22c)

ŷt = σo(o
t) (2.22d)

Calculating the gradient of an RNN is performed as described in Section 2.3.4. However, the cal-

culations become more cumbersome due to recurrence and the extra weights and biases introduced

with RNN. A graphical understanding of how an RNN holds information in each node is shown

in Figure 2.7. Each new time step contains previous information and data for the current time

t. In theory, this holds information better. However, neural networks with long sequences are

challenging for RNNs as early information fades over time. This is seen in Figure 2.7, as the red in

the final node is nearly gone. RNN are additionally susceptible to vanishing gradients as described

in Section 2.3.6. To counteract this, Hochreiter and Schmidhuber introduced LSTM in 1997 [53].

2.5 Long Short-Term Memory

LSTM networks replace the hidden units in RNN with memory cells constructed of three gates

[53]. In addition to these three gates, LSTMs introduce a Cell state vector, Ct. The cell state

vector is accountable for keeping track of the critical information in the system. Figure 2.8 shows

the structure of an LSTM cell, with the cell state running across the top and connecting all cells.

For each time step, information is removed and added, this is done by the forget gate and the

input gate. The last gate, the output gate, decides what information should be sent to the next

hidden state and output.
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Figure 2.8: LSTM cell with gates, activation functions and states, inspired by [54].

The initial step of an LSTM cell is to decide what information from the previous hidden state,

h(t−1), and the input, xt, is surplus and should be forgotten. This is done mathematically by

multiplying the concatenate of h(t−1) and xt with a weight matrix, U. As with MLPs and RNNs, a

bias, bf , is added before squashing the information using a sigmoid function, as shown in Equation

(2.23a). A sigmoid is chosen because it squashes the value between 0 and 1, whereas 0 means

forget everything and 1 keep everything [54]. Equation (2.23b) is nearly identical to the forget

equation. However, it determines what information should be kept in the updated cell state. The

only difference is the weights and biases, which are given by V and bi for the input equation,

respectively. A candidate vector, C̃, is introduced to hold information to add to the cell state and

is described mathematically in Equation (2.23c). The candidate activation function, tanh, is used

to keep the values between −1 and 1. To calculate the updated cell state, unimportant parts are

forgotten by multiplying the previous cell state with the forget vector. Then the new information

is added by multiplying the input vector with the new candidate vector. This is shown by the plus

sign in Figure 2.8 and Equation (2.23d). Finally, to create a new hidden state, an output vector

is calculated using Equation (2.23e), where W is the output weights, and bo is the output bias.

This output vector is multiplied with tanh(Ct) to add old sequence data [54].

f (t) = σ(U · [h(t−1),x(t)] + bf ), (2.23a)

i(t) = σ(V · [h(t−1),x(t)] + bi), (2.23b)

C̃(t) = tanh(Wc · [h[(t− 1),x(t)] + bC, (2.23c)

C(t) = f (t) ∗C(t−1) + i(t) ∗ C̃(t), (2.23d)

o(t) = σ(W · [h(t−1),x(t)] + bo), (2.23e)

h(t) = o(t) ∗ tanh(C(t)). (2.23f)
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2.6 Convolutional Neural Networks

Convolutional Neural Networks excel at pattern recognition. Therefore, CNN has been highly

useful in image recognition as it decomposes the image, making it easier to identify distinct com-

ponents in an image. This is done by different convolutional layers ”looking” for different patterns.

For photos, a 2D grid is used to process the picture. As mentioned earlier, time series data is often

composed of different patterns transpiring at different frequencies. Instead of a 2D grid, time series

data CNN takes advantage of 1D grids(or 2D if there are multiple time steps) [43]. As the name

implies, CNNs take advantage of convolutions. The mathematical formulation of a convolution

is seen in Equation (2.24). CNNs work similarly to MLPs described in Section 2.3.2. However,

CNNs are not necessarily fully connected. This is called sparse interactions and can be viewed as

a simplification of the input. Another advantage of CNN is parameter sharing for feature maps.

These two traits of CNNs save computational time and memory.

(f ∗ g)(t) =

∫ inf

− inf

f(τ)g(t− τ)dτ (2.24)

A convolutional layer can usually be divided into three stages: convolution, nonlinearity, and

pooling. The first step consists of performing multiple convolutions, transforming the input into a

set of outputs, often called a feature map. For the general convolution equation (Equation (2.24))

one of the arguments (for example, f) will be the input tensor, while the other (in this case, g)

is the kernel. The kernel is another tensor extracting a feature, and is often called a filter. In

the second step, a nonlinearity is added due to the first step being linear. As with MLPs, ReLu

is a popular activation function for CNNs [43]. In the final stage, the input is divided into small

rectangles (with the same size as the kernel size) and simplified. One popular simplification is

the max pooling, which takes the max value of the given area. Forward propagation and back-

propagation are similar to those previously described. Due to pooling, the index of the max value

is stored to be used during back-propagation.

2.7 Explainable Artificial Intelligence

The sections about XAI is inspired by the specialization project [1] as much of the theory is relevant

for this thesis as well.

A standard black box machine learning algorithm will leave the end user with the output and

nothing more. To improve or change the results of such a model, one can try to change the

hyperparameters and input data to find a better solution. On the other side of the spectrum, there

are white box models with fully understandable features as well as the process being interpretable

by humans. White box models are often limited in complexity because humans can not comprehend

how machines think. The field of XAI is found between these, often categorized as grey box or

glass box models. XAI maintain a lot of the complexity of black box models simultaneously as they

give reason to why they arrived at their answer. The goal of XAI is to provide domain experts the

possibility to have more interactive models, which can be applied more generally [12]. There are

also hopes that XAI can help machine learning models to become more trustworthy and fair [55].

black box models used for sensitive information and human risk-associated situations often lack

credibility and end up not being used. XAI has so far been especially useful for image recognition
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as it provides insight into classifications that are done. However, it has become increasingly used

for forecasting, for example, by Dikshit et al. [56], who used it for drought predictions in Australia,

and by Zdravkovic et al. [57]. They gained insight into direct heating system models as well as a

better understanding of the predictive maintenance of components.

The application of XAI can be divided into model agnostic and model specific. Model agnostic

methods are universal for different types of machine learning algorithms. This is beneficial as it

allows for comparing the output of multiple models [58]. This is an advantage over model specific,

which only can be used on particular algorithms, limiting when they can be used. Explanation and

representation flexibility are an important traits of model agnostic methods beyond being able to be

used for different models. This entails methods that can give different types of explanations based

on the problem at hand and for the features in the respective model [59]. XAI methods are also

divided into local and global, describing individual predictions and average behavior, respectively

[58]. Methods for increased transparency can be introduced before or after the machine learning

model, namely ante-hoc and post-hoc methods. This study will focus on post-hoc methods as they

allow for more general use of explainers and ML models. Among the most used post-hoc methods

are SHAP, LIME, DeepLIFT, and ELI5, some will be explored more in the following sections

[55].

2.7.1 Local Interpretable Model-agnostic Explanations

As the name implies, LIME is an explainable method designed for specific predictions [55]. As it

is model agnostic, it works for all regression and classification models and is useful for image and

text explanations [58]. LIME creates an interpretable model g from a set of potential models G,

which try to fit the global model f . The chosen model is viewed as a surrogate model for the area

around the specific prediction, x. The goal of the LIME is to find which model g approximates f

the best. Riberio et al. [59] presented this mathematically as,

ξ(x) = argmin
g∈G L(f, g, πx) + Ω(g). (2.25)

Ω(g) is a measure of complexity for each model g, it is preferable to have an interpretable model

meaning that Ω needs to be small. L is the measure of locality-aware loss between g and f based

on πx, defined as the proximity weight to x. This can be formulated as,

L(f, g, πx) =
∑
z,z′∈Z

πx(z)(f(z)− g(z′))2 (2.26)

which can be seen as the square loss between the actual and proposed model timed with the weights

determining the vicinity of x [59]. Z is a set of modified values based on x, which are used to

understand the local area fpr which LIME is trying to define an approximation. LIME is a great

way to simplify a complex black box model. On the other hand, LIME requires a domain expert

to validate the explanations as LIME uses features to explain the model. Another disadvantage

of LIME is that rerunning the algorithm can lead to different results. This is because machine

learning models are stochastic.
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2.7.2 SHapley Additive exPlanations

The SHAP methodology is based upon game theory ranking different participants’ influence in a

game and what share of the return they deserve. This is done by combining each possible subset

of participants and recalculating the game’s outcome. This gives an indication of how each group

member contributed to the task and how different groups would fair. Lloyd S. Shapley proposed

the following mathematical explanation for Shapley values,

ϕj(f, x) =
∑
z′⊆x′

|z′|!(M − |z′| − 1)!

M !
[fx(z′)− fx(z′\j)] (2.27)

Formulating this as a machine learning problem, the goal is to see how the different features

impact the model’s outcome. From Equation (2.27), the Shapley value of a feature j is calculated

using the model f and a feature vector x [58]. As many models are complex, there can be a

need to simplify the features into x′. The first part of Equation (2.27) can be viewed as a weight

that incorporates how adding or subtracting different features impact the model based upon all

features M . [fx(z′) − fx(z′\j)] shows the contribution of a subset of features, i in z′, where

fx(z′) = E[f(z)|zS ]. A set S is given by non-zero indexes in z′ [60]. Since Shapley values are

calculated on all subsets of features, the numbers of calculations become exponentially high.

SHAP takes advantage of LIME and Shapley values to create model agnostic explanations. SHAP

is primarily a local explainer. However, by averaging all local explanations, SHAP can give global

explanations [55]. SHAP breaks features down to z′ ⊆ {0, 1}M indicating that a feature is either

viewed as active or asleep. One formal way of expressing SHAP defined by Lundberg et al. [60] is,

g(z′) = ϕ0 +

M∑
i

ϕiz
′
i. (2.28)

It can be observed that the formulation of Equation (2.28) is a linear regression. This is similar to

the Linear LIME model, but includes other weights. Where LIME focuses on the original instance’s

proximity, SHAP deviates and is weighted based on the coalition of features. Both LIME and

SHAP (and other additive feature attribution methods) desire three properties to obtain a unique

solution [60]. First of all it is important that g(x′) = f(x) in the local area when x = hx(x′),

where hx is a function which maps the binary values x′ to x. In other words, it is important to

have local accuracy for the approximation. Secondly, features not included (x′i = 0) shall not have

an attributed impact. Equation (2.28) and Equation (2.26) show that both methods obey this

property. Thirdly, it is important that the simplified input does not have less attribution than

the original value. Lundberg et al. [60] found that Equation (2.27) follows Equation (2.28) and

possesses the three properties mentioned. Taking advantage of Equation (2.25) and modifying the

loss function and weight to the following,

L(f, g, πx′) =
∑
z′∈Z

[f(h−1
x (z′))− g(z′)]2πx′(z′)

πx′(z′) =
M − 1

(M|z′||z′|(M − |z′|)

as well as setting Ω(g) = 0, the authors proved that one could use LIME to calculate the Shapley

values. This explainer is called KernelSHAP [60].
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Another explainer is DeepSHAP, a combination of DeepLift and Shapley values [60]. DeepLift was

originally proposed by Shrikumar et al. [61] and is a deep learning tool explaining the difference in

input and output compared to a reference input and output. For an output, o, Deeplift calculates a

contribution score, Cδxδo, representing the contribution from each input compared to the reference.

Mathematically this can be formulated as,

n∑
i

C∆xi∆o = ∆O, (2.29)

where ∆o = f(x)− f(r) and ∆xi = xi − ri. The reference is defined as r. A multiplier, m∆x∆o =
C∆x∆o

∆x is defined as a multiplier, which is seen to find the contribution of the change in x to the

change in o. DeepSHAP uses this to create a framework (thoroughly covered by Lundberg et al.

[60]), which makes it possible to calculate smaller parts for a network into SHAP values for the

entire network. This is done recursively by passing multipliers backward in the network, similar

to back-propagation. The main advantage of DeepSHAP compared to KernelSHAP is that as

DeepSHAP uses relationships established in neural networks computational time is saved.

2.8 Energy Forecasting

Energy forecasting is a crucial factor for the power sector. It allows the system operators to make

educated estimations on everything from component wear to grid stability. Forecasting is also

essential in market analysis, considering both expected production and load. Acquisition of data

is often the initial step when creating a forecasting algorithm. After retrieving relevant data, one

should inspect it for characteristics such as seasonal components, trends, sharp changes in behavior,

and outlying data points [32]. To understand seasonal components and trends, it is important to

have at least one year of training data to understand how these will affect the forecast. It is also

essential to be aware of peculiar data points since they produce non-coherent predictions compared

to the usual pattern. Removing these will leave the stationary residuals, which are subsequently

used to create a model. It is important to define the forecast horizon and forecast interval. The

horizon is defined as how far into the future the model should forecast, and the interval is how

often the model shall deliver outputs. The problem at hand usually influences both horizon and

interval. It is normal for energy forecasting to split the horizon into very short-, short-, medium-,

and long-term. Very short-term forecasting are often categorized as less than an hour, whilst long-

term can be categorized as more than 3 years [55]. This section will cover different types of power

forecasting and their methods. The following sections are taken from the specialization project [1]

2.8.1 Wind Power Forecasting

Wind power is becoming increasingly popular because of its relatively cheap LCOE and production

capacity [24]. However, the instability issues introduced with it need to be accounted for. Most

wind power forecasting happens within the very short and short-term time frame. Forecasting

performed with a horizon of less than 30 minutes (down to seconds ahead) are important to real-

time tracking production and turbine control. This ensures optimal operation with minimal wear

on the turbine. For these predictions, observations and sensor data are important because there is

little to no time to perform advanced algorithms using tons of metrics [62].
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For longer horizons, other input data become more relevant. NWP such as temperature, pressure,

wind speed, and direction are essential attributes for wind power forecasting. In addition to weather

prediction, historical data is valuable information for many forecasting methods. Finally, having

good knowledge of the wind turbine’s technical specifications and performance helps give accurate

power forecasts [55]. Wind power forecasting is separated between single turbine forecasting and

wind farm forecasting. With the advancements in turbine and platform technology, offshore wind

farms have become increasingly popular. This has introduced the need for input data relating to

the behavior of the ocean.

Statistical models such as the ARIMA are popular for wind power forecasting. By collecting

historical data and running it through a statistical algorithm, one can obtain reasonably accurate

results for both short- and medium-term forecasts. Statistical models are relatively cheap and

easy to incorporate, making them an excellent baseline for comparing other models, as done in

studies by Gonzalez-Sopena et al. [63] and Malhan et al. [64]. A disadvantage to statistical

methods is the lack of complexity introduced with AI. The nature of machine learning makes it

possible to make accurate forecasts without physical conditions, even though it is advantageous to

include [55]. However, machine learning introduces issues such as lacking interpretability and being

computationally harder compared to statistical models. Machine learning methods additionally

proved effective in learning capacity with limited data. In an article by Tao et al. [65], deep belief

networks were applied to 3 months of wind data and achieved accurate results compared to other

benchmarks.

However, research has shown that hybrid models combining statistical components and ML are

superior to exclusively using one method. In an extensive review performed by Wang et al. [66],

multiple deep learning networks were investigated and compared. The study concluded with most

hybrid models outperforming single models. Additionally, the review identified challenges for

wind power forecasting. It was found that the complexity of wind data and efficiently identifying

important features of said data still needs improvements [66].

2.8.2 Photo-Voltaic Power Forecasting

Forecasting of PV production inherits many similar traits to wind power forecasting. Solar pro-

duction is vulnerable to weather changes, and the presence of shadows can limit power production

for singular panels and lead to irregularities in grid frequency and stability. An advantage of PV

panels over wind turbines is the lack of moving parts, leading to less need for forecasting related

to component wear. In addition, PV panels have the benefit of being more scalable. This has led

to a need for forecasting related to roof-mounted systems and large solar farms.

The most relevant NWP data for solar power forecasting is solar irradiance or solar power per

square meter, in addition to weather data such as pressure and temperature. As the primary

concern of PV panels is a clear sky, satellite data and cloud detection is often used in addition to

weather data [55]. In a review by Ahmed et al. [67], multiple different forecasting techniques were

explored for different time horizons. It was concluded that the hardest forecast horizons related to

solar production were long- and very short-term. Long-term forecasting has the challenge of being

a very dynamic problem requiring accurate NWP and historical data. On the other hand, very

short-term forecasting is vulnerable to the volatility of cloud dynamics. The review also found

variations of CNNs in different hybrid forms are the most prominent and promising forecasting
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methods. LSTM hybrid models were also among the methods found to be used in a substantial

amount of the papers reviewed. Li et al. [68] and Agga et al. [69] applied hybrid models of

CNN-LSTM to day-ahead problems. Both reports concluded with positive results compared to

other benchmark models. Li et al. [68] established that their model performed better for sunny

conditions compared to cloudy and rainy days.

2.8.3 Electrical Load Forecasting

Formerly information regarding the energy flow through the grid and to residences was limited.

Grid operators essentially applied voltage and hoped for the best. If someone complained, one

would try and find where and the reason for the issue manually. With the emerging sensor and

data technology, load flow analysis and forecasting have given opportunities for transmission and

distribution planning, maintenance, and financial planning, among other applications [55]. As

with other forecasting areas, load forecasting is divided into different time horizons. Furthermore,

load forecasting can be split into categories based on the topology, ranging from household-level

to regional and national forecasts.

Input Variables

Deciding which input variables to use for load forecasting forms the perspective and focus of the

model. NWP and historical data have proved to be important features in multiple load forecasting

models, both local and regional models [70], [71]. A review by Kuster et al. [71] found that

meteorological data was particularly vital for short-term forecasts and on smaller scales. For pure

statistical models such as regression analysis and ARIMA models, historical load data has been

the most important feature. ML models, on the other hand, are more flexible when it comes to

input data because of adaptability and nonlinearity. Other important features found in numerous

methods are socioeconomic variables. A study by Kipping et al. [26] used a series of explanatory

socioeconomic variables in addition to meter data to create forecasts for Norwegian electricity

consumption. Among these variables were household size and information about the house, such as

whether it was attached or detached. The same study also incorporated seasonality and information

about Norwegian holidays. It can be challenging to obtain accurate load forecasts for local forecasts

where the residence has local energy production. One way to increase the accuracy is by taking

inspiration from PV power forecasting, like Chu et al. [72], where cloud images were used for net

load forecasts in San Diego.

Forecasting Models

Lee et al. [73] compared a variety of seasonal ARIMA called SARIMAX with Support Vector

Regression (SVR), LSTM, and ANN. Additionally, the hybrid version of the statistical model with

the three ML models was tested. The models were used to forecast peak loads on nationally in

South Korea. The authors concluded that the machine learning models outperformed SARIMAX.

Furthermore, the singular version of LSTM and the hybrid version were found to be the best

performers in total. In their literature review Kuster et al. [71], found that ANNs were used in

most cases for short-term forecasting using a short resolution. Regression models, on the other
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hand, were only used for long-term forecasts with annual data. For household-level load forecasting,

machine learning algorithms are found to outperform traditional methods [74].

Challenges

With the increasing share of prosumers connected to the grid, it becomes increasingly hard to

create accurate load forecasting models. The distribution system operators will, in most cases, not

observe the contribution of PV panels, as the measurements are NILM based on the electric meter

and can not directly distinguish production from loads. This increased volatility and flexibility can

be hard to predict. Load forecasting on an individual household is harder to forecast compared to

aggregated systems. Kong et al. [75] showed how demand for a single residence had less correl-

ation compared to regional day-ahead loads. The study found a less consistent daily pattern for

single households, but by accumulating multiple households, a more consistent pattern appeared.

Increased difficulty of local forecasting leads to sub-optimal scheduling [76]. With many prosumers

having limited production and storage capacity, sub-optimal scheduling creates economic expenses

and power losses.

2.9 Forecast Performance

The following section (Section 2.9) and the ensuing subsections (Subsection 2.31, Subsection 2.30,

and Subsection 2.9.3) are retrieved from the specialization project [1] mentioned in the preface.

It is important to get a notion of how well the finished model performs. As discussed in previous

sections, the data of a forecast is split into a training and a test set. Even though the forecasting

model performs well for the training set, it does not necessarily translate to a model working well

for the test set and future analysis. Error analysis for forecast performance is similar to the error

estimation for regression and ANNs in Section 2.3.4. There are multiple types of error predictions.

Among the popular methods are scale-dependent and percentage errors. Scale-dependent errors

keep the same scale as the output data. These types of accuracy measures cannot be used to

compare forecasts with different scales or units. Percentage errors, on the other hand, can compare

the performance of different data sets [30]. Percentage error-based accuracy measures require the

data to be valid ratio scale measures. This entails having a meaningful zero. For example, for

temperatures are Celsius and Fahrenheit invalid actions, but Kelvin is permissible. Percentage

errors can also return extreme values if the observed value is close to zero [30].

2.9.1 Root Mean Square Error

RMSE =

√√√√ 1

n

n∑
i=1

((yi − ŷ)2 (2.30)

Root Mean Square Error (RMSE) is a continuation of MSE seen in Equation (2.16). Even though

RMSE has historically been frequently used, it has some concerns. First of all, as it is a scale-

dependent accuracy measure, it can not be used to compare different scales. Furthermore, both

MSE and RMSE are sensitive to outliers. Outliers are data points that are substantially far away
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from the other data points. Since RMSE is susceptible to deviations, models judged with this

method will be based on the mean value.

2.9.2 Mean Absolute Error

Mean Absolute Error (MAE) is another scale-dependent performance reviewer. It has many similar

traits to RMSE, but as it is simply the absolute value of the error instead of the root mean square,

it is easier to interpret. MAE is median-based, making it less vulnerable to outliers compared to

RMSE [77].

MAE =
1

n

n∑
i=1

|yi − ŷi| (2.31)

2.9.3 Mean Absolute Percentage Error

Mean Absolute Percentage Error (MAPE) is similar to MAE, however by dividing the observed

value, one obtains the scaled version. MAPE inherits the robustness to outliers from MAE [77]. As

a percentage-based form performance indicator, MAPE is a great way to compare the performance

of different data sets. However, MAPE has some downfalls.

MAPE =
100%

n

n∑
i=1

∣∣∣∣yi − ŷiyi

∣∣∣∣ (2.32)

From Equation (2.32), it is observed that cases where yi > ŷi will be punished less than yi < ŷi.

Another issue with the mathematical formulation of MAPE is cases where the observed value

is zero or close to zero, creating an undefined or high response. There are variations of MAPE

which counteract these issues. The symmetric MAPE (sMAPE) modification of MAPE removes

extra penalties given to exaggerated predictions and is less affected by small observed values.

However, Hyndman et al. [77] argued that MAPE is the preferred option if all observed values

are significantly distant from zero because of its simplicity. They also argued that MAE might be

preferable for the same reason if all data is of the same scale.

2.9.4 R-squared

R-squared, also known as the coefficient of determination or simply R2, is a measure of the

relationship between the independent and dependent variables. By calculating the residual sum

of squares,
∑n
i=1(yi − ŷi)2 and dividing it by the total sum of squares. The outcome of this is

the Fraction of Variance Unexplained (FVU). As with any regression model, the target is for the

residual sum of squares to be as close to zero as possible. On the other hand, if FVU is 1, the

prediction, ŷ, is predicted to be the mean, y, for all predictions. R2 is mathematically described

in Equation (2.33). It is seen that another way of writing the equation is R2 = 1 − FV U . The

optimal R-squared value is consequently 1, while 0 represents a model describing the mean. In

some cases, a negative R2 is obtained, indicating the predictions perform worse than the average
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value of the model.

R2 = 1−
∑n
i=1(yi − ŷi)2∑n
i=1(yi − y)

(2.33)
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Chapter 3

Methodology

The following chapter will describe the methodology for this thesis. The approach can be divided

into five steps and is visualized in Figure 3.1. (1) Collect raw data, consisting of electrical load data

and weather prediction data. (2) preprocessing of said data. Here, outliers and irregularities are

removed, and categorical data is added. In addition to the aforementioned the data is visualized

to get insight into patterns. (3) Training data is used for model development. During model

development, different input variables and hyperparameters are tuned and experimented with to

find the best model. (4) The different models are investigated using XAI methods, such as Shapley

Additive exPlanations. (5) The different models from step three are compared using the traditional

performance reviews: RMSE, R2, MAPE, and MAE.
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Figure 3.1: The proposed methodology for the thesis.
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3.1 Experimental Setup

Throughout model development, a ZenBook Pro 15 with an Intel(R) Core(TM) i7-8750H CPU

with a core speed of 2.20GHz was used. Due to complexity in the model and model tuning, it

later in the thesis proved to be insufficient to use only this device. It was therefore acquired use

of another server more suitable for heavy ML computations, running on an Intel Core i9-9920X @

3.5 GHz, with four NVIDIA GV102 graphics cards.

3.2 Data Collection

To create reliable neural networks that perform to high standards the first step is to collect, analyze

and understand the data. Inaccurate analysis of data can lead to errors as a result of both humans

and defective sensors. For example, a faulty wattmeter could result in outliers which in return

could create inaccurate connections in the neural network. This section will cover how data was

recovered as well as visualizations of data ahead of preprocessing.

3.2.1 Residential Load Data

Consumption data for Norwegian households are managed and stored by Elhub [78]. Elhub are

obliged to collect measurements from smart metering devices which are required in all households

in Norway. The data is used by TSOs and production companies to keep track of consumption

and corresponding invoices. The data is openly available to end users with an hourly resolution.

Third parties can access private data if granted by the respective owner. In this thesis, a detached

house is investigated. The house is located in Oslo, in the southeast of Norway.

In Norway the standard for building efficiency is set by NS 3031:2007 [25]. From this, Ener-

gimerkingen was created, a simple way to identify an energy grade and a heating grade. Each

grade is independent of the other but forms a comprehensive and straightforward understanding

of the house’s energy use and demand. The Energy grade stretches between A and G, where A is

the best, signifying an energy-efficient home regarding its size. Heating grade, on the other hand,

is dependent on what kind of heating is used. A high share of pure electric (electric heater etc.) or

fossil heating is bad and denoted with a red color. The grading system is five steps, red, orange,

yellow, light green and dark green. Examples of measures to increase heating grade are the install-

ation of thermal solar energy and heat pumps. Figure 3.2 depicts the calculated Energimerke for

the residence in question, as most heating is done by electric heating and a fireplace. Secondly,

the Energy grade is the second to last worst due to the large size and the year it is built.
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Figure 3.2: Energimerking of the detached house. Y-axis is energy grade and X-axis is heating
grade. Calculated from [79].

The available load data spans from February 2019 until 2021 with an hourly resolution, creating

25368 data points. Figure 3.3 illustrate all data points, as well as, short time spans to get a sense

of the distribution. The format of the data is given as accumulated active power each hour, Et,

each hour and can be simplified into the following equation,

Et =

∫ t+τ

t

P (t)dt. (3.1)

P (t) is the instantaneous active power load at time t and τ denotes a time shift of one hour with

an unknown temporal resolution. Statistics Norway reported an average power consumption per

household of about 16000 kWh in 2018 [80]. With the study object being a detached house, it is

expected to consume more. In 2020 the total load accumulated to 40527 kWh, and in 2021 it was

slightly lower at 36269 kWh. Table 3.1 shows the descriptive data of the load data, average load,

Standard Deviation (STD) as well as lowest, highest values, and each quarterly percentile (25 %,

50 %, and 75 %). Average consumed power slightly decreased in the time period, with a significant

reduction of 10.3% in 2021 compared to the previous year. It is observed that the highest peak

has increased at the same time as the minimal hourly consumption has decreased. The changes

during last years could come down to a couple of reasons. With the emergence of COVID-19 many

changed habits, which in return changed power usage.

Additionally, increasing electricity prices can inflict saving measurements by house owners. A

study performed by Sæle et al. [81] found that 53.9% of participants (1011 participants) would

change their habits if the yearly expenditure increased by 3000 NOK or more. The actual reason

for the behavior change has not been investigated and can not be attributed to anything specific.
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(a) Electrical load from 2019 to the end of 2021.

(b) Electrical load of 2020.

(c) Electrical load between week 40 and 45 in 2020.

(d) Electrical load during week 40 in 2020.

Figure 3.3: Electrical consumption with different time spans.

Table 3.1: Statistics of the residential load data.

Year Mean [kWh] STD [kWh] Min [kWh] 25% 50% 75% Max [kWh]
2019 4.6355 2.0847 1.1719 2.85 4.374 5.962 13.384
2020 4.6142 2.3131 0.833 2.712 4.469 6.191 14.149
2021 4.140 2.449 0.873 2.09 3.54 5.664 14.555

3.2.2 Regional Load Data

Norway is divided into five price regions, NO1, NO2, NO3, NO4, and NO5. Each zone operates

independently from the others, and power consumption and production disparities can lead to
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different prices in each region. This is further supported by grid limitations as seen in Figure 3.4,

which depict the Norwegian transmission lines. To calculate the accumulated hourly load, one can

take the aggregate of power production in the price region and the sum of power trade between

the areas. This can be done due to the electricity having the characteristic of being used instantly.

Formulating power production and consumption as a balanced equation where
∑
G(t) =

∑
P (t),

with G(t) signifying generation and P (t) loads. Power trade between each price zone can be

formulated as
∑
Ii,j(t)dt, where i and j signify price zones [82]. Redefining Equation (3.1) to

accommodate power production and power trade, the following equation is obtained,

Et =

∫ t+τ

t

(G(t) +
∑

I(t)i,j)dt. (3.2)

Figure 3.4: Overview of transmission lines in Norway. Adopted from [83].

Oslo is a part of price zone NO1, and it is therefore decided to collect load from this zone. Hourly

accumulated load is collected with permission from Nord pool, the primary power market in Europe

[84]. Load data dating back to 2014 is collected and cleaned as described in [82]. Power consump-

tion in each price zone from 2014 to 2021 is depicted in Figure 3.5. Contrary to residential load

data, regional data is given by MWh/h or 103×kWh/h. During winter, NO1 can be seen to have

the highest load consistently. However, during summer, this shifts with NO2 and NO3 sees less of

a dip in electrical load compared to NO1. There can be multiple reasons to this. An aspect can be

addressed to population, as NO1 is the area of Norway with the densest population and most in-

habitants. The smaller dip in loads in NO2 and NO3 might be attributed to more energy-intensive

industry located in these areas. The regional load data will be used on an LSTM model with a
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24− hour horizon. Model development will be described in a later section.

Figure 3.5: Regional loads by price zone.

3.2.3 Numerical Weather Prediction

The Meteorological Cooperation on Operational (MetCoOp) Numeric Weather Prediction is a

collaboration between the Norwegian Meteorological Institute (MET), Finnish Meteorological In-

stitute (FMI), and Swedish Meteorological and Hydrological Institute (SMHI). Together they have

created the MetCoOp Ensemble Prediction System (MEPS). The forecasts are made by 30 en-

semble members, meaning 30 different forecasts creating a new one based on probabilities [85]. A

new forecast is created every sixth hour, 00:00, 06:00, 12:00, 18:00 and predicts up to 54 hours

ahead [85]. The model is run with 2.5 km grid spacing and spans 900 × 960 grid points in zonal

and meridional directions. In the vertical direction, the model has 65 levels.

The data is retrieved from MET Norway’s THREDDS data server, which is available to the public

[86]. Each day is logged in separate NetCDF files, retrieved through Python using OPenDAP

protocol. The MEPS dataset offers a variety of different parameters. To provide proof of concept

for XAI, some weather factors such as upwards wind and cloud type are seen as unimportant

and therefore not included in the model development. The parameters deemed relevant for further

investigation is shown below and a short excerpt of the downloaded format is shown in Table 3.2.

1. Ambient temperature (T )[K]

2. Relative humidity (H) [%]

3. Air pressure (p) [Pa]

4. Wind speed (w) [m/s]

5. Cloud cover (c) [%]

MEPS delivers wind data in the form of two vectors, one for wind along the zonal axis (x-axis)

and one along the meridional (y-axis). Wind direction is deemed superfluous and instead the

magnitude of the wind vector (see Equation (3.3)) is decided to be used.

w = ||(wx, wy)|| =
√
wx + wy (3.3)
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Table 3.2: Excerpt of NWP data format an afternoon in January.

Time T [K] H [%] wy [m/s] wx [m/s] P [Pa] c [%]
21-01-07 16:00 268.669 0.7912 -1.934 -1.397 100595.3 0.9932
21-01-07 17:00 268.8244 0.7818 -1.856 -1.102 100602.836 0.9990
21-01-07 18:00 268.787 0.7848 -1.284 -0.5635 100628.98 0.9980
21-01-07 19:00 268.814 0.7844 -1.211 -0.5379 100631.38 0.9985

3.2.4 Data Visualization

To get a better understand how the different input features impact each other and the context in

regards to the load visualization is used. Here, the time-dependents variable are visualized to get

a grasp of patterns and insights which can be further used during model development. The typical

daily load profile for households consists of two peaks, one in the morning as people prepare to

leave for work and one in the afternoon when people get home. Accumulating this for multiple

households, a distinct pattern is created, as observed by the orange line in Figure 3.6. Each day has

one prominent peak in the morning, followed by a smaller rise in the afternoon.On the other hand,

a single household will be more susceptible to deviations in routines. Additionally, energy-intensive

activities such as showering and washing machines will have a more significant impact on the load

profile as it makes up a larger percentage of the total load. This is clear by the example shown

in Figure 3.6, where the blue line indicates the residential load. The two loads are normalized as

described in Section 3.3.1.

Figure 3.6: Standardized regional and residential load for week in February. Load imply residential
load, whilst NO1 the load of price zone NO1.

Even though the pattern of the residential load is not as clear compared to the regional one, there

are still usually two peaks as with the regional one. This is especially well observed on the 19th

of February, where the peaks are extra dominant. Furthermore, by accumulating every hour over

a year, one can see a daily pattern form for each weekday. Monday till Friday are very similar

with a peak at 06:00 and a second peak at 18:00. During the weekends, the load profile becomes

more evenly distributed throughout the day, as shown by the cyan and green profiles in Figure 3.7.

Another observation is that weekend peaks are later than compared to weekdays. This is most

likely down to residents sleeping longer during the weekends.

Investigating the NWP, data multiple interesting observations are found. First, cloud cover and

wind speed are quite irregular factors. Cloud cover is often predicted as either 0% or 100%,

with significant deviations between hourly predictions. The inclusion of cloud cover is done to
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Figure 3.7: Average consumption each hour in 2020.

investigate whether or not the machine learning model can learn patterns not seen by the human

eye. Furthermore, wind speed is not seen to have any seasonal patterns, nor does it seem to impact

load directly from preliminary visualization. Humidity and pressure both have a small seasonal

component. Humidity is furthermore seen to have a more daily component, as seen in Figure 3.8.

Figure 3.8: An excerpt of temperature, humidity and pressure from a week in August.

Finally, the temperature is seen as the most relevant NWP variable. With heating being such a

large part of Norwegian power consumption, it is clear that this is important. This is backed by

the literature in the Energy forecasting section (Section 2.8). Figure 3.8 shows how the nightly

humidity high is opposite to the temperature, which increases during the day. Looking at each

month’s average temperature and comparing it to residential load and the load of NO1, the impact

of heating is further proved, as illustrated in Figure 3.9.The same figure further demonstrates the

relationship between local load and regional. It is worth noting that the reason the temperature

dip in July is due to it being the coldest and rainiest July in 50 years in south-east Norway [87].
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Figure 3.9: Average monthly residential load, regional load in NO1 and temperature, All have
been standardized between 0 and 1.

3.2.5 Data Changes

Daylight Saving

Norway operates like many other countries with DayLight Time (DLT) savings. During the sum-

mer, Norway follows the UTC+2, and in the winter, the clock is turned backward, effectively

turning the clock backward to UTC+1. This happens on the final Sunday in March and October

each year. However, this creates an obstacle in the supplied data because an hour is lost in March,

and an additional hour is added in October. The time shift happens between 02:00 and 03:00.

Consequently, there is no data for the extra hour in March and an hour too much in October. This

is dealt with by interpolating the previous value and the next value. This causes some inaccuracies,

but is seen as the most convenient solution.

Missing Values and Irregularities

The residential household data was investigated for outliers and other irregularities, but none were

found. For the residential load data and NWP data see [82].

3.3 Data Preparation

The suggested input parameters can be divided into two different categories. First, there are the

time-dependent variables, which from now on called quantitative variables. The retrieval and data

cleansing of these has been described in Section 3.2. Secondly, qualitative input variables are used

for formulating fixed events, for example, separate which season it currently is.

3.3.1 Quantitative Variables

The collection of quantitative data is described in Section 3.2. The following is the list of quantit-

ative variables which will be explored in this thesis,
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• Residential load, P(t)

• Regional load predictions, P̂NO1(t)

• Ambient temperature, T̂ (t)

• Humidity, Ĥ(t)

• Pressure, p̂(t)

• Wind speed, ŵ(t)

• Cloud cover, ĉ(t)

Residential load is the only variable that is not another prediction, hence the other variables being

denoted with a hat (̂ ). NWP are predicted by MEPS as described earlier, whilst regional load

predictions are performed as described in Section 3.4.3. The quantitative data is at wildly different

scales and have other units. One measure to simplify the input for the model is normalization.

Normalization confines all numeric inputs to be between a fixed interval. This can aid learning and

increase performance [88]. For this thesis, Sklearn’s MinMaxScaler [89] is used. Each feature

is transformed using Equation (3.4), where X denotes every single value and Xmin and Xmax are

the smallest and largest values in the set, respectively.

Xstd =
X −Xmin

Xmax −Xmin
(3.4)

In a real-life scenario one would only know previous data. Therefore when choosing the minima

and maxima for the normalization, it is done using the training set. This is done using the fit

function, which computes the two values. Then, the training and test input data are transformed

using the built in fit transform.

3.3.2 Qualitative Variables

There are a set number of possible outcomes for the qualitative variables based on some other

variable. Usually, ML algorithms struggle to understand qualitative data. One way to work

around this is by one-hot encoding the data to create dummy variables. One-hot encoding consists

of creating a binary matrix, where each row is filled with a 0 or a 1, with 1 meaning true. For

nominal variables, one-hot encoding works great. However, some problems are introduced with

it. Mainly memory issues by introducing large matrices, slowing or stopping the model’s progress.

The following categorical variables were investigated during model development:

• Hour of day: h0, ...,h12,..., h23

• Day of week: d0, d1 d2, d3, d4, d5, d6

• Months: m0,m1,..., m11

• Season: s0, s1, s2, s3

Table 3.3 shows an excerpt of the one-hot encoded seasonal variable. Each season is three months

with the winter months being defined as December, January and February.
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Table 3.3: Example of how seasons are one-hot encoded.

Date Winter (s0) Spring(s1) Summer(s2) Autumn(s3)
2021-01-01 1 0 0 0

...
2021-06-06 0 0 1 0

...
2021-12-12 1 0 0 0

3.4 Model Development

All models are preprocessed and developed using Python [90], with the machine learning models are

developed using the TensorFlow [91] library. Within Tensorflow, one finds Keras[92], Tensorflow’s

API. The initial step is to split the data into training and test set. The residential data set is

limited to only three years worth of data. To give the model most the data to train on, it is

decided to split it 80/20 in favor of training. It is recommended with a split of around 70/30

to 80/20, depending on the amount of available data [37]. With 80% of the data being used for

training, it leaves the final 5074 hours of load data to test the model. This equates to June 3rd

until December 31st. It is unfortunate not to be able to test the model on an entire year worth of

data since it inhibits the possibility of seeing performance for all seasons.

Each model consists of independent variables, X, and the target variable, y, which in this case

is the residential load, P (t). The goal of the forecast is hour ahead forecasting, also known as

having a horizon of one hour, using the previous 24 hours as an input. The independent and target

variables are then reshaped to fit the horizon and model input. Each input is formed into tensors

with the shape (number of samples, number of lags, number of features) and the y tensors

having the shape (number of samples , number of target variables). In all cases, the number

of target variables remains as one, whilst the number of features will vary depending on the model.

With 24 lags per prediction, it is not only possible to predict until the 25th value in the test set,

the length of the test set is therefore reduced to 5050 hours.

Model Compositions

During development, two different types of models are investigated. The first model is a pure

LSTM model composed of two layers. The first LSTM layer has return sequences set to True

so that the layer outputs a vector for each time step instead of a vector at the final input of a

sequence. This is needed to be able to stack multiple LSTM layers. Recurrent dropout is added to

the layer in addition to a standard dropout layer between the two layers. Dropout and recurrent

dropout are added to prevent overfitting [92]. This is done by dropping some connections, with

the difference between the two being whether connections are dropped between input and output

(vanilla dropout) or in the cell state (recurrent dropout). For a full explanation of this topic, the

reader is recommended to explore [93], [94]. The dropout layer is followed by another LSTM layer

with similar specifications. However, as this is the final LSTM layer, return sequences are turned

off. To obtain the desired output shape a Dense layer calculates the dot products of the input and

squishes it to the desired output shape.
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During testing, it was found that the optimizer Adam generally produced the best results and is

therefore used on all models. Adam is also found by the literature to work well on many different

problems [49]–[51]. Furthermore, during early development many models were prone to NaN errors

when optimizing. As this can often result from exploding gradients, gradient clipping was tested

with great success. It is therefore kept for all upcoming models. To further prevent overfitting,

early stopping is added with a patience of 5 epochs thus the training is stopped if the losses from

gradient descent do not improve over five epochs. The second model explored is a CNN-LSTM

model. The general model is built as the model described in the previous paragraphs. However, a

Conv1D layer is added before the first LSTM layer.

Hyperparameter Optimization Using Keras Tuner

Hyperparameters can be divided into model and algorithm hyperparameters [37]. Model-dependent

hyperparameters define the structure of the model, whilst activation functions and learning rate

amongst others, are algorithm-based. Tuning these parameters is seen as crucial to obtaining

a well-performing model. Adapting models with respect to the issue and available features is

widely accepted as a superior solution compared to preset models [95]. There is a wast number

of optimization algorithms, such as Grid-based, Random search and Bayesian optimization. Grid-

based is a thorough tuning mechanism, testing out all possible combinations within a search space.

Bayesian on the other hand uses probability and an acquisition function for optimization. One of

the available optimization softwares is the Keras tuner[96]. The Keras tuner offers three different

tuning algorithms, Random Search, Bayesian and Hyperband tuning, with Random search being

used in this thesis. Table 3.4 shows the different parameters tuned and their respective search

space. Dropout is not confined to a search space. Instead, the function Boolean is used, implying

that models are tested with and without a dropout of 0.2. The different activation functions are

described in Section 2.3.3.

Table 3.4: Hyperparameter space for all proposed models. the red color signify the CNN layer
which is only used for the hybrid models.

Layer
Units/
Filters

Activation
Recurrent
dropout

Dropout
Kernel

size
LSTM 1 [8,128] ReLu, Tanh, Sigmoid [0, 0.2] 0.2 -
LSTM 2 [8,128] ReLu, Tanh, Sigmoid [0, 0.2] 0.2 -
Conv1D [8,1000] ReLu, Tanh, Sigmoid - - [1,10]

In addition to hyperparameters in Table 3.4, learning rate and clip value are tuned. The intervals

for these parameters are [1 × 10−4, 1 × 10−2] and [0.001, 0.5] for learning rate and clip value,

respectively. Each test is ran with 75 different trials and each trial is ran twice with ten

epochs per trial. The best performing model is then ran again with 75 epochs with the same

early stopping as before.
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3.4.1 Models with Load and NWP

The first set of trials were created using only residential load and different variants of NWP. The

initial model explored included all available NWP variables, giving the machine learning function,

P̂A1 = f(P, T̂, Ĥ, p̂, ŵ, ĉ), with : f : R6×24 → R1×1.

Here, P̂ denotes the predicted function given by the variables, P, T̂, Ĥ, P̂, ŵ, ĉ. The input domain

consists of six input features over 24 hours, with an output of 1×1. This mathematical formulation

will be continued to be used for describing the rest of the models. Both a CNN-LSTM and an

LSTM model were created. From now on, they are named CNN-LSTM-A1 and LSTM-A1. The

A will henceforward be used to denote models with only load, and NWP, whilst later additions

will be given subsequent letters. The number following the letter will be used as an indication of

model iteration in the given development phase.

Recall in Section 3.2.4, cloud cover, and wind speed were found to be erratic in change, and

relatively small pattern was found. Two models were again created, CNN-LSTM-A2 and LSTM-

A2, given by,

P̂A2 = f(P, T̂, Ĥ, p̂) with : f : R4×24 → R1×1.

This iteration of models were tested to observe whether the model would improve with less noise

or if cloud cover and wind were useful features. More models were explored without significant

results and are therefore left out.

3.4.2 Models with Qualitative Variables

The second generation of models took advantage of the results found in the previous section. Be

aware due to uncertainty given by deep learning models, one can not be sure whether a different

set of features than the ones which are taken from Section 3.4.1 would outperform the one used

here with additional features. The first set of features used for this generation were the following,

P̂B1 = f(P, T̂, Ĥ, p̂, ŵ, ĉ,h,d) with : f : R37×24 → R1×1.

The changes from models A1 is the addition of hourly (h), and daily (d) one-hot encoded variables.

The shape of the one-hot encoded variables will be (# samples, # different categories), where

categories, for example, represent each day, Monday, Tuesday, ..., Friday. This increases compu-

tational complexity and time. With the Norwegian weather being heavily influenced by seasonal

changes, with high loads in the winter and low in the summer, the second version of the model

with qualitative variables added monthly and seasonal one-hot encoded variables. The shape of

each input tensor is thus (53× 24), as seen below.

P̂B2 = f(P, T̂, Ĥ, p̂, ŵ, ĉ,h,d,m, s) with : f : R53×24 → R1×1

.
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3.4.3 Models with Regional Prediction Data

Regional Load Forecasting Model

In a master’s thesis performed by Bolstad [82], day-ahead forecasts were performed for NO1 with

168 lags. Using the findings from that thesis, a CNN-LSTM hybrid model was created. Trying to

replicate similar results as Bolstad, the goal of this set of models was to investigate if regional load

forecast would improve upon the earlier cases. Due to time limitations and objective focus, only

one version of the regional load model was tuned. Bolstad performed the forecast using NWP data

from a variety of ten cities in the region to achieve a more accurate representation of the region.

P̂NO1 = f(P, T̂, Ĥ, p̂, ŵ, ĉ,h,d,m, s),

forms the function trying the replicate the regional load with f : R98×168 → R1×24. Each NWP

variable is understood to be a 10 × 168 tensor to fit all ten cities used in the study. Tuning is

performed as explained in Section 3.4 with the same search space as Table 3.4. Since the local

data set spans from 2019 to the end of 2021, the test set for regional load forecasting had to be of

the same size. This equates to about 38% of the entire available data set for NO1. With both a

longer time span and a larger domain, the run time of this model was accordingly longer.

Regional Load Forecasting Applied to Local Load Forecasting

The first version of generation C was created to further examine whether regional loads could

improve the forecast. C1 uses all available features available in this study.

P̂C1 = f(P, T̂, Ĥ, p̂, ŵ, ĉ,h,d,m, s, P̂NO1) with : f : R53×24 → R54×1.

From the results from the first and second generations (see Sections 4.1 and 4.2), it was decided to

focus on the LSTM model as it provided better results. A hybrid model will additionally introduce

a higher degree of complexity, increasing the general run time. Therefore, a second model was

tested as a ”bare bones” test where the features found to be less prominent were removed. In this

test, only historic load with temperature and regional forecasts were taken advantage of, giving

the function,

P̂C2 = f(P, T̂, P̂NO1) with : f : R3×24 → R1×1.

Even though run time optimization is not a objective, having a fluid and quick program will always

be beneficial. A model with fewer features can also potentially be less vulnerable to faulty input

data. However, if one it can also introduce larger error as the model has less parameters to consider.

3.5 SHAP Development

SHAP’s DeepSHAP algorithm mentioned in Section 2.7.2 is initialized using the DeepExplainer

object found in the SHAP library [60]. SHAP is chosen over LIME and other XAI tools because

of its versatile abilities. First of all, SHAP offers both local and global explanations. Secondly,
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the mathematical foundation of SHAP gives confidence in explanations due to the extensive re-

search on Shapley values. On a final note, the SHAP library offers a wide variety of visualization

tools, making explanations understandable for domain experts and more inexperienced users. One

downfall to SHAP is that it is a work in progress, hence there can arise problems which are not

implemented solutions for yet.

The explanations are based on 1000 random samples from the training set, giving a reasonable

estimate of the expected values [97]. Calculated Shapley values are given in the same form as the

model input, namely, (#samples, #lags, #features). This creates a conundrum where SHAP

has multiple inputs to explain per output. An example using only historic load would be written

as,

P̂h = f(Ph−1, Ph−2, Ph−3, ..., Ph−#lags),

with h being the current hour. With multiple features and 24 lags, the number of input variables

SHAP explains becomes 24#features. To see the impact of every singular time variant of a feature,

the data can be reshaped into the form (#lags × #samples,#features). To see the impact of

each feature on an output regardless of time lag, one can use the following equation [82],

φx̂ =

24∑
h=1

φx̂h. (3.5)

One issue with doing this is that the importance of Shapley values is given in the R domain, meaning

they can be both negative and positive. Equation (3.5) changes this and can lead to explanations

becoming leveled. Bolstad [82] solved this by taking the absolute value of each Shapley value in

Equation (3.5), giving Equation (3.6).

φx̂ =

24∑
h=1

|φx̂h| (3.6)

However, using Equation (3.6) violates one of the local properties of SHAP, namely that the sum

of all explanations equals the base value,
∑
φ = E[f(z)]. For global explanations using SHAP, the

aggregated importance of each feature is calculated.

Local explanations are applied in hopes of interpreting the model’s evaluation of short instances or

singular outputs. This can be especially useful for cases where the model deviates from the actual

load.

3.6 Choice of Performance Measures

Section 2.9 explained four different ways of reviewing the performance of the various models. Each

one of them has its advantages and disadvantages. R2 and MAPE are percentage based measures,

whilst RMSE and MAE return the same unit as the given variable it is trying to predict. Since

this thesis uses the same dataset for all models, making it possible to compare the models using

RMSE and MAE. With RMSE being vulnerable to outliers and MAE susceptible to disregarding

the outliers, one should be careful trusting either one too much [98]. One study [99] argues that

R2 is the most informative performance measure due to the other metrics looking at the singular

values, hence not informing whether the model performs well or not. At the same time, R2 is
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criticized for not detecting goodness of fit. For example, if the variance is high, the R2 can become

artificially low, even though the model fits the data well. MAPE is not perfect as it struggles if

any value is 0, as discussed Section 2.9.3.

For this thesis, it is decided to use MAPE as the main indicator. As a precaution, each data set

is investigated for 0-values. The other metrics will nevertheless be used to gain insight into the

performance. In addition to these measurements, visual confirmation will be used to validate each

model.
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Chapter 4

Results and Discussion

In this chapter, the results of the different models are presented together with local and global

SHAP explanations. Results are discussed simultaneously for simplicity, and a final discussion is

found in Section 4.5. The chosen hyperparameters for the models presented in this section is found

in Appendix A.

4.1 Load and NWP

The first set of models was created using only different combinations of NWP data (see Section

3.3.1). The four different models investigated and their total performance measures are shown in

Table 4.1. Comparing the different models, it can be seen that the A1 models, with all available

NWP data outperform the models with only temperature, humidity and pressure. This can suggest

that the DL model can extract information from cloud cover and wind speed, even though it is

hard for humans to find. Secondly, the difference in performance between the hybrid model and

the LSTM model is relatively small. With a slightly lower MAE, but a higher RMSE, one could

argue that LSTM-A1 has more significant absolute errors, but follows the median better than

the CNN-LSTM-A1. Looking at the relative metrics, R2 and MAPE, the two perform similarly.

CNN-LSTM-A1 is slightly better according to R2, whilst MAPE indicates that LSTM-A1 is better.

Table 4.1: Performance measures for first generation models. The best performing measures are
highlighted.

Model Generation A R2[%] MAPE[%] RMSE [kWh] MAE [kWh]
LSTM-A1 70.17 24.31 1.028 0.728

CNN-LSTM-A1 71.49 27.77 1.005 0.7515
LSTM-A2 70.77 26.67 1.017 0.7501

CNN-LSTM-A2 69.79 27.13 1.034 0.765

Calculating the best and worst week for LSTM-A1 according to MAPE, it is found that this is the

1st to 8th of December and the 4th to 11th of June, respectively. Visually, the relative peaks in

June are more extensive compared to December. One could argue that MAPE returns the given

week as the poorest due to punishing negative errors more than positive errors. In the summer,

the electric load is generally low, and the model underestimates peaks. During the winter months,
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the load is generally much higher. It is never lower than 5 kWh/h, in the best performing month.

However, the model does seem to have the opposite problem over this week as to the summer week

displayed in Figure 4.1a. Hours with a lower load compared to the norm have higher deviations.

If this has a large impact on the calculated MAPE is challenging to prove.

(a) The worst predicted week for LSTM-A1 according to MAPE (28.30%).

(b) The best predicted week for LSTM-A1 according to MAPE (12.26%).

Figure 4.1: Comparison of the best and worst predicted weeks according to MAPE.

From Figure 3.7, it was observed that the load during the weekends is lower compared to weekdays.

To see if this has impacted the performance of each day is calculated in Table 4.2. Surprisingly,

performance is relatively similar for all days. Maybe even more surprising is that Saturday and

Sunday perform a little better than the others. One could argue that this is because the load is

more stable the entire day compared to workdays with morning and afternoon peaks. However,

from seasonal performance, it was found months with low loads performed worse than winter

months. These finds further emphasize that the model mainly struggles with sharp load changes,

especially morning and afternoon peaks.

Table 4.2: Performance of LSTM-A1 for each weekday.

Metric Mon Tue Wed Thur Fri Sat Sun
R2 71.88 66.77 69.40 66.91 68.69 0.7297 71.15

MAPE 24.59 24.02 25.04 24.20 24.71 24.56 23.00
RMSE 1.111 1.074 1.016 1.045 1.002 0.8970 1.036
MAE 0.7927 0.7650 0.7373 0.7585 0.7109 0.6329 0.6966
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4.2 Qualitative Variables

Table 4.3: Performance measures for second generation models.

Model Generation B R2[%] MAPE [%] RMSE [kWh] MAE [kWh]
LSTM-B1 73.17 26.22 0.975 0.7252

CNN-LSTM-B1 72.41 25.48 0.9883 0.7305
LSTM-B2 70.38 28.42 1.024 0.7637

CNN-LSTM-B2 67.93 34.39 1.066 0.8427

Utilizing the best results and findings from the first generation of models, it was tried to improve

the model by incorporating qualitative variables. First, by adding hourly and daily one-hot en-

coded values to determine whether sharp load changes (found in Section 4.1 can be detected by

information about the hour. The day of the week is implemented to observe if it impacts the results

found in Table 4.2. The second instance of models with qualitative variables added seasonal and

monthly features the first gen proved to work best during winter. The performance of B1 and B2,

both LSTM and CNN-LSTM, is shown in Table 4.3. Looking purely at the performance metrics,

the pure LSTM models outperform the hybrid models, again. Secondly, the models, including

season and month, performed worse compared to those without, with a 3.81% (for LSTM) and

6.18% (for CNN-LSTM) decrease in accordance with R2. Interestingly, the models proposed with

seasonal and monthly characteristics did not only perform worse than B1, but they performed

worse than all models presented in the first generation. If this is a fluke during development or

adding too much information to the model will be discussed in Section 4.5.

(a) MAPE. (b) R2.

(c) RMSE. (d) MAE.

Figure 4.2: Performance per month for the second generation of models.
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To see if qualitative measures impacted performance for each day and month, performance metrics

are calculated and visualized in Table 4.4 and Figure 4.2. Remember that MAPE, RMSE, and

MAE are to be minimized, whilst the performance of R2 is best at 100%. As seen earlier, CNN-

LSTM-B2 generally performed worse than the other models proposed during development. This

is further highlighted in Table 4.4, where it performs worse than LSTM-B1 and LSTM-A1 (from

the previous generation). However, comparing LSTM-B1 to LSTM-A1, it is seen that R2 improves

for all days, implying that adding weekdays and hours improved performance. It is observed that

for all three models, Thursday is significantly worse than to the other days. This is most likely

down to divergence in residence habits which the model has not entirely figured out. Monthly and

seasonal variable were added to B2 to highlight month changes to the models. Figure 4.2 shows

that this is not the case. The B1 drafted models outperform their B2 counterparts for nearly all

months in all statistics. The only exception is that LSTM-B2 performed surprisingly well for the

summer months. The Figures 4.2a-4.2d make it clear that even though the four models produce

different results, they all follow a similar pattern. With an increasing load during the winter

months, RMSE and MAE increase considerably. However, the percentage-based metrics decrease.

These trends indicate that even though the error measurements increase during the winter, the

total load increases more, reducing the percentage error.

Table 4.4: Performance of LSTM-B1 and CNN-LSTM-B2 for each weekday.

Model Metric Mon Tue Wed Thur Fri Sat Sun

LSTM-B1

R2 [%] 76.92 70.28 74.15 67.90 72.44 74.30 72.56
MAPE [%] 25.02 27.80 25.78 27.45 25.29 25.99 26.21

RMSE [kWh] 1.007 1.016 0.9336 1.030 0.9432 0.8747 1.010
MAE [kWh] 0.7567 0.7750 0.7046 0.7813 0.6900 0.6410 0.7287

CNN-LSTM-B2

R2 [%] 72.77 70.27 70.90 65.53 69.88 70.083 69.52
MAPE [%] 28.18 28.10 28.42 28.63 27.31 28.50 29.81

RMSE [kWh] 1.093 1.0162 0.9905 1.067 0.9859 0.9438 1.065
MAE [kWh] 0.8294 0.7686 0.7396 0.8003 0.7224 0.6993 0.7871

The two highest achieving models for the second generation (LSTM-B1 and CNN-LSTM-B1)

are further inspected in Figure 4.3. The same week is predicted in Figure 4.1b, with the main

difference between the two plots being that the second generation seems to follow the peaks and

dips better than the previous generation. This is especially apparent in the dips on the 5th and 6th

of December. However, the same figure shows how the CNN-LSTM-B1 and LSTM-B1 exaggerate

more compared to LSTM-A1. On the 2nd of December (which coincidentally is a Thursday), it

is seen that B1 models predict values close to 11 kWh, whilst the actual load only amounted to

8.55 kWh. Even though these are only two examples, they are found throughout the data sets

and are also represented in the performance metrics. This could be down to generation A models

being more overfit than the second generation.
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Figure 4.4: Summary plot of model LSTM-B1.

Figure 4.3: Comparison of LSTM-B1 model and CNN-LSTM-B1 model for second generation
models.
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4.2.1 SHAP Explanations

The two best-performing models from generation B are explained using DeepShap to find important

features and patterns to understand the model’s workings better. Figures 4.4 and 4.5 are summary

plots depicting the importance of the 20 most important features for the LSTM-B1 model and CNN-

LSTM-B1, respectively. A colored dot represents each explanation (feature and time variable). The

color identifies the feature value. For example, a relatively high ambient temperature will be a

shade of red, whilst colder temperatures are accordingly blue. Be aware that qualitative variables

will only be clear red or blue due to being one-hot encoded. The x-axis describes the SHAP value

for each point. A high absolute SHAP value means that that sample is of great importance. If it

is negative, it is understood to decrease the expected output compared to the base value.

The first observation for both figures is that the most important features are historical load and

temperature forecast. Unsurprisingly it is seen that low historic loads impact the model output

negatively, and that high loads usually affect the model output positively. However, it is observed

some points close to the origin (0.0) are the opposite color of the general pattern. This is most

likely due to there being 24-hour lags, meaning that a high peak yesterday morning does not imply

that there will be a high peak the following noon. Luckily it seems like the model has understood

this, as most of these points have relatively little impact on the model. Temperatures are seen to

have the opposite color pattern to load, where cold temperatures give higher output, which reasons

with logic. Surprisingly, cloud cover is given much higher importance than initially thought during

visualization. For some reason, the CNN-LSTM model is heavily reliant on load as every other

feature has close to zero impact on the model output. The pure LSTM model, on the other hand,

is more impacted by multiple features. Especially the one-hot encoded variables for peak hours

have high SHAP values, indicating that the model has understood the connection between peaks

and hours. There could be that the hybridization of the CNN and LSTM confuses SHAP or that

the convolutions in the CNN emphasize the load more.
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Figure 4.5: Summary plot of model CNN-LSTM-B1.

4.3 Regional Prediction Data

After tuning the regional forecast (P̂NO1) once, it achieved these results, MAPE: 5.17 %, R2:

95.44%, RMSE: 275.27 kWh, and MAE: 204.95 kWh. Comparing these metrics to the literature

(see [82]), they are inferior, but seen as sufficient to be used in the proposed models. Figure 4.6

depicts the entire period during which the regional load forecast is performed.
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Figure 4.6: Regional forecast compared to actual load, from January 2019 - December 2021.

LSTM-C1 is the first model created during the development of the third generation. Recall that

C1 comprises all qualitative (Section 3.3.2) and quantitative (Section 3.3.1) features explained in

their respective sections. As with the B2, the models with abundant features perform subpar.

From Table 4.5, it is seen that LSTM-C1 achieves lower scores than the LSTM-B1 for all metrics.

As the pattern of the previous models favored fewer features, the bare bones model, LSTM-C2,

as described in Section 3.4.3, was tested. LSTM-C2 outperforms all earlier models, as seen in

Table 4.5. The only exception is the MAPE of LSTM-A1, which performed 0.35 percentage points

better. Since LSTM-C2 has removed qualitative features altogether, it was interesting to examine

how it would affect monthly performance compared to the second generation. Generally, LSTM-C2

did better in most months, as expected, since it did better overall. However, LSTM-C2 seems to

excel during the winter compared to B1. This could be down to it putting higher importance on

temperature. Using a regional load forecast can also have impacted the accuracy during winter,

since the regional forecast is heavily impacted by weather and season, the model could indirectly

get a sense of seasonal changes and other parameters that influence load. One example is holidays

and weekends, which Bolstad [82] found to impact load profile and peaks. Figure 4.7 shows the

July and December for LSTM-C2. In July, it is seen that the forecast generally struggles with

peaks. In addition to peaks, the dips seem to be exaggerated by the forecast. These peaks are

especially prevalent in the periods 12th− 16th and 26th− 30th. For December, the model generally

follows the actual load better and struggles less with sudden changes. For periods with sharp

differences in load, most likely due to homeowners being away, have a slight divergence, but the

forecast seems to understand this and thus correct itself quickly. All monthly results for C2 are

shown in Table 4.6.

Table 4.5: Performance measures for third generation models.

Model Generation C R2[%] MAPE [%] RMSE [kWh] MAE [kWh]
LSTM-C1 70.78 29.12 1.017 0.7671
LSTM-C2 74.56 24.66 0.949 0.6942

Table 4.6: Monthly results for C2.

Metric Jun Jul Aug Sep Oct Nov Dec
R2[%] 22.03 42.00 35.31 41.30 68.05 79.04 78.36

MAPE [%] 30.36 28.83 26.28 24.90 20.82 24.24 17.97
RMSE [kWh] 1.013 0.8276 0.9986 0.9083 0.8605 1.0471 0.9790
MAE [kWh] 0.7388 0.5707 0.7166 0.6736 0.6407 0.78979 0.7380
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(a) The month of June, red is actual load and blue is LSTM-C2 forecast.

(b) The month of December, red is actual load and blue is LSTM-C2 forecast.

Figure 4.7: Excerpt from results using model C2.

4.3.1 SHAP Explanations

From the summary plot in Figure 4.8, the feature importance is plotted. As with previous results,

historical load and temperature are the two most important features. Surprisingly, LSTM-C1 seems

to have put a lot of confidence in the seasonal parameters, autumn, winter, and summer. For some

reason, even the zero valued one-hot encoded values have been given some importance, which is

prominent in the spring and autumn features. It is counter-intuitive for the forecast to put weight

on zero valued features as another feature in the same category is 1. It could have an effect on

predictions where lagged values are in the margins between two categories. One categorical value

seen to increase the impact on the model output is the hourly value for 06:00. This is also the hour

that usually has the highest peak, indicating that the model has found a connection between the

two. In Figure 4.8, LSTM represents regional forecasts from NO1. The forecast is weighted as the

fourth most important feature, confirming the suspicion that regional load significantly impacts

development.

The importance of the load justifies the inclusion of the regional load forecast in LSTM-C2 during

the SHAP review for LSTM-C1. A summary plot is created for LSTM-C2 as well and is shown in

Figure 4.9. Here, it is seen that regional load forecast (LSTM) is actually given more significance

than historical load and temperature. Furthermore, the color pattern given to the LSTM points is

similar to temperature and not historical load. In Section 4.2.1, it was argued that their respective

impact on future loads gave the color pattern of load and temperature. Why relatively low regional

values (blue dots) increase expected model output and high regional forecast (red dots) is hard

to pinpoint. One reason could be that old lags are given more weight compared to lags closer to
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Figure 4.8: Summary plot of LSTM-C1.
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Figure 4.9: Summary plot of LSTM-C2.

the actual forecast horizon. Another reason contributing to the difference is that the residential

load could have a slightly different pattern compared to the load. This was explored in Figure 3.6,

where the two loads were seen to have similar structures, but the residential loads are inconsistent.

4.4 Local Explanations

A couple of local explanations are highlighted in this section to achieve a more comprehensive

understanding of the SHAP values and their respective explanations.

4.4.1 Single Day Explanation

Using the aggregated SHAP equation (Equation (3.5)) and plotting a time span in a decision plot,

one can obtain insight into how each feature impacts the given forecast over a short time period.

The x-axis displays model output, with the y-axis representing each feature. The plot is read from

the bottom to the top, as all lines begin at the base value and each feature either pushes it above

or below the base. Figure 4.10 depicts two decision plots for generation B1, one for each model

type. Below the decision plots, the load profile for the time period is plotted for the two models.

The illustrated time frame is from 03:00 to 18:00 on December 9th. Initially, one can observe a

clear pattern of most features’ impact for each hour. For the LSTM model, most predictions are

lowered by it being Thursday and then heavily pushed above the base value by the historical load.

The other features seem to have little to no impact on all outputs. For close to all outputs, there

is a tiny push in either direction for the equivalent hour. This is most obvious for 06:00, where the

one-hot encoded value for time pushes the output towards a higher output. 06:00 is highlighted

with a dashed line.

Furthermore, the highlighted hour has a much higher output than the other hours, complying

with former finds about peak hours. Be aware that the decision plot is plotted from inputs,

meaning that 06:00 will forecast 07:00. CNN-LSTM-B1 has a similar feature pattern as LSTM-

B1. However, CNN-LSTM-B1 puts a higher emphasis on it being a Thursday and that it should

decrease the output. From the load profile in Figure 4.10c, it is seen that both models are accurate

for the morning peak at 07:00, which is explained by the highlighted lines in the decision plots.

The general load profile for the given day is, however, quite erratic, and both models are seen to

58



deviate for multiple hours, especially at 17:00.

(a) Decision plot for LSTM-B1. (b) Decision plot for CNN-LSTM-B1.

(c) Load profile for the time period 03:00 to 18:00.
MAPELSTM = 15.54%,

MAPECNN−LSTM = 13.36%.

Figure 4.10: Decision plot for B1 models and load profile for December 9th.

Single Hour Deviation

The largest deviation is chosen for further examination to understand why forecasts misbehave.

This is found to be December 12th at 22:00, where the prediction underestimated with 5.46 kWh.

Figure 4.11 depicts four different figures, three force plots (Figure 4.11a, Figure 4.11b, and Figure

4.11c), and a load profile (Figure 4.11d) for the given evening. The load profile shows a sudden

change in the load between nine and ten o’clock that evening. In Figure 3.7, it was shown that
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the evening load generally happens at 18:00. A deviation of this magnitude could be because the

residents have been away and then returned home and turned on heating and other appliances.The

available features show no obvious warning signs if this is the case. To see what the model has

emphasized, SHAP is used, specifically force plots [100]. Figure 4.11a is the aggregated SHAP

values for each feature using Equation (3.5). A force plot shows the impact of each feature compared

to the base value, E[f(z)]. Load is seen as the major impact, pushing the output below the

base value. Temperature and cloud cover, on the other hand, increases the output. Because the

aggregated SHAP values are vulnerable to equal out opposite impacts the SHAP values for lags

T −24 and T −1, visualized in Figure 4.11b and 4.11c, respectively. For the inputs 24 hours ahead

of time (Figure 4.11b), the three most important features are load, Saturday, and twenty-two.

With December 12th being a Sunday, it makes sense that the previous day has some impact and

lowers the output, as weekend loads were found to be lower than weekdays. Additionally, the

model has also identified that 22:00 is a time when the load is usually lower, since it also lower the

output.

The explanations for inputs with an hour lag show that load and temperature are the most im-

portant, equivalently to Figure 4.11a. Understandably the load is an essential feature throughout

the explanations, as seen in the global explanations. With the temperature being such an import-

ant feature to pushing the value higher, it is natural to suspect that the temperature is relatively

high. This is confirmed via analysis in retrospect, with the average temperature of December being

3.49°C colder and the average temperature for 22:00 in December being 3.52°C colder.
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(a) Sum of all SHAP values for T=22, on 12th December.
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Figure 4.11: Force plot for 12th December 22:00.

4.5 Discussion of Results

With any machine learning problem, there will be issues and challenges. During development, it

was found that it is not always the case that a model will improve by feeding more information.

Contrary to the literature, LSTM outperform the hybrid CNN-LSTM model on a general basis.

It must be emphasized that since developing a model using LSTM is the fundamental goal of

this thesis, and more time has been used in this process. The structure of the CNN layer could

have experimented with more to achieve its full potential. Others are left to explore whether an

improved model could be created using more sophisticated LSTM and CNN methods. To the

author’s surprise, the best-performing model was one of the simplest (LSTM-C2).

With 11 different available features, countless combinations could be explored to find a better

solution compared to LSTM-C2, which only used three. XAI and SHAP were applied to try

to increase accuracy. There is a possibility that another combination would yield better results.

However, from exploration, this is seen as less likely. Another way to improve the model is a broader

hyperparameter search with a more extensive search space. The results show how the performance

fluctuates with the months, with the best month being 40.9% better than the worst, according to

MAPE. There are many factors contributing to this. First of all, during the summer, the loads

are seen to be more irregular, becoming harder to forecast. As explained earlier, the forecasts
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were usually prone to underestimate the load, which MAPE penalizes heavier. Even though the

percentage-based metrics favor the winter months, it is seen that especially July performs better

according to numerical metrics. Comparing the RMSE between June and December, it is seen that

for this metric, December is only 3.36% better. This shows how singular metrics can deceive the

results. From this, one could argue that percentage metrics will favor the winter as the general

load is higher and the error is the same.

Comparing the results with similar studies in the literature is difficult due to discrepancies in

objectives and data. For example Alhussein et al. [101], achieved a MAPE of 42.85% for a proposed

CNN-LSTM model. However, this model used 12 lags instead of 24. In another article by Shaqour

et al. [102], different subsets of dwellings were forecast using Deep Neural Networks (DNNs) and

got a MAPE of 20.8% with three residences. Both from that study and this thesis, it has been

explained that with multiple residences, the different peaks will be evened out, creating a more

stable pattern. Finally, Abdel-Basset et al. [103] proposed a STLF-net on two different residential

data sets([104], [105]), achieving MAPEs of 38.24% and 19.49%. The two data sets included a

different number of features, with many indoor sensors available. Comparing the results from this

thesis with the literature mentioned above, the proposed model performs equally well. However,

it is clear that improvements can be made with more time and data at hand.

From inspection of local explanations, a deeper understanding of the model’s inner workings is

given. The force plots in Section 4.4.1 showed how the model prioritized different features depend-

ing on which lag it was. From this example, it was also seen that the SHAP value for the lag closest

to the forecast hour resembled the aggregated SHAP value. If this is a coincidence or the norm

was not explored enough to answer. It is also unsure whether the chosen time was the wisest for

further investigation due to being an outlier where the features seemingly could not identify such a

leap in load. On the other hand, it is important to be aware of these moments to be able to design

a model which could handle these events. One possibility could have been to increase the number

of lags in hopes of allowing the model to understand longer connections such as vacations. Another

option could have been to implement calendar variables, like Easter and other holidays, where it

assumed that most of these outliers stem from. On the other hand, decision plots were helpful for

seeing connections in features over time. The decision plots in Figure 4.10 also revealed how the

model identified Thursdays as a feature that generally lower model output. With Thursdays being

the worst performing day (as seen in Table 4.3), the models’ interpretation of Thursdays could

contribute to the poor performance.
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Chapter 5

Conclusion and Future Work

The contributions of this thesis consisted of creating an LSTM forecasting model using XAI on a

Norwegian residence. A preliminary set of models were created using standard forecasting tech-

niques. Implementation of SHAP proved to increase the performance as presented in Chapter 4.

The complexity of DL models is one of the most significant downfalls of the current evolution. How-

ever, with SHAP, the mist surrounding the model was partly cleared. Using global explanations,

the importance of different features was found. This allowed the removal of redundant features

and seeing what different models emphasize. Local explanations gave a deeper understanding of

outlying forecasts. The use of SHAP thoroughly improved the model and made it easier for domain

experts and the general public to interpret. Furthermore, even though residential load patterns

deviate from aggregated regional use, it was found to be an integral feature for the selected model.

It is evident that with the evolution in AI and increased data availability, residential load forecasting

will be more accessible for system operators and house owners. With an ever-increasingly pressured

grid and a rising price trend, the possibility of forecasting will relieve the most prominent peaks.

In cooperation with automation, forecasting can be used as a supplementary tool to simplify house

owners’ life. Furthermore, aggregating multiple households and neighborhoods can give the DSOs

meaningful insight. There is a significant focus in media and research on how to produce more

renewable energy. However, it will be just as important to reduce excessive use of power in the

future.

Implementation of XAI is proven as a vital tool to give domain experts insight during model

development. In this thesis, using SHAP increased performance by identifying feature importance

and outliers. It proved especially effective at separating important features from unimportant.

For domain experts, such as DSOs, XAI will provide justification for predictions which will, in

turn, provide confidence in the said forecast. For this, local explanations will be particularly useful

for giving reassurance and inspecting outliers. Furthermore, XAI can potentially be helpful for

end-users and shareholders if explanations are incorporated in an understandable fashion. It will

therefore be essential to structure the output accordingly. The mathematical foundations of XAI

and SHAP were not thoroughly investigated in this thesis, and the correctness of all outputs can

therefore not be validated. However, as the model was improved in this process, the value of XAI

in this context is clear. Given projections of XAI being fundamental for trustworthy AI, more

research within energy forecasting is needed further to gain an understanding of the choice of

background data.
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As residential load profiles are unique and highly volatile to sharp changes, it would be interesting

to further look into the following topics with the use of XAI:

(1) Increasing the amount of data sets, both with multiple households and over nu-

merous years. Increasing the time frame would make it possible to train the model thoroughly

and have a test set of at least one year, making it possible to observe the complete seasonal stat-

istics. With data from multiple households, it would be possible to research if a model based on a

singular household could be retrained to work on others. Another solution could be to train the

model on multiple distinct households and then test it on singular residences.

(2) Using data with a higher time resolution. With an hourly resolution extracted from

Elhub or similar services, it could be argued that some information is lost. This is because hourly

aggregated peaks become steeper in contrast with data with a higher resolution. It can be argued

that higher resolution would require more computational power, memory to store data, and the

forecasts to be more accurate. This is a trade-off that could be a subject for further examination.

(3) Experiment with a more extensive variety of features. With the emergence of cheaper

sensor technology, it would be natural to adopt more of these to examine whether they could

significantly impact the forecasts. One example where this is available is Hebrail et al. [104], having

temperature sensors in multiple rooms and with multiple submeters. This being a more expensive

investment, the argument for if this is necessary has to be stated. As with this respective LSTM

setup, having an abundance of features was found to create obscurities in the model. However,

many of these features were qualitative, whilst quantitative factors could increase accuracy, being

less susceptible to becoming too general. At the same time, sensors could lead to inaccuracies if the

resolution is low. With the increasing share of prosumers on the market, it would be interesting

seeing the impact and possibilities of performing such a study with loads and PV production.
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