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Abstract

This paper examines various short-term forecasting methods to forecast hourly wind energy pro-

duction in Norway. Performance of forecasting methods were compared across different months,

through different evaluation metrics, to analyze the uniformity and dependability of methods. More

than a decade of hourly wind speed data spanning across 69 locations along the Norwegian coast

were utilized in the study.

Given the upcoming integration of EU and Nordic intraday electricity markets into the Cross-

Border Intraday market (XBID), the study focuses on one-hour-ahead forecasting to be in align-

ment with the operations of intraday electricity market. With the final objective of predicting power

production, a customized loss function, Power Curve Conversion Error with penalty, which takes

into account both wind speed to power conversion and economic cost associated with over and un-

der forecast, is included as part of the evaluation metrics to capture the true value of each model’s

predictions.

Forecasting methods undertaken consist of a mix of Statistical and Machine-Learning methods,

with Naive forecasting used as the overall benchmark model. Other Statistical methods are

ARIMA, and ARIMAX which includes the use of seasonal and time of day dummies. In terms

of ML methods, Gradient Boosted Trees, Extremely Randomized Forest, and Neural Network

are selected. Finally, a hybrid model of ARIMAX and Extremely Randomized Forest is also

formulated. These methods are then evaluated on multiple evaluation metrics, namely: RMSE,

MAE, Classification Accuracy, and the Power Curve Conversion Error with penalty.

The general implication of the study reveals that accuracy of models are consistent with their

required computational intensity, with ML models outperforming statistical methods in most situ-

ations. The findings also suggest the Hybrid model to be the most suitable forecasting method for

one-hour-ahead forecast under almost all evaluation metrics employed. This conclusion holds true

for wind power forecasting under different seasons of the year as well.
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1. Introduction

The following section sets the stage for the rest of the paper with a brief account on the motivation

behind the choice of topic, the general objective, as well as the relevance of the thesis. Besides

that, it also aims to equip the reader with an overview of what to expect from the paper with a road

map outlining the overall structure of the paper.

1.1 Motivation and Relevance

The adverse effects of anthropogenic climate change has become one of the most dire issues faced

by modern society. Visible repercussions from climate change such as record high ambient temper-

atures, the rise of sea level, and the melting of ice caps, are already affecting the most vulnerable

species in regions of Earth. Plants and animals are driven into extinction, with not just animals

being displaced from their natural habitats, but also people from their homes. Just earlier this

year at the World Economic Forum in Davos, Filippo Grandi, the UN High Commissioner, even

proclaimed that the world needs to prepare for millions of people being driven from their homes

by climate change (“UN,” 2020), underscoring the monumental disruption to be expected from

climate refugees and migrants in the near future.

Energy, albeit the key driver of development and economic growth, is also the largest contributor

of greenhouse gas (GHG) emission. More than one quarter of GHG emissions in the European

Union stems solely from electricity production (“Greenhouse Gas Emissions by Aggregated Sec-

tor,” 2019). The constant growth in the human population, especially so in developing countries,

coupled with their need for improved living conditions, ensues continuous development and year

on year increase in energy demand. According to the International Energy Agency (IEA), CO2

emissions have been growing exponentially since the 1870s, spotting significant variances across

countries and regions based on their level of economic development (Birol, 2017, p. 10).
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British economist, Nicholas Stern, once described climate change as “the greatest market fail-

ure the world has ever seen.”. Economically speaking, climate is both non-excludable and non-

rivalrous, making it a public good; while greenhouse gases (GHG) emitted from economic activ-

ities represent negative externalities in their capacity in trapping heat, accentuating the need for

government intervention.

With increasing awareness on the negative impacts of GHG as a global pollutant, global treaties

such as the United Nations Framework Convention on Climate Change (UNFCCC) and its Kyoto

Protocol and Paris Agreement were put in place to promote the global efforts on GHG reductions.

A plethora of national policy measures, such as carbon trading, pollution taxes, emission quotas,

as well as grants targeted at promoting sustainable energy, have also been introduced around the

world by respective governments in light of the abatement potential in the sector. That said, the

equitability associated with these environmental regulations are highly contented, given the het-

erogeneity and nuances surrounding the topic, ranging from income inequality, to international

economic development inequality, and to varying degrees of decline in environmental quality in

which people are exposed to.

Adoption of renewable energy, seems to be the only agreeable and executable solution in reduc-

ing emission intensity of our economies, considering how improbable the alternative solution of a

worldwide collective reduction on the level of economic activity is. Having said that, one should

not discount the fact that renewable energy sources (RES) also carry their own baggage of envi-

ronmental impacts such as noise and sight pollution, ecosystem disruption, and water pollution.

More than 25% of the world’s electricity demand today is being met by renewable sources, with

growth driven mostly by China and the United States (Petrova, 2018). The cost of renewables have

hence decreased significantly following the rising interests in investing in the sector. This remark-

able adoption of renewable energy which has been impelled predominantly from strong policies

support, however, also accentuates the greatest challenge relating to the growth of renewable en-
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ergy supply in the overall energy mix – the intermittency of these energy supplies which relies

heavily on weather and environmental conditions and the lack of cost-effective storage solution.

This uncertainty faced by wind power producers has been compared to by many as the newsvendor

problem (DeMarle, 2019). In the electricity market, supply and demand must always be in balance.

Hence, the variability surrounding the supply of wind poses a big challenge to the reliability and

stability of the electrical system, which inevitably translates into monetary penalties for under/over

electricity production, leading to high price volatility in the affected markets. In the absence of

storage solutions, accurate models for predicting power output will be critical to establish wind

energy as a reliable source of energy for practical applications such as generation scheduling,

maintenance scheduling, and security analysis and energy transactions (Du, Wang, & Niu, 2019).

1.2 Research Question

Considering the aforementioned induction, the aim of the thesis is to answer the following research

question:

“What is the most suitable forecasting method to predict hourly wind power production (1-hour-

ahead) in Norway under different accuracy evaluation tools?

Do the methods’ performance vary for different seasons of the year?

The paper contributes to the existing literature by focusing on short-term wind power forecasting in

Norway. One could argue that the flexibility of Norwegian hydropower reservoirs could, theoreti-

cally, act as a storage capacity to combat the intermittency supply of wind energy within Norway.

However, since Norwegian hydropower is mostly state-owned, it will be optimized to maximize

the welfare of Norwegians specifically (Energy, 2016). The integration of EU and Nordic intraday

electricity markets forces these supply dynamics to extend outward to the rest of the EU. Hence,

more likely than not, these will be translated into economic costs elsewhere.
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On the premise of this being a hypothetical study, it is not possible to investigate the market effects

and actual economic cost associated with poor forecasts of the Norwegian wind power. Therefore,

the solution adopted was to instead, model possible economic costs faced by system operators from

the over and under forecasting of power. Therefore, a tailored loss function specific in answering

the research questions and in capturing the nuances surrounding the research question is developed.

It penalizes inaccuracies in forecasts based on each location’s wind speed to power conversion

curve, as well as taking into account the economic cost faced by system operators associated with

the over and under forecasting of power through a penalty value.

Wind speed forecasting, can be categorized by time-scale into very short-term (seconds/ minutes),

short-term (half-hour/hours), medium-term (hours/days), and long-term (weeks/months), and se-

lected based on the objective of the study as well as wind speed data available (Farzaneh & Majid,

2017). The time duration of one-hour-ahead was decided based on the objective of focusing on

the integration of wind energy into the power system (Lei, Shiyan, Chuanwen, Hongling, & Yan,

2009). Therefore, even though different forecasts can bring about its own economic significance

and advantages, this paper does not aim to investigate wind speed forecasting methods of other

time scales.

1.3 Thesis Overview

The remainder of this thesis is structured as followed:

Section 2 lays the foundation with the background on wind energy generation, features of the

power curve, the value of forecasting short term wind speed, as well as the relevant literature upon

which this study is based on.

Section 3 presents an overview of all data employed in the study, and delves into the key data

set used in the analysis. It highlights relevant features in the wind speed data set with descriptive

4



statistics illustrating the variability of wind speed, followed by an examination into their station-

arity. This section then moves on to reveal details on the programming softwares and libraries

utilized for the study, and the steps taken for data preprocessing.

Section 4 outlines the empirical approaches of the analysis, elaborating upon all the forecasting

methods deployed and the evaluation tools used to compare model performances.

Section 5 presents the findings from the analysis, while Section 6 discusses the results and de-

liberates over the limitations and shortcomings on both the methods prescribed, as well as of the

study.

Finally, the paper concludes with Section 7, with the results obtained to answer our research ques-

tion.
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2. Background

The objective of this section is to arm the reader with some fundamentals on the related topics

before diving into data and methodologies. This section will start off with the rudiments of wind

energy and its power conversion, followed by a rundown on the value surrounding wind speed

forecasting, and finally wrapping up with a review on existing literature.

2.1 Wind Energy Formation and Transformation

The exploitation of wind energy is not a new concept to people and has been around for over

thousands of years, with usage ranging from transportation in the form of sailboats, to water pumps

and windmills for food production.

Focusing on the concept of harnessing wind energy specifically for electrical power, the basic

energy transformation process behind the creation of wind energy as well as the conversion of

wind energy into electrical energy can be simplified to the following:

Solar ⇒ Wind ⇒ Mechanical ⇒ Electrical

2.1.1 Solar to Wind Energy

Wind energy can be categorized as a secondary generation of solar energy, and is formed by the

absorption of radiation energy by the atmosphere. It is caused by a combination of the three

concurrent events that creates differences in air pressure:

1. The sun’s uneven heating of Earth’s atmosphere (temperature gradients between poles and

equator);

2. The irregularities of Earth’s surface (land-sea distribution);
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3. The rotation of Earth (Coriolis effect).

Simply stated, wind turbines operate opposite to a fan. Instead of using electricity to create wind,

they use wind to generate electricity. Although a myriad of wind turbines are being designed and

manufactured, this paper focuses on the most commonly used technology - lift-type Horizontal

axis wind turbine (HAWT). (Rehman, Alam, Alhems, & Rafique, 2018)

2.1.2 Wind to Mechanical Energy

In the presence of wind, a wind turbine converts the kinetic energy from wind into electrical energy

using the aerodynamic forces created by the turbine’s rotor blades. When air flows over any sur-

face, lift (perpendicular) and drag (parallel) motions are created concurrently, both of which can be

captured to rotate a turbine’s blade. That said, the majority of wind turbines deployed are lift-type

rather than drag-type due to their better energy conversion efficiency. In a lift-based turbine, the

airfoil shape of each turbine’s blade creates differences in air pressure on the top and bottom side

of the blade, leading to a stronger lift than drag, causing the rotor to spin. Illustrated in figure 1.

Source: (“Lift and Drag,” n.d.)

Figure 1: Mechanics of lift-type wind turbine
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Kinetic Energy of Wind Parcel can be calculated as follows:

E(kinetic) =
1
2
·M ·V 2 (1)

M = ρ ·V ⇒ Mass o f wind parcel = Density o f air ·Volume o f air parcel (2)

V = A ·1 = πr2 · vt ⇒ Volume =Cross sectional area ·arbitrary length (3)

2.1.3 Mechanical to Electrical Energy

To create electricity from wind, the shaft of the turbine must be connected to a generator. The

generator uses the turning motion of the shaft to rotate a rotor which has charged magnets and

is surrounded by copper wire loops. Electromagnetic induction is created by the rotor spinning

around the inside of the core, generating electricity. This is illustrated in figure 2 below, retrieved

from: (Elsayed, 2017). Electricity is transmitted through a transformer in order to increase its

voltage and make it successfully transfer across long distances. Power stations and fuse boxes

receive the current and then transform it to a lower voltage that can be safely used by business and

homes.

Figure 2: Major components of wind turbine
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2.1.4 Betz’ Law

According to the first law of thermodynamics, the law of conservation of energy states that energy

cannot be created or destroyed, and can only be converted from one form to another. Betz’ limit,

which was first conceived by German Physicist Albert Betz in 1919, builds upon that theory and

states that any wind turbine can only convert up to a maximum of 59% of kinetic energy from the

wind into mechanical energy.

As illustrated in the fig. 3 below, if 100% of wind energy is converted, Pout = 0, giving us Vout = 0.

Under that circumstance, there will be no movement of air past the turbine, which is not only

unrealistic, but also results in no further movement of air into the wind turbine to generate more

electricity. The only way for that scenario to hold true is if the turbine rotor blades somehow covers

the full area, capturing all possible flow of air, while at the same time leaving room for receiving

new air parcels.

Figure 3: Air stream tube

Therefore, the total incoming wind energy that a wind turbine can produce is the energy difference

between the energy of incoming wind into the turbine, and energy of outgoing wind from the

turbine with efficiency measured by the ratio of extracted power and potential power as followed:
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E f f iciency(η) =
Pout

Pin
=

1
2
· (Vin +Vout)(V 2

in−V 2
out)

V 3
in

=
1
2
· (1+ x− x2− x3) ,

where x =
Vout

vin
.

(4)

The theoretical maximum value of x = 1/3 will result in the upper theoretical efficiency of 59%,

where the best distance between each wind turbine is at 5 times the diameter of turbine rotor blade

length apart.

Assuming a 100% energy conversion from kinetic energy of wind to mechanical, limited by Betz

limit power coefficient of 59% Cpmax, power capacity Pmax of each wind turbine can be calculated

as follows:

Pmax =Cpmax ·
E(kinetic)

t

=Cpmax ·
1
2
·M · V

2

t

= 0.59 · 1
2
·ρ ·πr2 · v3

(5)

It is evident that the final power production of a wind turbine is dependent upon a number of pa-

rameters such as air density - which is conditional on temperature, pressure, and humidity; turbine

parameters - radius covered by the turbine blades; and last but most importantly, the velocity and

direction of wind.

The cubic relationship of wind power output from a wind turbine and velocity of wind speed v3, as

represented in the final equation above, further accentuates the importance of predicting accurate
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wind speed as it can lead to substantial differences in predicting wind power. Based on this relation,

the doubling of wind speed can increase theoretical wind power eight folds.

Besides the Betz limit power coefficient, the capacity factor of a wind turbine, which indicates

the ratio between a turbine’s average and peak output, also affects the final energy production on

site. The capacity factor depends not only on turbine characteristics, but also site specific wind

characteristics with equation as followed:

C f =
Pavg

Ppeak
(6)

2.2 Power Curve

Building upon aforementioned energy conversions principles, the evaluation of a wind turbine’s

actual power output can become rather complex when one attempts to take all influencing factors

into consideration. To simplify this, each manufactured wind turbine today comes with a power

curve modeling their optimal power performance. These power curves are derived from field mea-

surements, with an anemometer placed close to the wind turbine to record and plot wind speed

measurements against actual power output from the turbine (“The Power Curve of a Wind Tur-

bine,” 2003). The power curve, which depicts the relationship between the expected output power

and wind speed at hub height, is especially useful in terms of energy assessment and turbine per-

formance monitoring. Three different models of wind turbines (Effect 1, 2, and 3) from Kjeller

Vindteknikk will be utilized in this paper as the conceptual wind speed to power output conversion

of the sites. Their characteristics will be expanded upon in Chapter 3.

Figure 4 below illustrates a typical wind turbine power curve, retrieved from: (Xiao, Zhao, Yang,

& Zhu, 2020). A power curve can be defined into four different zones based on the turbine’s

operational features, corresponding to a turbine-specific cut-in wind speed Vin, rated wind speed

Vrated , and cut-out wind speed Vout . The cut-in wind speed represents the minimum wind speed
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required for turbine blades to start rotating. Conversely, the cut-out wind speed represents the

wind speed at which a turbine is forced to cease operation to protect its system from damage.

Rated wind speed on the other hand refers to the lowest wind speed necessary for the turbine to

generate maximum power.

Figure 4: Theoreticaly power curve

Ergo no power is generated in Region A where actual wind speed is below turbine cut-in speed.

Moving on to Region B, which is bounded by cut-in and rated wind speed, is the only region where

the cubic relation between wind speed and power output from eq. 5 holds. As for Region C, which

is bounded by the rated wind speed and cut-out wind speed, power output remains constant at rated

power regardless of increment in wind speed within the region. Finally, when wind speed is greater

than cut-out speed, as illustrated in Region D, turbine blades stop rotating, and power output drops

drastically from maximum power to zero.

These characteristics of a wind turbine power curve represent an intriguing problem in the wind

forecasting paradigm as the relationship between wind speed to power production differs greatly

from having no effect to a cubic effect in the event of an inaccurate forecast.

When wind speed falls below the cut-in and above the cut-out as represented by Region A and D,

no electricity is generated by the wind turbine. Therefore, when comparing operationally, Regions

12



B and C are considered the main working regions of a wind turbine. However, since our interest

lies in the accuracy (and the effects of said accuracy) of wind speed forecasts, Region B is the

key sector of our focus on inaccuracy penalization. Inaccurate forecasts occurring within Region

A, C, and D will not be penalized as these will not translate into any forecast and actual power

differences. This rationale will form the basis of our tailored evaluation method - Power Curve

Conversion Error, which will be further elaborated upon in Chapter 4.

In spite of the utility of power curves, there exists uncertainty around the measurement of power

curves, with studies indicating conversion errors of up to +/- 10% in certified power curves (“The

Power Curve of a Wind Turbine,” 2003). This is due to the strong fluctuations in site/time-specific

wind speed, direction, and air density, adding to the difficulty in exact measurement of the column

of wind gust passing through the rotor at any one point. The raw power curve, pre-processed for

the public, encompasses cluttered points and requires averaging of all collected measurements to

obtain the spruced power curves shown in fig. 4.

In order to combat the additional uncertainties that could be introduced by power curve conver-

sions, rather than taking forecast accuracy measurements post speed to power curve conversion,

this study incorporated the conversion effects into the evaluation tools instead. This will be further

elaborated upon in Chapter 4.4.

2.3 Value of Forecasting Short-term Wind Speed

In a competitive electricity market such as the Nordic and EU, accurate forecasting of wind speed

can bring in great value as market prices are determined based on the cost of energy imbalances

(Farzaneh & Majid, 2017). Besides that, it is also a critical aspect in developing a robust and

well-functioning hour-ahead and day-ahead markets (Wu & Hong, 2007).
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2.3.1 Effects of Intermittent RES in Electricity market

Economically, renewable energy sources (RES) with intermittent supply (such as solar and wind)

differ greatly from traditional sources of energy (such as coal, oil, and gas) in the fundamental fact

that they do not require raw material for electricity generation. Hence, the cost of these intermittent

RES are mostly fixed and predictable - during the initial setup, and the subsequent maintenance.

This advantage of low operating costs grants them the ability to drive down electricity prices in the

presence of strong supply.

The German market is a good example of an electricity market spotting a large intermittent RES

mix. Gas power plants, which are cheaper to turn on and off compared to coal plants, are typically

put on standby to make up for the shortage in energy production from these intermittent RES.

Hence, during the time of low sun / wind, electricity prices will surge up to that of gas prices;

while prices can even be driven down to negative during the periods of high renewable power

output (Ådland, 2018).

The presence of negative prices stems not only from low operating cost of RES as mentioned

previously, but also due to government subsidies, auctions, and other fixed price agreements such

as power purchase agreements (PPA), which guarantees RES producers to make a profit despite the

negative price biddings. On top of that, the significant cost associated with starting and shutting

power plants also forces some plants to stay online during RES peak despite making a loss.

Figure 5: Energy supply stack and electricity prices
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Referring to the example of energy supply stack and electricity prices in fig. 5 on the previous

page, the price for any given hour reflects the marginal costs of the most expensive technology that

needs to be activated in order to meet demand (Ådland, 2018).

This increase in supply-side intermittency, without sufficient flexible supply/ storage options, will

therefore result in an increase in price gap between hours supplied by RES and the residual hours

of demand. Coupled with the complexity wind farms face in predicting accurate power output

(Papaefthymiou, 2009), precise forecasting of wind speed can hence be particularly beneficial in

mitigating the fluctuations and risk electrical grid faces upon accepting wind energy (Smith et al.,

2007).

2.3.2 Value of Adding Wind into Norway Energy Mix

Studies have identified the Norwegian coast as one of the most suitable locations on Earth for

the harnessing of wind energy (Borsche, 2019), yet little research has been done on the potential

economic cost from the integration effects of introducing this additional source of energy into the

Cross-Border Intraday electricity market (XBID).

Norway’s power generation is currently highly characterized by the significant presence of Hy-

dropower - a RES distinguished for its flexibility, and most studies have been made relating to the

optimization of the Norwegian hydropower capacity to regulate the influx of intermittent RES from

European Union(Graabak, Korpås, Jaehnert, & Belsnes, 2019), none focusing on the Nowerigian

wind potential - which is expected to double in capacity and meet electricity demand for up to 10%

of the Norwegian population by 2021 (Reuters, 2020).

As much as the flexibility of Norwegian hydropower reservoirs could theoretically act as a storage

capacity to combat the intermittency supply of wind energy, considerable dynamics, especially in

terms of monetary impacts, will still be at play with the introduction of this additional source of

energy given the integration of EU and Nordic electricity markets. Since traditional sources of
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energy such as coal, oil, and gas drive power prices, demand and the supply of renewable energy

drives intraday prices (Ådland, 2018). This thesis hence aims to bridge the gap by finding the

most suitable method to predict hourly wind energy production one hour ahead for the intraday

electricity market.

Besides that, given that Norway’s hydropower is currently providing for almost all energy con-

sumption within the country, the integration of the Nordic and EU electricity markets give rise to

the opportunity for Norway to export clean energy to neighbouring countries, in alignment with

the EU 2030 renewable energy target. Not only does this facilitate the phasing out of traditional

and non-renewable forms of electricity generation such as coal and oil in other countries where

harassing renewable energy is not physically or economically feasible, it also serves as a potential

source of export for Norway.

2.4 Literature Review

The following section introduces the literature reviewed related to the topic, and gives credit to

their contribution in the selection of methodologies adopted in this study. It will finally conclude

with the differentiating points of this study to all existing literature.

One of the key aspects that set human beings apart from all other living things is understanding

the concept of time. This has translated into a fixation for anticipating and planning for the future.

Honing the art of predicting has henceforth been of priority since the age of time, with the first

probability theory dating back to the late 17th centuries (“Foresightr,” 2016).

Delving into the topic of interest, a multitude of research has been carried out in the realm of wind

speed forecasting, incorporating various methods ranging from statistical to machine learning, and

even the formulation of wind-specific methods to take into account the diurnal, nonnegative, and

volatile nature of wind speed (Gneiting, Larson, Westrick, Genton, & Aldrich, 2006). This phe-

nomenon is expectedly so given the global potential of wind power, the challenges to grid integrity
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(Ayodele, Jimoh, Munda, & Agee, 2012), and economic costs associated with poor predictions

elaborated upon in the previous subsection.

Wind speed forecasting exercises can have different time-scales based on the objective of the study.

Journal (Farzaneh & Majid, 2017) investigates the defining aspects of each time-scale, starting

from very short-term wind speed forecasting, which focuses on the forecast range of seconds to

half-hour, all the way to long-term wind speed forecasting, forecasting between weeks to months.

Besides that, (Farzaneh & Majid, 2017) also shed light on the objectives tied to each respective time

scale. Based on the study, and further substantiated by (Lei et al., 2009), short term wind speed

forecasting (half to six hours), aligns with the objective of this study, and is ideal for tackling

problems related to power scheduling and grid integration of wind power. With the interest of the

intraday market in mind, one-hour-ahead forecasting was ultimately decided upon.

Following that, (Yang, Zhang, Cui, Yang, & Huang, 2019) investigates into the effects of spatial

heterogeneity in wind speeds and wind turbine power curves on wind power predictions errors.

(Yang et al., 2019) proposed two possible approaches to wind speed and power forecasting, the

first was to forecast wind speed before converting it into respective wind power forecast based

on turbine power curve conversion tables, while the second was to formulate models directly to

forecast power by mapping the relationship of wind speed data with power output. (Yang et al.,

2019) reveal the effects of seasons and installed wind farm capacity on final wind power forecast

errors, and established that errors in short-term wind power prediction can often be attributed to

the inhomogeneity of the power curves (Yang et al., 2019). Hereinafter, this study will approach

the research questions with the first method, taking special considerations in seasonal variations,

as well as wind speed to power conversions.

Moving on to the method selection for the study, (Jiang, Yang, & Heng, 2019) and (Wang, Luo,

Grunder, & Lin, 2017) categorizes short-term forecasting methods into four main types: physi-

cal, statistical, machine learning and hybrid models. Physical methods such as numerical weather
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prediction (NWP) models although highly accurate, requires extensive environmental and atmo-

spheric information along with high computational complexity as explained in (Wang, Wang, &

Wei, 2015) and (Zhao et al., 2016). Following this, this study will focus on the comparison between

statistical, ML, and hybrid methods.

ARMA/ARIMA models seem to be one of the more popular statistical methods adopted for short-

term wind speed forecasting as seen in both (Torres, García, Blas, & Francisco, 2005) , and

(Grigonytė & Butkevičiūtė, 2016), where hourly wind speed data from Navarre, Spain, and Riga,

central Latvia, were used for forecasting. Both papers highlight the forecast superiority of the

ARIMA model over the persistence (NAIVE) model based on RMSE comparison.

Building upon that, (Du et al., 2019) combines statistical methods with machine learning tech-

niques for forecasting very short-term wind speed, one/two/three-step-ahead.. In (Du et al., 2019),

wind speed data in the internals of 10-min from the Sotavento wind farm in Galicia, Northwest-

ern Spain was used, while the hybrid model, known as Multi-objective moth-flame optimiza-

tion (MOMFO), was a combination of Statistical method - Complete Ensemble Empirical Mode

Decomposition with Adaptive Noise (CEEMDAN) and ML method - Wavelet Neural Network

(WNN). The performance of the MOMFO was next compared against a persistence model, a sta-

tistical model (ARIMA), and a machine learning model (Least Square Support Vector Machine,

LSSVM), based on evaluation metrics MAE, RMSE, and MAPE. It concludes with MOMFO ob-

taining more accurate and stable wind power prediction amongst all other models.

Expanding the research into a time-scale relevant to this study, both (Farzaneh & Majid, 2017),

and (Cadenas & Rivera, 2010) also performs short-term forecasting based on the idea of a hybrid

model. Unlike (Du et al., 2019), both studies focus on one-hour-ahead hourly wind speed fore-

casts, and formulate hybrid models through the combination of ARIMA and NN. In both journals,

ARIMA model is first employed to forecast the given wind speed time series, after which the errors

were used in ANN to consider the nonlinear tendencies remaining in an attempt to reduce the final
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error. (Farzaneh & Majid, 2017) utilizes hourly wind speed data from Binalood, Iran and eval-

uate the performance of 3 hybrid models - ARMA-MLP (Multi-layer Perceptrons), ARMA-RBF

(Radial Basis Function), ARMA-ADALINE (Adaptive Linear Element) against ARMA model. In-

terestingly, (Farzaneh & Majid, 2017) concludes with the ARMA model outperforming the other

three hybrid models based on MSE criteria, validating the competence of simple methods. In the

other journal, (Cadenas & Rivera, 2010), hourly wind speed data from three different locations in

Mexico were used to build three different models: ARIMA, ANN, and the proposed hybrid model

ARIMA-ANN. Forecast performance of all three models were compared against statistical error

measures, Mean Error (ME), MSE, and MAE, across all three sites, with results indicating the hy-

brid ARIMA-ANN model to outperform the other two models across all three sites and in all three

accuracy measures. These two papers show the variation in forecast results on different wind data

sets despite similar methods undertaken. It accentuates the fact that the ‘best’ forecasting method

is often both data and evaluation metrics dependent, hence the necessity of this study to experiment

with various forecasting and evaluation methods to pinpoint the most suitable model based on the

norwegian wind speed data we have on hand.

Comparing accuracy evaluation methods, most of the aforementioned journals exploit traditional

statistical error measures namely, ME, MAE, MSE, RMSE, and MAPE to compare models’ per-

formance. Research paper (Hering & Genton, 2010), however, scrutinizes these errors and asserts

them as inappropriate in the wind forecasting paradigm for failing to capture properties of wind

speed to power conversion into account. It instead introduces a new loss function, the Power Curve

Error (PCE), as an alternative for a more realistic assessment of wind speed forecasting models.

The PCE loss function in (Hering & Genton, 2010), is formulated with Generalized Piecewise

Linear form to replicate a nondecreasing function, mapping speed to power conversion. In addi-

tion, PCE also included a penalty weight to penalize asymmetrical losses associated with under

and over forecasting. It was the first evaluation metric that attempts to take into consideration the

economic impacts of poor wind forecasting. In (Hering & Genton, 2010), a penalty weight of 0.73

was adopted to replicate a heavier penalization for under forecasts in model errors based on em-
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pirical evidence from paper (Pinson, Chevallier, & Kariniotakis, 2007). This paper attested down

regulation to be more expensive than up-regulation due to the higher cost incurred when system

operators over-order from traditional sources. Finally, (Hering & Genton, 2010) failed to take into

account the economic cost associated with different errors at different magnitudes of wind power.

This paper therefore intends to build a loss function upon this idea from (Hering & Genton, 2010),

but improve on it with the inclusion of the weight allocation based on magnitudes of wind power

to capture the associated economic cost.

The research papers covered in this section demonstrate the popularity of wind speed forecasting

in academia. They have imparted critical facts on the topic to help in the decision making for

methodologies selection to be used in this paper. Unlike literature presented above, this study

contributes to existing research with the focus on Nowergian wind speed forecasting and the eco-

nomic cost associated with poor forecasts. Majority of current literature that are Norway and wind

power specific revolves around the use of hydro-reservoirs as natural ‘batteries’ to smooth inter-

mittency of RES as seen in (Graabak et al., 2019), (Førsund, Singh, Jensen, & Larsen, 2008), and

(Destro, Korpås, & Sauterleute, 2016), underscoring a lack in literature surrounding the economic

costs, which should be increasingly important given the integration into EU market. Finally, the

reviewed literature have also served as a major inspiration on one of the key contributions of this

paper - the development of a tailored loss function specific to this study.
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3. Data

This section first familiarizes readers to all data sets utilized in the paper, followed by a deep-dive

into the relevant features and compositions of the main data set - Norwegian Wind Speed data. It

aims to illustrate the stochastic nature of the wind speed through visualization and interpretation.

The section then concludes with stationarity tests, to establish a generic idea on linear assumptions

in the data, and necessary steps taken to prepare the data for further analysis.

3.1 Overview of Dataset

Three data sets obtained from Kjeller Vindteknikk are used in this paper:

1. Norweigian Wind Speed Data (wind_data),

2. Wind Speed to Power Conversion Data (powerKVT),

3. Site Location Details Data (mill_data)

3.1.1 Nowegian Wind Speed Data

The main data set, Norwegian Wind Speed Data, is a complete data set containing hourly time

series wind speed data across 69 locations along the Norwegian coast. The duration of data spans

across 13 years, from 01.01.2000 04:00 to 01.03.2013 03:00, with wind measurement taken at a

height of 100 meters above sea level (Blekastad & Landa, 2020).

3.1.2 Wind Speed to Power Conversion Data

The second data set, Wind Speed to Power Conversion data, three different models (Effect 1, 2, and

3) of wind turbines from Kjeller Vindteknikk will be utilized in this paper as the conceptual wind

speed to power output conversion for our studies. Depending on the average wind speed recorded
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at each site, the corresponding wind turbine model that maximizes power output will be allocated.

Figure 6 below shows the power curve of each model along with their wind speed classification in

table 1 below.
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Figure 6: Plot of the Power curves

Table 1: Windspeed classification

Effect I Effect II Effect III

Avg. wind speed > 8.5m/s 7.5m/s - 8.5m/s < 7.5m/s
Cut-in windspeed 3m/s 3m/s 3m/s
Cut-out windspeed 25m/s 25m/s 25m/s
Rated windspeed 17m/s 15m/s 14m/s

From fig. 6 above, we can infer that all three models have the same cut-in wind speed of 3m/s, and

cut-out wind speed of 25m/s, indicating similar Region A and Region D. In terms of rated wind

speed, Effect 3 spots the lowest at 14m/s, followed by Effect 2 at 15m/s, and finally Effect 1 of

17m/s.

Table 2: Amount of sites by class

Effect I Effect II Effect III

Average Windspeed > 8.5m/s 7.5m/s - 8.5m/s < 7.5m/s
No. of sites 36 24 9
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Table 2 on the previous page combines information from both the main dataset, and the power

conversion dataset to reveal the distribution of sites based on the three wind turbine models. It can

be inferred that more than half of the sites in our data set experiences high wind speed of above

8.5m/s and are categorized under Effect 1.

3.1.3 Sites Location Details Data

Lastly, the third data set contains location details of 68 of the 69 sites, with “Hog Jaren Trinn I”

being the missing site. Location details include the coordinates and elevation of each site, along

with the potential capacity and the respective electricity bidding zone they belong in.

Given the interest of this study, figure 7 below combines all three data sets to map out the location

of each site, while highlighting the type of wind turbine allocated to each site.

Class

Effect I

Effect II

Effect III

Wind speed loacations in Norway

Figure 7: Map of all sites based on effect class
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3.2 Descriptive Statistics

Given the data set consists of 12 years of hourly data across 70 locations, the sheer size of this data

set presents complications not only in terms of time required for each process, but also compelled

creative ways to aggregate data for the illustration of findings.

During preliminary checks of each individual site, it was discovered that both ‘Lutelandet testan-

legg’ and ‘Lutelandet’ have identical time series of wind speed. The conscious decision to remove

‘Lutelandet testanlegg’ from the data set was made to avoid forecasting of duplicate sites, resulting

in the total of 69 locations for the remainder analysis.

3.2.1 Summary Statistics

Referring to the summary statistics table 3 below, sites are aggregated based on their respective

wind turbine model and compared to the combined of all sites. It can be observed that the mean

wind speed is higher than median wind speed for all groups, indicating positive skewness in dis-

tribution. Besides that, all three groups spot similar characteristics in distribution, and the most

conspicuous observation made from this table is the possibility of an incorrect input of maximum

wind speed 72.11 m/s under the last column.

Table 3: Summary statistics

All sites Effect I Effect II Effect III

Min 0 0.01 0 0
1st Qu. 4.65 5.07 4.42 3.91
Median 7.64 8.23 7.28 6.47
Mean 8.444 8.998 8.069 7.224
3rd Qu. 11.43 12.17 10.91 9.73
Max 72.11 72.11 60.34 69.61

Investigating this unexpectedly high wind speed data point, table 4 depicts records of abnormally

high wind speeds at “Sormakfjellet” spanning over an extended period of time in 20th January

2006. Diving further into the underlying reason, it was made clear that the dates coincide to the
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period when storm Narve hits Norway (“"Narve" Feier Inn over Norge,” 2006), permitting us to

overthrow the possibility of data input error.

Table 4: Abnormal windspeed

time Sites windspeed

2006-01-20 06:00:00 Sormarkfjellet 68.92
2006-01-20 07:00:00 Sormarkfjellet 70.66
2006-01-20 08:00:00 Sormarkfjellet 72.11
2006-01-20 09:00:00 Sormarkfjellet 70.92
2006-01-20 10:00:00 Sormarkfjellet 68.36

2006-01-20 11:00:00 Sormarkfjellet 67.36
2006-01-20 12:00:00 Sormarkfjellet 66.10
2006-01-20 14:00:00 Sormarkfjellet 65.99

3.2.2 Characteristics of Wind Speed

Following summary statistics which grouped sites by their wind turbine model, figure 8 below

shows the kernel density plots of all 69 sites in 2008. The kernel density plot shows a probability

density distribution, where the area under each curve adds up to exactly 1. The year 2008 was

selected at random purely for illustration purposes to highlight the stochastic nature of wind speed

in a given year.
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Figure 8: Density plot of all sites
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A right skewed distribution is apparent amongst all sites, indicating the scarcity of strong wind,

while accentuating prevalence of moderate wind. These kernel plots mimic that of Rayleigh dis-

tribution, a form of Weibull distribution with shape parameter of 2 (“Why the Weibull Distribution

Is Always Welcome,” 2013). Weibull distribution has often been used to describe wind speed vari-

ations, and even forms the basis in which wind turbine engineers design wind turbines on (“The

Power Curve of a Wind Turbine,” 2003).

3.2.3 Seasonality

Since wind energy is a form of solar energy, seasonality within the data set can be expected. In

order to achieve a visual overview, the average wind speed at each location was compiled and

plotted hourly and monthly as shown in fig. 9 below.
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Figure 9: Average windspeed for all sites per hour and per month

In figure 9, each line represents one site. Looking at plot A of figure 9, no clear pattern can be

observed, suggesting the absence or low daily seasonality. Although annual seasonality is more

pronounced in plot B, illustrated by a clear dip in wind speed during summer months, it is pertinent

to bear in mind that hourly wind speed data points were averaged out for the plot.
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Having said that, for a better examination of the data set, time series will next be decomposed into

their respective underlying components with Multiple Seasonal and Trend Decomposition using

Loess (MSTL).

3.3 Decomposing

A time series yt can be decomposed either additively or multiplicatively into three components:

trend-cycle T̂t , seasonality Ŝt , and remainder R̂t . While trend describes the long term increase or

decrease in a time series, seasonality refers to the fixed change that occurs every year. (Hyndman

& Athanasopoulos, 2018, ch. 2.3)

Additive decomposition is suitable for time series where overall fluctuations do not vary across

time (Hyndman & Athanasopoulos, 2018, ch. 6.1), with formula as followed:

yt = T̂t + Ŝt + R̂t , (7)

Conversely, a multiplicative decomposition is more suited for time series where fluctuations are

observed to be increasing overtime (Hyndman & Athanasopoulos, 2018, ch. 6.1), with formula as

followed:

yt = T̂t · Ŝt · R̂t (8)

All 69 wind speed time series of interest do not possess varying fluctuations overtime, hinting at the

additive behaviour of the time series. As outlined in eq. 7 above, all three underlying components

of all time series are independent of each other.

The Multiple Seasonal and Trend Decomposition using Loess (MSTL) decomposition method is

an extension of STL decomposition which allows the handling of complex seasonalities. The
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STL is often deemed as the most versatile decomposition method, and was selected for this paper

for its robustness (Hyndman & Athanasopoulos, 2018, ch. 11.1). The mstl() function provides

room for user specified seasonal variation with s.window, smoothness of trend with t.window,

robustness to outliers robust = TRUE/ FALSE, as well as estimation of trend-cycle and remainder

of full data set (Hyndman & Athanasopoulos, 2018, ch. 11.1). In this study, s.window = 13 was

selected in accordance with recommendations indicating the optimal balance between overfitting,

and allowing slow changes over time the value can bring forth (Hyndman & Athanasopoulos, 2018,

ch 6.6).

The sizable number of sites available in the data set made it unrealistic to plot out all 69 decompo-

sitions carried out. Therefore, site: Anstadblaheia, was singled out at random as an example plot

for illustration purposes. Figure 10 below depicts the decomposition of wind speed time series in

Anstadblaheia.
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Similar to figure 9, obvious annual seasonality, as represented by the fourth plot - seasonality8766,

can be observed in figure 10. In contrast, a pattern is harder to discern from the daily seasonality

plot depicted by the third plot - seasonality24. Eyeballing the plots, both annual and daily sea-

sonalities appear to be close to being additive in form, while no distinct long-term trend can be

observed.

Moving forward, the decomposed series will be used to measure the strength and significance of

seasonalities for all 69 wind speed time series (Hyndman & Athanasopoulos, 2018, ch 6.7). The

importance of the seasonality within a time series can be calculated with the following equation:

Fs = max
(

0,1− Var(Rt)

Var(St +Rt)

)
(9)

In eq. 9, Fs value close to 0 symbolises the absence of seasonality, while a value close to 1 reveals

the presence of strong seasonality. Since both annual and daily seasonalities are of interest, St of

daily and yearly components were computed independently. The results can be seen in table 5 on

the next page.

Referring to table 5 on the next page, daily seasonality of all 69 time series are very weak, spotting

the highest value of merely 0.03 at Tysvar, and lowest value of 0.014 at Falesrassa. Annual sea-

sonality, albeit stronger than daily seasonality, is also considered low with all sites falling within

the range of 0.13 - 0.26. The reason for the weak seasonality apparent in all time series of interest

could perhaps be postulated to the high frequency of the data.

Following these discoveries, the covariance stationarity of the data will be investigated upon. Co-

variance stationary is a critical condition for forecasting time series with the statistical regression

methods, ARIMA and ARIMAX, adopted in this study. Taking into account the importance in

validating the covariance stationarity of all time series, formal assessment will next be carried out.
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Table 5: Seasonality test result

Sites Daily Yearly Sites Daily Yearly

Storheia 0.024 0.246 Mehuken I 0.014 0.171
Roan 0.023 0.236 Ytre Vikna trinn I 0.021 0.211
Skinansfjellet 0.017 0.149 Hundhammerfjellet demo II 0.023 0.219
Friestad 0.018 0.149 Havoygavlen 0.016 0.172
Royrmyra 0.017 0.15 Bessakerfjellet II 0.022 0.218

Nygardsfjellet trinn II 0.021 0.139 Sway Karmoy 0.017 0.171
Eikeland Steinsland 0.021 0.136 Hywind 0.017 0.175
Havsul I 0.019 0.153 Testomrade Stadt 0.019 0.134
Mehuken II 0.015 0.173 Vardoya 0.019 0.186
Kvenndalsfjellet 0.023 0.238 Asen II 0.019 0.155

Valsneset 0.025 0.238 Sandvesanden 0.019 0.164
Midtfjellet 0.017 0.176 Nordbo 0.022 0.164
Sormarkfjellet 0.02 0.206 Askjesundet 0.028 0.158
Fakken 0.024 0.162 Raudfjell 0.021 0.253
Andmyran 0.017 0.162 Hamnefjell 0.016 0.195

Gravdal 0.018 0.143 Donnesfjord 0.022 0.161
Rakkocearro 0.016 0.196 Hitra II 0.019 0.143
Hitra I 0.019 0.141 Froya 0.017 0.165
Sandhaugen 0.017 0.22 Geitfjellet 0.021 0.184
Hog Jaren trinn I 0.017 0.151 Svarthammaren 0.021 0.157

Nygardsfjellet trinn I 0.024 0.132 Remmafjellet 0.022 0.167
Lista 0.028 0.135 Svaheia 0.02 0.15
Tysvar 0.03 0.15 Tellenes 0.021 0.164
Utsira 0.017 0.178 Stigafjellet 0.019 0.141
Haramsfjellet 0.017 0.156 Makaknuten 0.018 0.142

Hundhammerfjellet demo I 0.023 0.22 Eigersund 0.02 0.147
Bessakerfjellet I 0.021 0.216 Kvinesheia 0.024 0.154
Harbakfjellet 0.023 0.24 Lutelandet 0.027 0.166
Kjollefjord 0.017 0.206 SWAY Kollsnes 0.02 0.166
Hundhammerfjellet 0.023 0.222 Ytre Vikna trinn II 0.021 0.206

Valsneset testsenter 0.026 0.246 Anstadblaheia 0.016 0.156
Fjeldskar 0.027 0.132 Sorfjorden 0.019 0.17
Smola 0.018 0.16 Hog Jaren trinn II 0.016 0.149
Kvitfjell 0.02 0.222 Falesrassa 0.014 0.17
Haroy 0.019 0.156
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3.4 Covariance stationarity

For data to be a covariance stationary process, three principal requirements must be met:

E(yt) = µ (10)

Var(yt) = σ
2 (11)

cov(yt ,yt−s) = γs (12)

Eq. 10 and 11 demonstrates two of the three aforementioned requirements. It can be seen from the

equation that the expected value and variance must be constant throughout all periods. The third

requirement, as established by eq. 12, shows that the covariance of the series against itself must

also be constant in all periods for a fixed number of periods s. These three requirements are pivotal

for our result to convey economical significance as regression estimations from non-stationary data

will yield spurious results, introducing bias to estimated parameters. (DeFusco, McLeavey, Pinto,

& Runkle, 2015, pp. 472–473)

Unit Root Tests, such as the Augmented Dickey-Fuller (ADF) test and Kwiatkowski-Phillips-

Schmidt-Shin (KPSS) test are some of the options available in determining time series stationarity,

as well as to identify the differencing term required to achieve stationarity. Taking into consider-

ation the size of the data set, this paper adopts an ADF test based on the recommendations made

by a research paper from Makèta Arlova and Darina Fedorova. The authors tested a plethora of

stationarity tests and concluded the ADF test to be the most reliable option time series with large

numbers of observations (Arlova & Fedorova, 2016, p. 63). In the presence of non-stationarity,

time series will be differenced and retested again until covariance stationary process is achieved.
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3.4.1 ADF test

The ADF test builds upon the original Dickey-Fuller test by augmenting lagged changes. This

makes ADF preferable as provisions are made for serial correlations, increasing the robustness of

the test.

The ADF method takes the following form:

∆yt = α +θyt−1 + γ1∆yt−1 + εt (13)

with hypothesis test as follows:

H0 : θ = 0

H1 : θ < 0

Here |γ1| < 1 ensures that under H0 ∆yt follows a stable AR(1) model, while under H1 it can be

shown that yt follows a stable AR(2) model. Lags of ∆yt can also be included to account for more

dynamics present in the series. The regression of ∆yt on the lagged variables are then carried

out, followed by a t-test on their coefficients. Based on the null hypothesis, when θ = 0, we can

objectively ascertain the non-stationarity of the time series. (Wooldridge, 2018, p. 612).

The ADF test was performed for all 69 sites, with results presented in table 6 on the next page.

Looking at table 6 we can discern test statistics for all 69 sites to be lower than critical value by a

strong margin. Hence, the null hypothesis that the time series is non-stationary can be confidently

rejected, implying stationarity in all series. In other words, no differencing will be required at all.
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Table 6: Stationary tests results

Sites ADF ts ADF cv Sites ADF ts ADF cv

Storheia -25.102 -1.95 Mehuken I -24.514 -1.95
Roan -25.647 -1.95 Ytre Vikna trinn I -23.132 -1.95
Skinansfjellet -21.349 -1.95 Hundhammerfjellet demo II -26.157 -1.95
Friestad -22.532 -1.95 Havoygavlen -23.68 -1.95
Royrmyra -21.554 -1.95 Bessakerfjellet II -24.446 -1.95

Nygardsfjellet trinn II -30.545 -1.95 Sway Karmoy -23.382 -1.95
Eikeland Steinsland -24.21 -1.95 Hywind -23.016 -1.95
Havsul I -26.807 -1.95 Testomrade Stadt -27.64 -1.95
Mehuken II -24.584 -1.95 Vardoya -24.497 -1.95
Kvenndalsfjellet -24.15 -1.95 Asen II -23.489 -1.95

Valsneset -26.229 -1.95 Sandvesanden -24.191 -1.95
Midtfjellet -25.419 -1.95 Nordbo -24.808 -1.95
Sormarkfjellet -26.073 -1.95 Askjesundet -26.023 -1.95
Fakken -29.181 -1.95 Raudfjell -24.556 -1.95
Andmyran -24.19 -1.95 Hamnefjell -22.805 -1.95

Gravdal -22.532 -1.95 Donnesfjord -28.308 -1.95
Rakkocearro -22.9 -1.95 Hitra II -27.287 -1.95
Hitra I -26.654 -1.95 Froya -24.729 -1.95
Sandhaugen -24.2 -1.95 Geitfjellet -28.801 -1.95
Hog Jaren trinn I -22.048 -1.95 Svarthammaren -29.281 -1.95

Nygardsfjellet trinn I -34.608 -1.95 Remmafjellet -31.385 -1.95
Lista -24.754 -1.95 Svaheia -23.879 -1.95
Tysvar -28.019 -1.95 Tellenes -23.07 -1.95
Utsira -22.543 -1.95 Stigafjellet -22.814 -1.95
Haramsfjellet -26.081 -1.95 Makaknuten -22.468 -1.95

Hundhammerfjellet demo I -25.531 -1.95 Eigersund -23.817 -1.95
Bessakerfjellet I -25.152 -1.95 Kvinesheia -23.144 -1.95
Harbakfjellet -25.047 -1.95 Lutelandet -27.237 -1.95
Kjollefjord -22.439 -1.95 SWAY Kollsnes -25.243 -1.95
Hundhammerfjellet -25.461 -1.95 Ytre Vikna trinn II -22.755 -1.95

Valsneset testsenter -26.661 -1.95 Anstadblaheia -25.696 -1.95
Fjeldskar -23.2 -1.95 Sorfjorden -27.866 -1.95
Smola -25.871 -1.95 Hog Jaren trinn II -21.766 -1.95
Kvitfjell -24.904 -1.95 Falesrassa -22.55 -1.95
Haroy -26.464 -1.95
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3.5 Software used

Two programming languages, R and Python, were used for all the data analysis carried out in this

paper, and the report is written fully in R markdown. Data preprocessing, visualisation, as well as

the statistical models and evaluation methods were implemented in R with the following packages:

ffp2, lubridate, xts, urca, tidyverse, kableExtra, maps, mapdata, mapproj, grid, gridExtra, ggpubr,

knitr, jpeg, png and janitor.

Meanwhile, machine learning models were implemented in Python with the Scikit-learn library.

Other libraries such as pandas, numpy, and scipy, were also used for data manipulation, calculation,

and analysis.

3.6 Data Preparation

To formulate and evaluate forecasting models, all 69 univariate time series have to first be split into

train set and test set. Since 2012 is the last complete year of data, all 606096 observations of data

points from 01.01.2012 00:00:00 to 31.12.2012 23:00:00 were held out as test data. The reason for

forecasting one-step-ahead for a full year was also to compare models’ accuracies across different

seasons. Therefore, besides the removal of duplicate site “Lutelandet testanlegg” as mentioned

previously, data in the year of 2013, a total of 1420 observations in each time series, were also

removed.

Train data differs slightly for Statistical Methods and Machine Learning Methods. For Statistical

Methods, all data points prior to 2012 were used to train a model for each site. Besides that, data

statistics presented prior were all based on the aforementioned train data.

However, for Machine Learning methods, one model is trained for all sites due to computational

intensity required for not just training of models, but also for the tuning of each ML models’
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hyperparameters. Therefore, data from all 69 sites were compiled into 1 data set, of 69 observations

at each time frame.

Furthermore, all 69 univariate time series have to be framed into a supervised learning problem

for ML model training - namely split into input and output components. For this paper, input

components for all 3 ML models consisted of the following:

1. 6 lag observations (t−1 to t−6),

2. 4 seasonality splits (spring: 01 March to 31 May, summer: 01 June to 31 August, autumn: 1

September to 30 November, winter: 1 December to 28/29 February), and

3. 3 time of day splits (dawn: 00:00 to 07:00; day: 08:00 to 15:00 dusk: 16:00 to 23:00)

While the models output component, naturally, refers to the forecast wind speed value at t = 0.

Annual and daily seasonality components are also one-hot-encoded (OHE) into input.

Finally, while ML models are trained with the full set of training data, due to the lengthy computa-

tional time, ML models’ hyperparameters were iteratively tuned with only 10% randomly selected

subset from compiled data of all sites from 01/01/2000 10:00 - 31/12/2011 23:00.
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4. Methodology

This section dives into the crux of the report with theoretical explanations on all the methods

employed to forecast the 69 univariate wind speed time series. Statistical methods utilized include

the benchmark Naive method, ARIMA and ARIMAX. Machine Learning (ML) methods include

two ensemble methods - Gradient Boosted Tree (GBR) and Extremely Randomized Tree (ETR),

and a Multi-layer Perceptron (MLP) supervised Neural Network method. Finally, a hybrid model

of ARIMAX and ETR is formulated as a combination of Statistical and ML. Subsequently, all

models are trained and assessed through four different evaluation methods: MSE and RMSE,

MAE, Classification Accuracy, and Power Curve Conversion Error with penalization, in an attempt

at singling out the best model.

4.1 Statistical Forecasting Methods

4.1.1 NAIVE (Benchmark)

NAIVE forecast, the archetypal benchmarking model, is one of the simplest forecasting methods

available (Hyndman & Athanasopoulos, 2018, ch. 3.1). Not only is it fast and easy to implement,

the method also requires no assumption on the characteristics of the time series. Therefore, for the

purpose of this study, the NAIVE model will also serve as the baseline performance by which other

more computationally intensive forecasting methods are compared against. Having a benchmark

model allows a clear indication on the gain/loss in accuracy performance with respect to the addi-

tional computational complexity from all other models. Besides that, it can also be used to provide

a quantitative idea of how difficult the forecast problem at hand - forecasting of wind speed is.

The NAIVE takes on the straightforward assumption that the next value is the same as the current

value, based on the persistence algorithm with equation as follows:
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ŶT+h|T = YT (14)

As illustrated in eq. 14 above, the algorithm assigns a forecast value at h time step ahead with the

same value as that at time T . Given that this study focuses on hourly one-step-ahead forecasting,

the NAIVE model will simply be h = 1, and the forecast value at each time step is equal to the

observed value 1 hour before. On that premise, it is reasonable to expect the NAIVE model to

perform rather satisfactory since one can expect high correlation of wind speed with the past hour.

4.1.2. ARIMA and ARIMAX

ARIMA, which stands for “Auto-Regressive Integrated Moving Averages”, is a popular method

to forecast time series. Meanwhile, ARIMAX, short for ARIMA with Explanatory Variable(s),

is simply an adaption of ARIMA to include exogenous variables. Similar to NAIVE forecast,

ARIMA(X) also makes use of past values to predict future values, although with more complexity

following linear assumptions and hence the requirement of stationarity and invertibility conditions.

ARIMA model is a combination of the autoregression model, moving average model, and differ-

encing; and forecasts based on the respective components:

p: order of the autoregressive (AR) term

q: order of the moving average (MA) term

d: degree of first differencing (I) required

The AR term represents the autoregressive component of an ARIMA model, and forecasts the

variable of interest (yt) based on a linear combination of p number of past observations (Hyndman

& Athanasopoulos, 2018, ch. 8.3). It can be mathematically expressed as follows:

yt = c+φ1yt−1 +φ2yt−2 + · · ·+φpyt−p + εt , (15)
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where the value at time t is predicted by regressing p number of lagged values.

Conversely, the MA term represents the moving average component of an ARIMA model, and

forecasts the same variable of interest (yt) based on a regression-like function on q number of past

forecast errors(Hyndman & Athanasopoulos, 2018, ch. 8.3).

It can be expressed as follows:

yt = c+ εt +θ1εt−1 +θ2εt−2 + · · ·+θqεt−q , (16)

where the value at time t is predicted by regressing q number of lagged errors. In the case of

ARIMAX, each additional explanatory variable included will simply be represented by its own p

and q term.

Autocorrelation (ACF) and Partial autocorrelation (PACF) plots are typically used to determine the

values of p and q in a model manually. However with 69 models to forumate for each method, the

‘auto.arima’ function from the forecast package was used instead to retrieve the optimal parameter

with the lowest Akaike’s Information Criterion with correction (AICc) of each model.

Lastly, the integrated (I) term in ARIMA refers to the number of first differencing required for a

time series to achieve covariance stationarity. Relevant stationarity tests, such as ADF and KPSS,

as mentioned in the previous chapter, can be performed to determine the stationarity of time series

as well as the number of differencing required (Hyndman & Athanasopoulos, 2018, ch. 8.1).

Therefore, in the presence of a non-stationary time series, differencing is carried out and the first

order of differencing can be achieved by subtracting current value with a lagged value as follows:

y′t = yt− yt−1 (17)
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And second order of differencing can be achieved as follows:

y′t = (yt− yt−1)− (yt−1− yt−2) (18)

The ARIMA and ARIMAX models orders for each site can be seen in appendix 15. The ARIMAX

method in this study simply builds upon the ARIMA method, with the inclusion of four dummy

variables to represent the four seasons, and three dummy variables corresponding to the time of

day, similar to the seven OHE dummies employed in ML methods.

4.2 Machine Learning Forecasting Methods

Expanding upon the statistical methods previously described, the paper moves on to more so-

phisticated forecasting methods using Machine Learning (ML) algorithms. ML methods, unlike

ARIMA(X), do not require linear relationships to hold true. Since the true relationship of most

wind speed time series are not necessarily linear, nonparametric regression techniques as these can

often be better at handling and forecasting complex time series, albeit subjected to higher compu-

tational intensity (James, Witten, Hastie, & Tibshirani, 2017, p. 314). For the purpose of this study,

two ensemble methods - Gradient Boosted Tree (GBR) and Extremely Randomized Tree (ETR),

and a third method using Multi-layer Perceptron (MLP) supervised Neural Network are employed

and compared against traditional statistical forecasting methods.

4.2.1 Regression Tree-Based Ensemble methods

Ensemble method, as the name suggests, combines a collection of forecasts to improve upon the

base method(s) (Pedregosa et al., 2011, ch. 1.11). The Ensemble methods from Scikit-learn library

specifically combine forecasts from multiple base estimators built by the same learning algorithm.

They can be branched off into two main categories: averaging or boosting, based on how base

estimators are built as well as how forecasts are combined. Under the averaging method, multiple
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estimators are built independently, and forecasts are averaged out to reduce variance compared

to forecasts from a single estimator (Pedregosa et al., 2011, ch. 1.11). Conversely, the boosting

method builds estimators in succession, with the goal of minimizing bias when combining all

estimators. The two ensemble methods picked for this study, ETR and GBR, fall into each of these

categories respectively.

Furthermore, both ETR and GBR are also Regression Tree-Based Methods, thereby following the

basic principles of decision trees, albeit with their independent modifications. When growing a

regression tree, all predictors and cut points are first considered and selected based on minimum

RSS, and the feature space is recursively partitions into subsets until a stopping criterion is reached

(James et al., 2017, p. 307). To avoid overfitting of trained models, pruning can be introduced for

decision trees. It is a strategy that requires one to first grow a large tree, then trim it down into a

smaller subtree with lesser terminal nodes. Cost complexity pruning has the following equation:

minimize
|T |

∑
m=1

∑
i:xiεRm

(yi− ŷRm)
2 +α|T |) (19)

In eq. 19 above, |T | reveals the number of regions in a tree T , and Rm represent each respective

region, while ŷRm corresponds to the mean response of each region. An optimal pruning parameter

α can be determined based on cross validation to minimize the eq. 19 (James et al., 2017, pp.

308–310).

4.2.1.1 Extremely Randomized tree The first method, which takes on the averaging ensemble

method, is the Extremely Randomized Tree (ETR) method. Similar to Random Forest (RF), ETR

also averages forecasts based on randomized decision trees, but improves upon RF with the in-

troduction of an additional randomization process. In Random Forest, two levels of randomness

are introduced to reduce variance. Firstly by training trees on bootstrapped samples, and secondly,

with the random subspace method to find the best split for each node with either all input variables

or a random subset (“Machine Learning in Python,” n.d., ch. 1.11.2.2).
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Unlike RF where bootstrapped samples are used, ETR uses the whole data by default. Besides that,

ETR also differs from RF in that splitting thresholds are selected randomly. The best split threshold

is identified from all the randomly-drawn thresholds rather than based on the most discriminative

one as in RF (Aznar, 2020). This characteristic gives ETR a computational advantage over tradi-

tional RF along with further reduction in variance, but at the expense of greater bias (“Machine

Learning in Python,” n.d., ch. 1.11.2.2).

The customizability of ETR parameters in sklearn allows the user to determine the computational

cost v.s. accuracy of each model. The two key parameters for ETR are ‘n_estimators’, which

determines the number of trees in the forest, and ‘max_features’ which selects the size of random

subsets of features for splitting of nodes (“Machine Learning in Python,” n.d., ch. 1.11.2.3). After

parameters tuning and cross-validation the ETR parameters for model training in this study is

illustrated in 11 below.

Figure 11: ETR training parameters

4.2.1.2 Gradient Boosting tree Gradient Boosting Tree (GBT) can be characterized by the fol-

lowing three elements: 1) Optimization of a defined loss function; 2) Building of models iteratively

from individual estimators (aka ‘weak learners’); and 3) An additive model to add all weak learners

together while minimizing loss function at every step.
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The boosting component of the GBT method refers to how models are built sequentially with

individual regression trees. These estimators are also known as ‘weak learners’ as higher weights

are assigned to wrong predictions with higher errors (Elsinghorst, 2018). It stems from the idea of

learning from mistakes, and focuses on improving through learning from the more ‘difficult’ cases

it has encountered.

GBT can be mathematically represented by the following equation:

ŷi = FM(xi) =
M

∑
m=1

hm(xi) (20)

Where M represents the number of booting stages, and hm represents the “weak learners”.

The gradient component of this method refers to the gradient descent utilized to minimize the spec-

ified loss function of the model (“Machine Learning in Python,” n.d., ch. 1.11.4), and is depicted

in eqn. 21 below. At each training iteration, error rates are calculated and combined to derive the

most updated gradient (i.e. the partial derivation of the loss function). The gradient indicates the

steepness of the loss function, and is subsequently used to determine the direction to best steer

the next estimator for minimizing the overall loss function (“Machine Learning in Python,” n.d.,

ch. 1.11.4.5.1). Eqn. 21 below mathematically illustrates how hm is fitted to minimize a sum of

losses Lm given the previous ensemble Fm−1.

hm = argmin
h

Lm = argmin
h

n

∑
i=1

l(yi,Fm−1(xi)+h(xi)) (21)

Considering the application of the boosting algorithm and the gradient descent in this method, the

key parameters for GBT are ‘n_estimators’, which determines the number of boosting stages (trees

in the forest); ‘max_depth’, which limits the number of nodes in the tree; ‘learning rate’, which

determines the shrinkage of each tree’s contribute; and ‘loss’, which decides the loss function to
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optimize (“Machine Learning in Python,” n.d., ch. 1.11.4.5.1). After parameters tuning and cross-

validation the GBT parameters for model training in this study is illustrated in fig. 12 below.

Figure 12: GBT training parameters

4.2.2 Neural Network

Artificial Neural Networks (ANN), as insinuated by its name, are computational algorithms used

to process data by replicating the way a biological brain analyzes, processes, and transfers infor-

mation with neurons and synapses through electrical and chemical signals.

Billions of neurons in the brain receive external information from their dendrites, process and

convert these inputs within their cells, then transmit them as outputs through their axons to the

next neuron. Depending on the signal strength within the neurotransmitter at the synaptic terminal,

information is either accepted or rejected by the next neuron.

Analogous to a brain, a basic ANN model structure as illustrated in 13 below, can be simplified into

three main types of layer: Input layer - to receive training data for learning; Hidden layer(s) - non-

linear layers to perform computations on received information and process them into meaningful

output; and Output layer - to determine and display forecasted output.

43



Figure 13: ANN model structure

Just like neurons in the brain, ANN consists of artificial neurons, known as nodes, which are

responsible for information processing. These neurons/nodes are interconnected by arcs, which

correspond to the dendrites-synapses-axons connections in the brain. Arcs are also assigned with a

weight at each node to represent its relative importance as depicted in fig 13 above. Finally, a value

is compiled from the weighted linear summation of all arcs plus bias as shown in eqn. 22 below,

and fed into a predefined non-linear activation function along the incoming arcs, in an attempt

to simulate the signal strength at each synaptic terminal in which the acceptance or rejection of

incoming information is decided upon.

z =
N

∑
i=1

xiwi +b , (22)

There exists a plethora of neural networks with varying levels of complexity targeted for different

uses. Under the realm of wind speed forecasting, Multilayer Perceptron (MLP), Radial Basis

Function (RBF), and Recurrent Neural Networks (RNN) appear to be amongst the most popular

methods (Farzaneh & Majid, 2017). This paper thus employs the most simple ANN method,

the MLP as a basis of comparison with all other methods. The MLP method employed in this

study, akin to the two previous ML methods, is also formulated from an off-the-shelf solution,

‘MLPRegressor’, available in the scikit-learn library.
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Diving into the characteristics of ‘MLPRegressor’, instead of training the output layer with an acti-

vation function as in conventional ANN, MLPRegressor trains models using backward propagation

(“Machine Learning in Python,” n.d., ch. 1.17). Backpropagation refers to the iterative process of

minimizing errors through weights optimization based on stochastic gradient descent similar to

GBT. In the case of ‘MLPRegressor’, the loss function for backpropagation is defined as square

error, and model’s error outputs at each iteration are fed as inputs into the subsequent model, until

an optimal output result is reached.

Having said that, one of the key disadvantages of ANN is the high time complexity associated

with backpropagation and hyperparameters tuning on the number of hidden neurons, layers, and

iterations; as well as the model’s sensitivity to feature scaling (“Machine Learning in Python,” n.d.,

ch. 1.17). After parameters tuning and cross-validation the ANN parameters for model training in

this study is illustrated in fig. 14 below.

Figure 14: ANN training parameters
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4.3 Hybrid forecasting Method

Following recommendations from journals (Du et al., 2019), (Farzaneh & Majid, 2017), and (Ca-

denas & Rivera, 2010), as discussed in Chapter 2.4, the last forecasting method is a hybrid model

of Statistical method - ARIMAX and Machine Learning method - ERT. Considering the limitation

of ARIMA method which is based on linear assumption, this hybrid model aims to attain the best

of both methods, employing the statistical method to predict linear components within the data, and

machine learning method to capture the non-linear aspects. (Jingxing, Abdullah, Mingdi, Eunshin,

& Romesh, 2020) The mathematical expression for this hybrid can be expressed as follows:

Ŷt = LPt +NLPt (23)

Referring to eq. 23, LPt represents the linear element to be forecasted by the statistical method,

while NLPt depicts the non-linear element to be forecasted by the machine learning method.

This approach is carried out by first training the model with ARIMAX, to capture the linear aspect.

The residuals, which describe the non-linear dynamics remaining in the data, are next retrieved

from the model. These residuals are next fed and trained by ERT. Having trained and built both

models, values from both forecasts are next summed up to give one hybrid forecast. (Jingxing et

al., 2020) The parameters of the final Hybrid-ERT model are illustrated in fig. 15 below.

Figure 15: Hybrid training parameters

46



4.4 Model Evaluation Tools

Mean Square Error (MSE), Root Mean Square Error (RMSE), and Mean Absolute Error (MAE)

are common scale-dependent forecasting accuracy measures (James et al., 2017, p. 33). Since

the time series used in this study are all of the same scale - wind speed in m/s, scale-dependent

accuracy measures are used instead of scale independent measures such as Relative Mean Square

Error (relMSE) and Mean Relative Absolute Error (MRAE).

Having said that, (Hering & Genton, 2010), questions their suitability when the main concern is on

the accuracy of power output prediction rather than the forecasted object wind speed. Hence, two

additional methods, Classification Accuracy, and Power Curve Error with penalty will be employed

in an attempt to take wind speed and power conversion into account to give the true value of each

model’s prediction. The classification accuracy compares the performance of each model in the

lower (below 3m/s) and upper (>25 m/s) boundaries, classifying both actual and forecasted time

series such that it takes the value of 1 when within the region of interest, and a value of 0 outside.

Power Curve Error with penalty on the other hand, is a tailored loss function implemented with

the purpose of assessing the quality of predictions in relation to wind speed and power output

conversion, as well as the cost difference in the electricity market for under and/or over forecasting

wind speed.

4.4.1 RMSE

Forecast errors refers to the difference between actual observed value and forecasted value and can

be calculated with the following equation:

et = Yt− Ŷt (24)

Mean Square Error (MSE), as the name suggests, simply squares forecast errors at every period to

make them all positive, and calculates the average squared error for each forecasting model. MSE
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can be calculated by eq. 25 below:

RMSE =
√

MSE , where MSE =
∑

N
t=1(Yt− Ŷt)

2

N
(25)

Building upon MSE, Root Mean Square Error (RMSE) takes the equation a step further by taking

the square-root of MSE as shown in eq. 25 above. This makes RMSE value more interpretable

compared to MSE as it takes the value back down to the same magnitude as that of the forecast

errors. Although RMSE value does not always increase with the variance of error, RMSE increases

with the frequency distribution of error magnitude (Jj, 2016). Therefore, the key characteristic of

both MSE and RMSE is the heavier penalization placed on bigger errors as opposed to smaller

errors, which could be appreciated in specific cases.

4.4.2 MAE

Another metric routinely used to calculate forecast accuracy is the Mean Absolute Error (MAE).

Similar to MSE, MAE removes negative forecast errors by taking the absolute value of all errors,

summing them up, and calculates the average absolute error value by dividing the summed values

against the total number of observations .(Hyndman & Athanasopoulos, 2018, ch. 3.4). MAE can

be represented by eq. 26 below:

MAE =
∑

N
t=1 |Yt− Ŷt |

N
(26)

Since errors are not squared in MAE, MAE is usually preferred over MSE and RMSE as a metric

for accuracy measurement if even penalization across error magnitude is of priority.

4.4.3 Classification accuracy

All three aforementioned measures, MSE, RMSE, and MAE take and compare the average accu-

racy of each forecast model. However, noting the characteristics of a wind turbine power curve
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mentioned in Chapter 2.2 where Region A and D indicates the difference between operation and

termination of a wind turbine, another interest of this study is in the accuracy surrounding the tails

of the power curve.

Therefore, the classification accuracy, an accuracy metric typically used for classification prob-

lems, was employed as another measure to calculate the accuracy of forecasts falling within these

two specific regions. Under this accuracy measure, forecasts were assigned to either of two vari-

ables taking the value of 1 or 0, representing the asymmetric cost of power production in wrong

forecasting.

As illustrated in eq. 27 and eq. 28, for all observed values below the cut-in wind speed of 3m/s

(Region A) and above the cut-out wind speed of 25m/s (Region D), the value of 1 will be assigned

to their respective forecast dummy variable, while the value of 0 is assigned to all other observed

values. The same procedure is done on all forecasted values across all models and all sites.

δ
le f t
t =


1 , i f WSt < 3

0 , Otherwise
(27)

δ
right
t =


1 , i f WSt > 25

0 , Otherwise
(28)

Subsequently, eq. 27 from observed value is compared against eq. 27 from forecast; while eq.

28 from observed value is compared against eq. 28 from forecast to get the number of correct

predictions in Region A and Region D respectively.

Following that, the accuracy on the left (below 3m/s) and the right side (above 25m/s) of the power

curve is calculated with the following equation with left tail as an example:
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Accuracy LT =
Number o f correct prediction in region A
Total number o f observations in region A

(29)

On the numerator, the number of correction predictions in the region corresponds to when both

dummy variables of actual and forecast take the value of 1. At the denominator, the total number

of observations in the region is calculated by summing up all instances of 1-1, 1-0, and 0-1 taken

by dummy variables of actual and forecast.

4.4.4 Power Curve Conversion Error

Improving on the Classification Accuracy measure above, a tailored loss function, Power Curve

Conversion Error with penalization (PCCEp), is developed to take into consideration both the

position of observed values and forecast values in all four regions of the power curve, as well as

to allocate a penalization value associated with the economic cost faced by system operators in the

event of under and over forecasting electricity supply.

The first step in developing this loss function was to determine a method of assigning weights to

each wind speed that signify the importance of a correct forecast at said wind speed. Since actual

power production gains or losses corresponding to a wrong wind speed forecast is of interest here,

the first step was to take the absolute value of the difference between the output power at a specific

wind speed and the power value one wind speed above. Absolute value is taken to ensure positive

values in the calculation since both losses and gains are of interest.

Next, the sum of all power output differences at each wind speed step are calculated for each power

curve, and the weights of each wind speed is determined by dividing each of their absolute values

against the sum of all power differences in each curve. The equation is shown as eq. 30, and the

weightage table can be found in table 7 below, with final weights highlighted in blue.
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Table 7: Weightage calculation table

Effect I Effect II Effect III

Windspeed Power (kW) Diff Weight Power (kW) Diff Weight Power (kW) Diff Weight

0 0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 0
3 16 16 0.0035 24 24 0.0052 26 26 0.0042
4 53 37 0.008 110 86 0.0187 133 107 0.0174
5 121 68 0.0147 252 142 0.0309 302 169 0.0275
6 230 109 0.0236 466 214 0.0465 554 252 0.041
7 383 153 0.0331 762 296 0.0643 907 353 0.0574
8 596 213 0.0461 1153 391 0.085 1375 468 0.0761
9 866 270 0.0584 1641 488 0.1061 1958 583 0.0948
10 1212 346 0.0749 2079 438 0.0952 2585 627 0.102
11 1580 368 0.0797 2256 177 0.0385 2997 412 0.067
12 1885 305 0.066 2294 38 0.0083 3067 70 0.0114
13 2077 192 0.0416 2299 5 0.0011 3075 8 0.0013
14 2262 185 0.04 2300 1 0.0002 3075 0 0
15 2300 38 0.0082 2300 0 0 3075 0 0
16 2310 10 0.0022 2300 0 0 3075 0 0
17 2310 0 0 2300 0 0 3075 0 0
18 2310 0 0 2300 0 0 3075 0 0
19 2310 0 0 2300 0 0 3075 0 0
20 2310 0 0 2300 0 0 3075 0 0
21 2310 0 0 2300 0 0 3075 0 0
22 2310 0 0 2300 0 0 3075 0 0
23 2310 0 0 2300 0 0 3075 0 0
24 2310 0 0 2300 0 0 3075 0 0
25 2310 0 0 2300 0 0 3075 0 0
26 0 2310 0.5 0 2300 0.5 0 3075 0.5
27 0 0 0 0 0 0 0 0 0
28 0 0 0 0 0 0 0 0 0
29 0 0 0 0 0 0 0 0 0
30 and av 0 0 0 0 0 0 0 0 0

Total 4620 1 4600 1 6150 1

weightws =
|P(WS)ws−P(WS)ws−1|

∑
k
ws=0 |P(WS)ws−P(WS)ws−1|

(30)

Referring to eq. 30, variable k will first be set to the maximum wind speed present in all sites

to ensure all observations are accounted for. Subsequently, penalization of both under and over

prediction of wind speed is performed based on the difference between observed and forecasted

wind and their position on the power curve.
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PCCE =



(WSt −ŴSt) ·


(
1−∑

wst
ws=ŵst

weightws
)
, ∑

wst
ws=ŵst

weightws > 0.5

∑
wst
ws=ŵst

weightws , ∑
wst
ws=ŵst

weightws ≤ 0.5
, WSt ≥ ˆWSt

( ˆWSt −WSt) ·


(
1−∑

ŵst
ws=wst weightws

)
, ∑

ŵst
ws=wst weightws > 0.5

∑
wst
ws=ŵst

weightws , ∑
wst
ws=ŵst

weightws ≤ 0.5
, WSt < ˆWSt

(31)

Eq. 31 reveals that in both cases of under or over forecast, each forecast error is multiplied by

the sum of the weights assigned between the observed and forecasted wind speed values. This

approach gives the value of 0 when both forecast and observed value falls under region A, C, D of

the power curve (with the exception of wrong wind speed post cut-out speed), and focuses mostly

on the penalization in region B.

Furthermore, since the maximum possible change in power is from turbine peak power to 0, the

weight of forecast error should also be capped at 0.5 to reflect that. Therefore, as indicated in

Eq. 31, the PCCE value of summed weights above and below the value of 0.5 are calculated

independently. Weights with values larger than 0.5 post-summation will be subtracted by 1 instead

to convey the actual power difference stemming from the forecast error.

As mentioned in Chapter 2.4, empirical evidence from the Dutch electricity market promulgated

it to be more costly for a system operator when wind speed is underestimated than overestimated,

and postulated a penalty weight of 0.73 to reflect the economic cost associated with this (Pinson et

al., 2007). Therefore, the previously formulated method PCCE, is expanded into the Power Curve

Conversion Error with penalization (PCCEp) to take that into account.
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PCCE p=



λ · (WSt −ŴSt) ·


(
1−∑

wst
ws=ŵst

weightws
)
, ∑

wst
ws=ŵst

weightws > 0.5

∑
wst
ws=ŵst

weightws , ∑
wst
ws=ŵst

weightws ≤ 0.5
, WSt ≥ ˆWSt

(1−λ ) · ( ˆWSt −WSt) ·


(
1−∑

ŵst
ws=wst weightws

)
, ∑

ŵst
ws=wst weightws > 0.5

∑
wst
ws=ŵst

weightws , ∑
wst
ws=ŵst

weightws ≤ 0.5
, WSt < ˆWSt

(32)

This study follows the penalization weight of 0.73 recommended in, taking into consideration that

the Dutch electricity market in which the study was based on, operates within the EU power market

just like Norway today (“Norway and the European Power Market,” 2016).
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5. Results and Analysis

In the two preceding sections, characteristics of the data set as well as the methodologies of both

forecasting models and evaluation tools were introduced and discussed. Just like the sizable input

hourly time series for 69 sites and over 10 years of training data, our forecasting results consist

of 69 hourly time series, forecasted over a period of 1 year, from 7 different forecasting models.

Therefore, delving into every site/model forecasts discussions will be impractical. To convert the

results into a more approachable format for visualization and discussion, models are evaluated

largely based on averaged errors across all sites.

5.1 RMSE
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Figure 16: Location RMSE for different methods

Fig.16 above depicts the RMSE value of all models across all 69 sites. The results appear to be

rather consistent across all models, with the best accuracy of RMSE around 1.1 achieved at site 17

and 29, corresponding to “Rakkocearro” and “Kjollefjord” , and the distinctively worst accuracy

at site 21 - “Nygardsfjellet trinn I”.
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Table 8: Forecast result using RMSE

NAIVE ARIMA ARIMAX GTB ETR ANN HYBRID

RMSE 1.6841 1.6501 1.6487 1.6267 1.6257 1.627 1.6248

The first accuracy measure, RMSE, can be used to reflect the degree of differences between the

actual and forecast values. The lower a model’s RMSE value, the more accurate it is. In the one-

step-ahead hourly forecast of wind speed exercise, RMSE of all models fall in the range of 1.62 -

1.69. The performance results appear to be consistent with the computational intensity required of

each model.

The NAIVE benchmark model performs the worst, with the highest RMSE value of 1.684 while

the Hybrid model performs the best with RMSE of 1.6248 slightly outperforming the three other

ML models of similar accuracy performance within the 1.62 range.

5.2 MAE
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Figure 17: Location MAE for different methods

Fig. 17 above depicts the MAE value of all models across all 69 sites. Similar to RMSE, the results
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also appear to be rather consistent across all models, with the best accuracies of MAE around 0.9

achieved at site 17, and 19, corresponding to Rakkocearro” “- and “Sandaugen”, and the worst

accuracies of MAE close to 1.4 at sites: 9 - “Mehuken II”, 21 - “Nygardsfjellet trinn I”, and 43 -

“Testområde Stadt”.

Table 9: Forecast result using MAE

NAIVE ARIMA ARIMAX GTB ETR ANN HYBRID

MAE 1.1093 1.1153 1.1154 1.0942 1.0923 1.0953 1.0899

Unlike RMSE which penalizes bigger errors more than smaller errors, the next measure, MAE,

reflects the level of forecasting error, with even penalization across all error magnitudes. Hence,

compared to MAE, RMSE is more sensitive towards outliers and large errors. This presents a

drawback where the response variable is right skewed, similar to this wind speed data set, as the

RMSE error can be sharply punished by just a few data points on the right end of the distribution

tail. Therefore, MAE could be an alternative measure to impede this hazard.

The most distinctive difference in accuracy performance of models under MAE is the fact that

both ARIMA and ARIMAX models perform worse than the benchmark NAIVE model with MAE

values of 1.153, 1.154 and 1.1093 respectively. On the other hand, similar to RMSE, Hybrid model

is still the best model with the lowest MAE of 1.089, with the three ML models close behind with

MAE in the range of 1.092-1.095. On that premise, it is reasonable to draw the conclusion that

the Hybrid and ML models perform better than the other three models when it comes to traditional

accuracy measures.

5.3 Classification accuracy

In table 10 below, Acc. LT refers to the accuracy on the left tail of the power curve with wind speed

below 3 m/s, while Acc. RT refers to that of the right tail with wind speed above 25 m/s. Referring
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to table 10, it is discernible that all models perform around 5% points better in LT, with accuracy

in the range of 55-60%, than in the RT, with accuracy of 50-56%. It was surprising to find the

persistence model outperforming all models, hinting, yet again, at the strength in the correlation of

current wind speed with the past hour.

Table 10: Forecast result using classification accuracy

NAIVE ARIMA ARIMAX ETR GTB ANN HYBRID

Acc. LT 0.591 0.5547 0.5553 0.569 0.5694 0.5757 0.5748
Acc. RT 0.559 0.5196 0.5211 0.5142 0.5105 0.5051 0.5423

In the right tail of a power curve, inaccurate forecast corresponds to a power production difference

from peak power (2310kW/2300kW/3075kW) to zero, while in the left tail, the power production

difference is only from the turbine’s corresponding cut-in power (16kW/24kW/26kW) and zero.

Therefore, the right tail accuracy can be deemed as having higher economic importance for model

selection compared to the left. Based on this reasoning, in terms of overall ranking of models, the

Hybrid model comes in second after the NAIVE model with Acc. RT of 0.543, and Acc. LT of

0.5748.

5.4 Power Curve Conversion Error

Much like the plots of RMSE and MAE, fig. 18 on next page depicts the PCCEp value of all models

across all 69 sites also displaying consistency across all models. This similarity in location results

comparison across all evaluation tools point to similarities in forecasts results and accentuates the

possibility of outliers in our test sets time series.

Since PCCEp does not penalize wrong forecasts as evenly as RMSE or MAR, the accuracy value

variation across all locations is the smallest amongst the three metrics. Moreover, most locations

also have rather good accuracy values falling within the range of 0.06 - 0.08. The best accuracy of
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PCCEp below 0.05 is observed at site 17 - “Rakkocearro”, while a very pronounced worst accuracy

of PCCEp around 0.11 is illustrated by the spike in site 21 - “Nygardsfjellet trinn I”.
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Figure 18: Location PCCEp for different methods

Table 11: Forecast result using PCCEp

NAIVE ARIMA ARIMAX GTB ETR ANN HYBRID

PCCEp 0.0695 0.069 0.0688 0.0677 0.0676 0.0698 0.0666

Moving on to compare the averaged PCCEp values across all models, it is interesting to observe

the benchmark NAIVE model performing marginally better than the worst model - ANN, with a

PCCEp value of 0.698 v.s. 0.695. Taking into account the nuances incorporated into this metric,

one can postulate that the ANN model might be under forecasting on a higher frequency than other

models, hence reflecting the poor performance in PCCEp when under forecasts are more heavily

penalized, but not under RMSE or MAE.

Once again, the Hybrid model is the most accurate model under this evaluation method, with a

PCCEp value of 0.666.
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5.5 Distribution of the forecasts

Further investigations into the distributions of forecasts reveals the benchmark NAIVE model to

achieve the highest number of correct forecasts, congruous with the assumption of strong corre-

lation present between the last and next hour of wind speed. Besides that, all models formulated

with linear assumptions made no correct forecast, while the ML models managed to predict less

than half the number of correct observations compared to NAIVE.

Table 12: Forecast distributions

Total UF Total OF Correct UF/OF UF/Incorrect OF/incorrect

NAIVE 295902 302961 7233 0.977 0.494 0.506
ARIMA 296316 309780 0 0.957 0.489 0.511
ARIMAX 297025 309071 0 0.961 0.490 0.510
ETR 300347 303020 2729 0.991 0.498 0.502
GBT 300341 303066 2689 0.991 0.498 0.502
ANN 321337 282367 2392 1.138 0.532 0.468
HYBRID 300574 305522 0 0.984 0.496 0.504

Diving into the percentage split of under forecasting and over forecasting, only ANN has more

under than over forecast errors amongst all the models, confirming the hypothesis above why ANN

was the worst model under PCCEp. Both statistical methods, ARIMA and ARIMAX models,

perform better in this arena compared to the ML methods with 48.9% and 49% of wrong forecasts

stemming from under forecasting. The remaining two ML methods, ETR and GBT, on the other

hand, have a more even split of under forecast and over forecast, both achieving 49.8% and 50.2%

for each sector respectively.

5.6 Seasonal performance

Comparing models performance across different months and based on the different evaluation

methods, varying results of the ‘best’ models can be inferred. The proposed Hybrid model, by

and large, gives the best results throughout the year whilst never being the worst model. It also
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overthrows the benchmark NAIVE model across all months except the summer months of June,

July, and August, albeit just mildly and specifically under the PCCEp metrics.

Table 13: seasonal performance

Model Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

RMSE NAIVE 2.0156 2.0698 1.8634 1.6274 1.4981 1.2272 1.2718 1.2645 1.7242 1.9109 1.7432 1.5984
ARIMA 1.9688 2.0209 1.8316 1.5842 1.4718 1.2177 1.2609 1.2601 1.6808 1.8548 1.7076 1.583
ARIMAX 1.9661 2.0153 1.8346 1.5826 1.4717 1.2142 1.2584 1.2543 1.6824 1.855 1.7063 1.5836
GTB 1.9318 1.9956 1.8084 1.5686 1.4544 1.19 1.2354 1.2342 1.6623 1.829 1.6915 1.5643
ETR 1.9288 1.9963 1.8074 1.5683 1.4532 1.1887 1.2343 1.2325 1.6623 1.8263 1.6927 1.5614
ANN 1.9349 1.9959 1.8142 1.5609 1.4539 1.1901 1.2366 1.2333 1.6638 1.8248 1.6951 1.5615
HYBRID 1.9278 1.9926 1.8102 1.5607 1.4496 1.1902 1.238 1.2345 1.6629 1.8259 1.6913 1.5562

MAE NAIVE 1.282 1.4086 1.2577 1.1022 1.042 0.8513 0.8932 0.8714 1.2056 1.2324 1.1647 1.0167
ARIMA 1.2913 1.4014 1.2658 1.0985 1.0468 0.8691 0.904 0.8916 1.1956 1.2228 1.1651 1.0453
ARIMAX 1.2928 1.3973 1.2711 1.0986 1.0476 0.865 0.9007 0.8823 1.1991 1.2266 1.1661 1.052
GTB 1.2665 1.3819 1.2459 1.0818 1.0262 0.8361 0.8762 0.8607 1.1831 1.2101 1.1519 1.025
ETR 1.2632 1.3814 1.2426 1.0801 1.0245 0.8338 0.8742 0.8595 1.1825 1.2084 1.1517 1.0202
ANN 1.2715 1.3838 1.2544 1.0766 1.0245 0.8372 0.8779 0.8597 1.1836 1.2066 1.1592 1.0236
HYBRID 1.2597 1.3773 1.2458 1.0736 1.0181 0.8342 0.8754 0.857 1.1818 1.2048 1.1513 1.0142

PCCEp NAIVE 0.0917 0.0986 0.0791 0.0714 0.0591 0.0413 0.0453 0.0404 0.0829 0.0876 0.0764 0.0621
ARIMA 0.0916 0.0979 0.0789 0.0693 0.0586 0.0414 0.045 0.0403 0.0815 0.0853 0.076 0.0634
ARIMAX 0.0893 0.095 0.0797 0.0697 0.0591 0.0436 0.0472 0.0419 0.0805 0.0844 0.0752 0.0614
GTB 0.0871 0.0938 0.078 0.0686 0.0582 0.0424 0.0463 0.0413 0.0792 0.0828 0.0742 0.0613
ETR 0.0873 0.0943 0.0777 0.0684 0.058 0.042 0.0459 0.0411 0.0795 0.0827 0.0741 0.0617
ANN 0.0897 0.0965 0.0807 0.0701 0.06 0.0437 0.0477 0.0425 0.0825 0.0851 0.0774 0.0632
HYBRID 0.0856 0.0922 0.0771 0.0673 0.057 0.0417 0.0457 0.0407 0.0786 0.0818 0.0731 0.0598
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6. Discussion

Building upon the previous chapter which underlined the forecasting results gathered from the

study, the following section dives into a discussion of these results and their economic implica-

tions. Subsequently, potential shortcomings imposed by both the data sets and methodologies

were explored and developed into suggestions on ways to enhance the current research topic.

6.1 Discussion of Results and Implication of Study

6.1.1 Forecasting Results

Summarizing the results of the study to answer the research question, forecast accuracy results

suggest the Hybrid model to be the most suitable forecasting method for this one-hour-ahead hourly

Norwegian wind power production forecast. This conclusion holds true under almost all of the

evaluation metrics employed in the study, as well as for wind power forecasting under different

seasons of the year.

Besides the Hybrid model, two other ML models - GTB and ETR, also demonstrated better forecast

results over the benchmark persistence model consistently across all accuracy measures as depicted

in 14 below.

Table 14: Method comparision

Method RMSE MAE Acc. LT Acc. RT PCCEp

NAIVE 1.6841 1.1093 0.591 0.559 0.0695
ARIMA 1.6501 1.1153 0.5547 0.5196 0.069
ARIMAX 1.6487 1.1154 0.5553 0.5211 0.0688
ETR 1.6257 1.0923 0.569 0.5142 0.0676
GTB 1.6267 1.0942 0.5694 0.5105 0.0677

ANN 1.627 1.0953 0.5757 0.5051 0.0698
HYBRID 1.6248 1.0899 0.5748 0.5423 0.0666

In general, models’ accuracies appear to be consistent with the computational intensity required

of each model, with minor improvements in terms of accuracies. Although the overall accuracy
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differences might seem minute, mostly in the scale of 2-3 decimal points, considering the charac-

teristics in wind speed to power conversion as discussed in the previous section, small differences

in wind speed forecasting error could easily translate into significant differences in actual power

forecast.

In terms of seasonal forecast accuracy, it is also interesting to note the significantly different results

indicated by PCCEp from that RMSE and MAE during the summer months. For the months of

June, July, and August, the benchmark NAIVE model is the worst performing model under RMSE,

while the ARIMA model was singled out as the worst performing for MAE. Surprisingly, they

were both the best performing models for PCCEp for the same months. This could be attributed to

the fact that Norwegian wind speeds in summer months have the pronouncedly smaller standard

deviations compared to all other seasons, coupled with the fact that PCCEp focuses predominantly

on wrong forecasts within Region B of power curve, allowing both models - which are usually

insensitive to sporadically large or small values, to do remarkable well in these months under

PCCEp.

Finally, as depicted in fig.16, fig. 17, and fig. 18, site 21 - “Nygardsfjellet trinn I” can easily be

singled out as the location with the worst forecast accuracy, and site - “Rakkocearro” the best

consistently across all three aforementioned metrics. Looking at the errors between the best and

the worst sites reveals significant differences as depicted in fig. 19 A at the next page. While errors

from “Rakkocearro” stay close to the center, errors from “Nygardsfjellet trinn I” experiences huge

fluctuations with spikes above 20.

Moreover, further investigation into their differences based on test data wind speed values exposes

strikingly large amounts of outliers in “Nygardsfjellet trinn I”, along with a highly right-skewed

and double peaked distribution depicted in fig. 19 B one next page. This reveals the complexity

and difficulty in generalizing forecasts for several sites, where the preferable method could be to

build site-specific forecast models.
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Figure 19: Comparison plot of the worst and the best

6.1.2 Economic Implications

When it comes to comparing models, PCCEp not only takes into account forecast errors made

in different magnitudes of wind power based on each site’s power curve, but also errors made in

difference between under/over forecasting. Therefore, PCCEp can easily be adapted for different

wind turbine power curves and different penalty values to reflect different electricity markets.

Since the study is based on hypothetical wind sites in Norway, it was not possible to perform

empirical studies on actual cost incurred by various parties from poor wind forecasts due to the

absence of actual data. Economic implications of this study hence focuses on economic costs

faced by system operators in the event of under/over forecasting. As mentioned earlier, the un-

der/over forecasting of wind speed leads to the under/over forecasting in wind power, and results

in the necessary up-regulation (increasing generation) and down-regulation (reducing generation)

of electricity carried out by the system operators. Typically, when wind speed is under forecasted,

system operators will end up over-ordering surpluses of electricity from traditional sources, in-
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evitably driving prices up (Hering & Genton, 2010).

That said, in different electricity markets, and at different time of the year, there will also be

different costs associated with individual up-regulation and down-regulation since incurred costs

are highly dependent on local conditions, such as the cost of the backup electricity source to cover

for RES supply variation.

Since the λ (penalty) value of 0.73 was quoted from a 2002 Dutch electricity market data, we

found it prudent to investigate into the different ranges for the applicability to reflect the reality of

different electricity markets as well as different seasonalities. Following the logic of 0.73 reflecting

a heavier penalization for under forecasting, the smaller a penalty value, the more skewed the

metric will be towards heavier penalization of over forecasting. A range of different λ value, from

0.25 to 0.85 is employed and the results are illustrated in fig. 20 below.
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Figure 20: Result using different Lambda values

Based on the results above, there do not seem to be a preferred model that outperforms the rest

when comparing across different λ values. That said, for λ < 0.48, where over forecasting is

heavier penalized than under, ANN model seems to be the best performing. In contrast, for λ
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> 0.48, Hybrid model seems to be preferred. Judging from the steepness of all the plots, the

Hybrid model also spots the lowest gradient, suggesting that a combination of linear and non-linear

models could make the forecast more robust. Furthermore, the ETR and GBT models both have

very similar accuracy performance across all lambda values, just like the ARIMA and ARIMAX

models.

Finally, the positive slope coefficient across all models also suggests that all the models have higher

tendencies to under forecast than over forecast. However, keeping in mind that the PCCEp values

were aggregated over all 69 sites, there is also the possibility of poor under forecasts occurring

only at specific sites.

6.2 Limitations

Even though the final aim of the study was focused on the production of wind power, wind speed

accuracy was adopted instead as a variable to emulation forecasted power in an attempt to combat

the additional uncertainties that could be introduced during wind speed to power conversion. Most

of the limitations surrounding this study, as will be explained in the following paragraphs, can be

attributed to this problem.

6.2.1 Data limitations

One of the most apparent limitations of this study stems from the variation surrounding expected

v.s. actual wind speed to power conversions. As explained in chapter 2.2, theoretical wind turbine

power curves were built upon measurements under standard test conditions of direct front flow

wind, standard air pressure and temperature, all of which are unlikely to be stable in a real site.

With only univariate wind speed data available, we were not able to take into account site-specific

attributes such as the local turbulence, complexity of terrain, actual direction of wind flow, and

air density at each hour. All these idiosyncrasies, coupled with the fact that wind speed data was
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more than a decade old and does not take into consideration the possible and potential impacts of

climate change on wind speed, might also result in significant differences on the final predicted

wind power output compared to that from the expected power output derived from a theoretical

power curve.

Besides that, in this study, the types of wind turbines that could be allocated to each location were

limited to three choices based on Kjeller Vindteknikk power curves. Therefore, simply categoriz-

ing the sites into either of the three options based on their historical average wind speed introduces

another layer of imprecision into the study. Firstly from the limited options, and more impor-

tantly, on the use of the site’s average wind speed as a means of classification. Considering the

right-skewed distribution of wind speed at each site, taking the average wind speed albeit easy,

might not be the most befitting method. This sweeping assumption made on the choice of turbine

naturally translates into the subsequent wind speed to power curve conversion assumption, which

could result in significantly different expected v.s. actual power output. Although this is adequate

as a preliminary wind potential study of Norway, however, if site specific wind power potential is

of significance to the study, the optimal power curve for each site should be established by a more

extensive research and categorization of their respective power curves.

6.2.2 Methodology limitations

When it comes to methodologies, one of the limitations comes from the sheer size of the main wind

speed data set, as iterated previously. Not only does it result in significant computational intensity

constraints, forcing us to aggregate ML models instead of formulating site-specific ML models for

better accuracy, data size used for ML parameters tuning were also forced down to random 10%

subsample instead of the whole data set because of the time required to run each iteration.

Aside from ML model formulations, forecasts results must also be interpreted based on averaged

values. These aggregations, albeit necessary, could have easily introduced biases, or concealed

certain trends that should otherwise have been discernible.

66



Another point is the additional source of error introduced due to the discrete nature of power curve

conversion data set. Most forecasted wind speeds from the models are not in whole numbers,

resulting in a rounding effect during the calculation of the PCCEp loss function. Forecasted wind

speed values have to be rounded off to the nearest whole number for the summation of weights as

seen in eq. 30 implementation of the accuracy evaluation measure.

The final limitation surrounds the interpretation of the loss function PCCEp. The way it was

formulated focuses predominantly on the purpose of purely detecting the most appropriate forecast

method based on penalization. Therefore, the loss function was only able to rank forecast models,

but not provide any level values. Hence, if quantifying economical cost was the fundamental

purpose, it could be of interest to attempt at converting the loss function in level to represent costs.

6.3 Suggestion for Future Research

Based on the limitations highlighted in the previous subsection, one of the extensions that could

possibly improve forecast accuracy would be the incorporation of additional covariate information

that will have time-specific impact on either wind speed (weather forecasts) or wind power (air

temperature, air pressure, wind direction) into the forecasting models.

A more sophisticated approach such as the clustering of wind sites prior to forecasting could defi-

nitely help make the data sets a lot more manageable, serving as an alternative to all the averaging

and aggregating currently employed. Sites could be clustered based on their wind speed charac-

teristics, power curves, and perhaps even by sites’ location as deduced in a theoretical study by

(Blekastad & Landa, 2020), there is a high correlation between power and location distance, sug-

gesting a highly correlated wind speed and location distance relationship as well. Proper clustering

could contribute greatly to this study, possibly giving better and more insights into the data.

Further research on this topic could revolve around the refining of the tailored loss function PCCEp.

Diving into the weightage component of PCCEp, the turbine power curve could be converted into
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continuous values before incorporation into the loss function. This could have prevented errors

from being introduced due to the rounding effect of forecasted wind speed. Besides that, other

methods of assigning weights to the loss function could also be explored.

In terms of the penalty component of PCCEp, more research into Norway specific power market

conditions such as the cost related to down-regulation and up-regulation of electricity could be car-

ried out to find the value that best represents the norwegian electricity market. Building upon that,

month-specific penalty value could also be adopted to reflect the possible changes in up/down reg-

ulation costs with changing seasonalities, given that the hydroreservoir levels are highly influenced

by seasons too.
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7. Conclusion

Given the stochastic nature of wind speed and the promise of harnessing wind energy, wind fore-

casting is a widely researched topic. A plethora of studies and immeasurable models recommen-

dations have been made. However, to determine the best model is largely data specific. In other

words, what works for one data set might not always be the best for another. Moreover, the method

of justifying the ‘best’ model is often contentious as well with so countless accuracy measures

available on top of problem-specific nuances to consider.

The purpose of this study was therefore targeted at answering the research questions: “What is

the most suitable forecasting method to predict hourly wind power production (1-hour-ahead)

in Norway under various accuracy evaluation tools? And, do the methods’ performance vary

at different times of the year?” Besides the implementation of various forecasting methods, the

analysis also focuses on factors relating towards formulating an accuracy evaluation tool suitable

in capturing both the nuances surrounding wind speed to wind power conversion, and the economic

costs related to wrong forecasting of wind power faced by system operators.

Eleven years (2000 - 2011) of univariate hourly wind speed time series across 69 sites along the

Norwegian coast were used to train 7 different forecasting models, and one year (2012) of wind

speed data for each location was hold-out as test data for accuracy comparison of these models.

To simulate the conversion of wind speed to wind power production, each location was also cate-

gorized based on their average wind speed into their respective turbine power curves based on the

recommendations from Kjeller Vindteknikk.

The results from the study reveal forecast accuracies to be quite similar across all models. This

highlights the strong correlation between current and previous hour’s wind speed since the bench-

mark NAIVE model was able to achieve accuracies just slightly worse than all other models. That

said, the computational intensity required of each model is also rather aligned with their respective

accuracies, with ML models performing better than statistical methods in most situations albeit
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only to a small extent. In general, when forecasting accuracy is prioritized, the Hybrid model is

the best choice of model regardless of seasons and evaluation metric.

Focusing on the tailored solution, PCCEp, can easily be adapted for different turbines, markets

and seasons. Therefore, depending on the economic costs faced by system operators, two different

model recommendations will be made. Keeping sites locations and their associated turbine’s power

curves constant, results from PCCEp, suggest that when the cost bears by system operators are

higher for over forecasting , the ANN model is preferred. Conversely, when the cost of under

forecasting is higher, the Hybrid model of ARIMAX and ETR gives better accuracy. Therefore,

it is recommended for detailed research to be developed in this field to more precisely allocate

the correct penalty at different months considering Norwegian hydropower optimization is largely

dependent on water level and dams capacity, hence highly correlated to the month of year.
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Appendix

Table 15: Model order for ARIMA and ARIMAX

Windfarm ARIMA ARIMAX Windfarm ARIMA ARIMAX

Storheia 4,0,0 1,0,3 Mehuken I 2,0,3 2,0,0
Roan 2,0,0 1,0,3 Ytre Vikna trinn I 5,0,0 2,0,0
Skinansfjellet 3,0,1 2,0,5 Hundhammerfjellet demo II 1,0,2 1,0,3
Friestad 2,0,2 2,0,2 Havoygavlen 1,0,2 1,0,3
Royrmyra 2,0,2 1,0,5 Bessakerfjellet II 1,0,2 5,0,0

Nygardsfjellet trinn II 2,0,1 2,0,2 Sway Karmoy 5,0,2 3,0,2
Eikeland Steinsland 5,0,3 2,0,3 Hywind 3,0,3 3,0,2
Havsul I 3,0,3 4,0,0 Testomrade Stadt 3,0,3 2,0,5
Mehuken II 2,0,3 2,0,5 Vardoya 1,0,2 1,0,4
Kvenndalsfjellet 4,0,0 1,0,3 Asen II 2,0,3 3,0,2

Valsneset 3,0,0 1,0,1 Sandvesanden 2,0,2 2,0,5
Midtfjellet 1,0,4 1,0,3 Nordbo 1,0,2 3,0,1
Sormarkfjellet 2,0,0 2,0,0 Askjesundet 2,0,2 4,0,2
Fakken 5,0,0 2,0,2 Raudfjell 1,0,5 1,0,3
Andmyran 2,0,0 2,0,5 Hamnefjell 1,0,3 1,0,1

Gravdal 2,0,4 3,0,2 Donnesfjord 1,0,5 2,0,2
Rakkocearro 1,0,1 2,0,0 Hitra II 1,0,2 1,0,2
Hitra I 4,0,0 3,0,0 Froya 1,0,3 2,0,2
Sandhaugen 2,0,2 1,0,4 Geitfjellet 5,0,0 2,0,3
Hog Jaren trinn I 2,0,2 4,0,1 Svarthammaren 5,0,0 1,0,5

Nygardsfjellet trinn I 2,0,2 2,0,2 Remmafjellet 5,0,0 5,0,0
Lista 3,0,1 2,0,2 Svaheia 2,0,2 4,0,4
Tysvar 3,0,0 1,0,3 Tellenes 2,0,4 2,0,3
Utsira 3,0,1 3,0,2 Stigafjellet 3,0,2 2,0,4
Haramsfjellet 3,0,0 3,0,1 Makaknuten 3,0,2 2,0,3

Hundhammerfjellet demo I 1,0,3 2,0,3 Eigersund 2,0,2 2,0,3
Bessakerfjellet I 4,0,0 4,0,1 Kvinesheia 5,0,1 5,0,0
Harbakfjellet 2,0,0 1,0,4 Lutelandet 4,0,0 3,0,3
Kjollefjord 1,0,1 2,0,0 SWAY Kollsnes 2,0,2 2,0,3
Hundhammerfjellet 2,0,2 2,0,2 Ytre Vikna trinn II 1,0,3 4,0,1

Valsneset testsenter 1,0,1 3,0,3 Anstadblaheia 4,0,0 4,0,1
Fjeldskar 2,0,2 2,0,4 Sorfjorden 1,0,5 2,0,1
Smola 1,0,3 2,0,2 Hog Jaren trinn II 2,0,2 2,0,2
Kvitfjell 1,0,1 1,0,2 Falesrassa 5,0,0 2,0,2
Haroy 3,0,3 5,0,0
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