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Solar power forecasting has become an important factor in Europe in the recent past, partic-

ularly in the middle Europe as well as in the Nordic countries such as Denmark and Finland.  

The need for accurate forecasting has played a pivotal role in planning the operations of 

photovoltaic (PV) systems as well as in achieving power grid balance. In this thesis, a sta-

tistical model for solar power forecasting is computed, studied, investigated and used to pre-

dict solar power. The model uses past power measurements and meteorological forecasts of 

temperature, solar irradiation, relative humidity and wind speed as inputs. The weather fore-

cast parameters used to compute power are obtained from Aladin Research Model on Non-

hydrostatic forecast Inside Europe (HARMONIE) representing Lappeenranta region. The 

computed estimate power is then compared with the real power produced from Lappeenranta 

University of Technology (LUT) solar power plant. Normalized Root Mean Square Error 

(NRMSE) is used as the evaluation criteria. 

The results indicate that solar power production can be forecasted using the model with small 

NRMSE errors captured indicating better performance of the model.  
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Ai anisotropy index 

𝐴 area of PV panel 

𝑓 modulating factor 

Ib direct horizontal irradiation 

Id diffuse horizontal irradiation 

I0 extraterrestrial horizontal irradiation 

IT total irradiation on tilted surface 

Iph photo-current 
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PLUT.Realpower real power 

PHARM.Forecast forecast power 

Pinstall power capacity installed 

Rsh shunt resistance 

Rs series resistance 

Rb tilt factor for beam irradiation 

Ta air temperature 

Tc panel temperature 

TSTC panel temperature at standard test condition 

UPV heat exchange coefficient 

vw local wind speed 
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γ surface azimuth angle 

β panel tilt angle 

δ declination angle 

ϕ latitude angle 

ηPV solar panel efficiency 
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ρg ground reflected 

βSTC temperature coefficient at maximal power 
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αs altitude angle 
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1. Introduction 

This section provides the research problem statement and a brief description about the re-

search objective.  In addition, the motivation of conducting this research is presented in this 

section. Finally, the structure of this thesis is outlined. 

1.1. Research problem 

The need to diversify the energy production has increased recently. This can be attributed to 

the up-surging demand in the consumption of energy ranging from large consumers inter 

alia commercial industries to small energy consumers such as normal households. As a re-

sult, a combined effort from different stakeholders ranging from individuals, researchers, to 

institutions and other interested parties have embarked on how to integrate energy sources 

into energy grid.  Real power production for instance has been a common source of energy 

notwithstanding its cost of production and some environmental challenges it may pose. Re-

newable energy has emerged as another source of energy owing to its environmental-friend-

liness. Even more, combination of both these sources have been found to complement each 

other. The ability to forecast energy production and its consumption has been found to be of 

paramount importance. As such, this thesis aims to examine further the production and fore-

casting of power energy production from the weather parameters. 

1.2. Objective of the thesis 

The goal of this thesis is to forecast power energy based on weather conditions provided by 

Numerical Weather Prediction (NWP) model. The weather parameters used in this thesis as 

obtained from HARMONIE model weather station for Lappeenranta region include temper-

ature, wind speed, humidity and solar irradiation. The need to forecast power production is 

a critical phenomenon regarding the efficient and effective production and consumption of 

the same.  

The objective of the thesis is further divided into two categories namely:  

 Computation of estimated power output forecast which is derived from the weather 

parameters comprising temperature and wind speed and total solar irradiation from 

HARMONIE model. The calculation of total solar irradiation is accomplished by 

considering the beam horizontal irradiation, diffuse horizontal irradiation and global 

horizontal irradiation. 
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 Comparing the obtained power output forecast with the real power produced from 

the power production plant from Lappeenranta University of Technology (LUT). 

1.3. Research motivation 

The constant increase in world population and the corresponding increase in electricity con-

sumption is foreseen to double by the year 2050 (IEA, 2009). It is estimated that primary 

energy demand worldwide will increase by 45% and the demand for electricity will also go 

up to 80% between 2006 and 2030 (IEA, 2009). As a result, in the absence of severe precau-

tions, the rate of Green House Gas (GHG) is expected to double by 2050 (IEA, 2009). In 

addition, the demand for oil will also rise and thereby affecting its supply security. There are 

separate ways towards balancing GHG concentrations, but the main alternative under con-

sideration is the replacement of fossil fuels with various forms of renewable energy sources 

(IEA, 2009). 

The European dependence on imported fossil fuel (crude oil, natural gas and coal) from non-

EU countries as primary share of energy consumption went up from 50.8% in 2000 to 54.2% 

in 2005 (EEA, 2008). Furthermore, the baseline scenarios indicate that there is an increasing 

dependency in fossil fuel requirement from 50% in 2005 up to 84% by 2030. To reverse 

these conditions, the European countries made the decision to reduce their requirement of 

nuclear energy and agreed to limit the target consumption of electricity to 20% as a supply 

from renewable energy sources by 2020 (EEA, 2008). Under this commitment, it is envis-

aged that at least 20% reduction of GHG emission by 2020 can be achieved, compared to 

1990 levels (Union, 2009). 

Solar and wind power are currently seen as the main renewable energy sources prioritized 

to compete with production of fossil fuel energy in the future (WIRE, 2010). Therefore, the 

current focus on solar and wind energy potential is to forecast the intermittent renewable 

energy forms according to weather conditions. Together with the development of electric 

grid management, solar and wind energy forecasting is pivotal in aiding in the installations 

of renewable energy plants. These forecasts will also help grid operators to manage the en-

ergy production more efficiently. The goal of EU deal is to allow increased transmission of 

renewable energy between the cooperating countries. As research has indicated, critically 

studying the solar irradiation in EU can help enhance the availability of solar energy as an 
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alternative source of renewable energy (WIRE, 2010). As such, this forms the basis from 

which this thesis is inspired. 

1.4. Structure of the thesis 

In addition to the aforementioned sections, this thesis is subsequently divided into six sec-

tions. Section (2) provides the related literature that forms the basis of this research. Section 

(3) presents the research methodology from which the results of this study are obtained. 

Thereafter, Section (4) outlines the findings of this thesis. A subsequent description of the 

results is provided in Section (5). Finally, Section (6) provides the concluding remarks.  
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2. Literature review 

This section provides the related literature pertaining this thesis particularly but not limited 

to solar irradiation and solar power forecasting.  

2.1. Review of solar irradiation and power forecasting 

Solar irradiation is one of the most important input parameter of Photovoltaic (PV) Power 

output. Forecasting of solar irradiation precisely using Numerical Weather Prediction 

(NWP) can guide in the estimation of power output.  

According to Lorenz et al. (2009), the approach of solar irradiance forecasting is one of the 

main basis of Photovoltaic (PV) power prediction. Duffie and Beckman (2013) defines solar 

irradiation as the incident energy per unit area on surface which can be obtained by integra-

tion of irradiation over a specified time ranging from an hour to a day. 

Solar irradiation forecasting has been utilized in various scenarios. Most notably, together 

with Numerical Weather Prediction, solar irradiation forecasting has been used to accurately 

compare estimated power output and the real power production. For instance, according to 

Pelland et al. (2013), solar irradiation has been used in the Global Environmental Multiscale 

Model in Canada to forecast the hourly solar and photovoltaic forecasts with remarkable 

success.  The model has used the global numerical weather predictions model as opposed to 

observation methods with the former believed to suit best longer forecasts horizon (Pelland 

et al., 2013). 

In Germany, as the efforts towards integration of renewable energy into energy supply sys-

tem is gaining traction, attention is being paid on the need to forecast the availability of the 

renewable energy, especially the solar and wind energy (Lorenz et al., 2011). This integra-

tion of fluctuating renewable energies is believed to alter the load profiles thus the need of 

their forecast so as to adjust the respective load forecasts. Commencing with forecasting of 

the global horizontal irradiance, which is considered the most crucial step in PV power pre-

diction systems, Germany has developed power prediction system particularly for the uni-

versities of Oldenburg and Meteocontrol with a forecast horizon of 2-days ahead with hourly 

resolution (Lorenz et al., 2011).  

Similarly, as presented by Lorenz et al. (2009), different approaches to forecast solar irradi-

ance with the use of NWP models have been developed and compared in various parts of 

Europe, with Germany, Austria, Switzerland and Spain being among the countries involved. 
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Of importance from these approaches is the forecast of the horizontal global irradiance which 

is then converted according to the orientation and declination of the panels to model the 

irradiance (Lorenz et al., 2009). 

Yang et al. (2012) has portrayed the possibility of forecasting an hour ahead solar irradiation. 

In their research, three-pronged approach has been utilized in forecasting solar irradiance 

based on meteorological data including global horizontal irradiance, diffuse horizontal irra-

diance, direct normal irradiance, and cloud cover. Time series Auto Regressive Integrated 

Moving Average (ARIMA) has been used to forecast solar irradiation in this research (Yang 

et al., 2012). 

Similar studies pertaining the forecast of power output have been conducted in the United 

States of America. In American Southwest to be precise, Research conducted by Larson et 

al. (2016), has emphasized on the forecasting of power output from photovoltaic power 

plants. As indicated from the results, bias errors in the irradiance input have limited impact 

on the power output performance.  This is quantified by the Root Mean Square Error (RMSE) 

captured as ranging from 10.3% to 14% of the capacity (Larson et al., 2016). 

As Yona et al. (2007) notes, the introduction of alternative energy source for example the 

solar energy is inevitable in the recent years. In addition, it is noted that, the output of pho-

tovoltaic system is influenced by meteorological conditions. In their research, Artificial Neu-

ral Network is used to predict the insolation of the solar system, whose estimation is believed 

to accurately predict the power output of photovoltaic system (Yona et al., 2007). 

Similar researches have continued to show the importance of integration of other renewable 

energy sources into the energy grid with the ability of forecasting playing a critical role. As 

corroborated by Bacher et al. (2009) various models can ease the solar power forecasting. A 

casing point as indicated in their study, is the online forecasting approach of production from 

photovoltaic systems (Bacher et al., 2009). Based on this approach values of solar power are 

predicted for horizons of up to 36 hours. To aid in this process, Auto Regressive (AR) and 

Auto Regressive with Exogenous input (ARX) are used. The ARX model takes the Numer-

ical Weather Predictions (NWPs) as its input. According to their results, NWPs are necessary 

inputs for longer forecasts horizon (Bacher et al., 2009). 
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As indicated in this literature, various forecast models pertaining the forecast of solar energy 

mostly depend on weather data. Because of the fluctuating tendency of the weather param-

eters, it is of paramount importance to forecast the energy output, thus providing efficient 

and effective structuring, management and planning of the energy grid. The provision of 

accurate data from these forecasts aid in improving performance of integrated energy grid. 

In addition, current studies are based on forecast, and limited studies have focused on dis-

covering the potential of forecast methods at the level of the system. System level forecasts 

can be useful to system operators to make better informed arrangements pertaining energy 

production, distribution and consumption. In addition, with the expansion of PV system 

within the electricity market, this forecast can help all participant to improve their bid strat-

egy. 

2.2. Potential of solar energy in Finland 

Owing to its benefits, solar energy is envisaged to be a major contributor as a source of 

renewable energy in the future (Haukkala, 2015). The fact that it is environmental friendly 

with innocuous emissions, together with its low management and maintenance cost makes 

solar energy a better choice as a source of renewable energy. Most importantly, due to its 

omnipresence globally, its availability cannot therefore be restrained by ownership con-

straints as opposed to other sources of energy such as fossil fuel (Haukkala, 2015). Indeed, 

according to the International Energy Agency (IEA), solar energy could be the largest source 

of electricity by 2050 (IEA, 2014). 

As such, solar energy has attracted considerable attention globally. Various countries around 

the world has continued garnering efforts towards harnessing this energy source. This in-

cludes but not limited to structuring, managing and maintaining the energy source, integrat-

ing it with the energy system grid as well as providing solar energy support polices and the 

devising and implementation of the usage strategies.  

Countries ranging from Asia with China as a case in point to Europe with Germany and/or 

the United Kingdom (UK) as examples have continued to use solar energy (EPIA, 2014). 

Notwithstanding the benefits of solar energy, not every other country has emphasized on its 

use. For instance, the use of solar energy in Nordic Countries has been relatively limited 

compared to other source of renewable energies (Haukkala, 2015). Particularly, not only has 

been the use of solar energy been low in Finland but also the position of solar technology 
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has been weak. This is contrary to the fact that the focus on Photovoltaics (PV) has been 

drastically increasing over period of time across the globe.  

Despite solar energy outweighing other clean energy technologies in terms of generating 

capacity, according to Pew Charitable Trusts (PCT), Finland has reluctantly implemented 

any subsidy in the use of solar energy (Initiatives, 2014). Nevertheless, energy consumption 

per capita in the country has been one of the highest among the industrial countries owing 

to the substantial number of energy-intensive industries, the cold climate and the sparsely 

fragmented populated structures (Värttö & Ahoniemi, 2009). In addition, various researches 

have indicated the Country’s potential to utilize solar energy.  For example, according to 

Breyer et al. (2017), the variation of solar irradiation potential between Finland and Ger-

many, which is considered the European top market in terms of solar energy, doesn’t differ 

significantly as illustrated in both Figure 1 and 2. This therefore begs the question, why the 

failure to adopt the solar energy support policy in Finland? 

In their work, Haukkala et al, (2015) has attributed this failure to several barriers ranging 

from technological, economical, and institutional. Furthermore, the technological barriers 

can be attributed to the economical, political and behavioral aspects (Sovacool, 2009). In 

other words, in addition to the general attitude of people objecting to change, the proponents 

of wind and solar of energy perceive the solar energy technologies as radical ones thus the 

decline in motivation.  

However, the work of Child and Breyer (Child & Breyer, 2016) has revisited and expanded 

the results of Haukkala (Haukkala, 2015).  According to the former, indeed the solar PV in 

Finland can be an integral part of a competitive future energy systems, consequently creating 

a space for challenging other barriers to maximum utilization of solar energy with the ex-

ception of the technical and the regulatory ones. 
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Figure 1: Solar power production potential in Europe. *Yearly sum global irradiation po-

tential in European countries (Huld & Pascua, 2014). 
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Figure 2: Solar irradiation potential in European countries (Kosonen et al, 2014). 
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3. Research methodology 

In this section, the steps in modelling the computation of the forecasted solar power are 

demonstrated, in addition to the due process of comparison with the real power produced 

from the LUT power plant. 

This section involves working with numerical data available from separate data sets. As de-

picted in Figure 3, various input parameters have been considered in computation of the 

power output. Most importantly, the weather conditions comprising of solar irradiation, air 

temperature and wind speed have been used among the input parameters. The weather con-

ditions have been obtained from HARMONIE model. The HARMONIE model is a Numer-

ical Weather Prediction (NWP) model that came as result of cooperation between the High 

Resolution Limited Area Model (HIRLAM), a forecast system developed by international 

HIRLAM programme (http://en.ilmatieteenlaitos.fi/). Subsequently, HIRLAM programme 

is a cooperation various European meteorological institutes including Danish Meteorologi-

cal Institute (DMI) Denmark, Estonian Meteorological and Hydrological Institute (EMHI) 

Estonia, Finnish Meteorological Institute (FMI) Finland, Icelandic Meteorological Institute 

(IMI), Iceland, Lithuanian Hydrological and Meteorological Services (LHMS) Lithuania, 

Norwegian Meteorological Institute (MET), Norway, Royal Netherlands Meteorological In-

stitute (KNMI) (The Netherlands), Agencia  Estatal de Meteorology (AEMET) and Swedish 

Meteorological and Hydrological Institute (SMHI) (Sweden). 

The choosing of the weather data was influenced by the power production data from the 

LUT power plant (https://www.lut.fi/web/en/green-campus/green-campus-in-numbers/pro-

duction-figures). The weather data chosen represented time series hourly data from the 

21/05/2016 to 27/05/2016. The rationale for choosing the data on the prescribed date was 

influenced by the fact that power production from LUT power plant was stable during those 

days. In addition, in those days the weather data was observed not to be fluctuating a lot. 

The weather data was also selected from 27/08/2016 to 02/09/2016 so as to also have repre-

sentation of the model during the rainy seasons. The weather data needed to be in close 

proximity to the LUT power plant and as such Lappeenranta University of Technology 

(LUT) weather station was selected at latitude 61°.066´N and longitude 28°.091´E respec-

tively. It is worth noting that the weather data were the parameter inputs used to calculate 

the estimate power output. 
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Power production data was obtained from Lappeenranta University of Technology (LUT) 

power production plant for both the time series ranging from 21/05/2016 to 27/05/2016 and 

from 27/08/2016 to 02/09/2016.The selected hourly data was to be in tandem with the 

weather data. As it was observed, solar energy production is affected during cloudy and rainy 

days where solar irradiation is believed to be limited. The efficient and surface area of the 

panel are considered from the panel to give the output. 

The computation of the incident of the solar irradiation on the panels ensued which was 

based on the sun position and the panels orientation. In addition, the total solar irradiation 

was achieved by considering sunlight components including global, beam and diffuse irra-

diation.  

Another vital component was the solar panel operating temperature which was based on the 

air temperature, total solar irradiation, wind speed, heat fluxes from the ground surface and 

system materials. Consequently, the computation of the power output from the forecast 

model considered the solar irradiation and panel operating temperature. Owing to the fact 

that, the forecasted power output was derived in Direct Current (DC), there was a need to 

convert it to Alternating Current (AC) thus coinciding with the solar power AC from the 

solar production plant for easier comparison. As a result, the forecast power output and the 

efficiency of the inverter were considered.  
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Figure 3: Methods of forecasting solar power production. 

 

3.1. Observation on input variables for the PV power forecasting model 

Typically, the accurate total solar irradiation data is used as an input parameter to derive the 

estimated power output. In addition, as mentioned in Section 3, the estimated power output 

is subject to the weather forecast and environmental factors ranging from solar irradiation, 

cloud cover, wind speed, relative humidity and air temperature. Similarly, the efficiency of 

the panels as well as their angle need to be considered. All these factors are pivotal in choos-

ing the input variables for a prediction model (HARMONIE-AROME, 2011).  

Figures 4 and 5 depicts solar irradiation on horizontal surface for seven days in  May 2016 

(May 21st – May 27th ) and seven days in August 2016 and part of September 2016 (August 

27th – September 2nd ) respectively. Figure 6 represents the local weather variables precisely 

the air temperature and wind speed in Lappeenranta as generated by the HARMONIE model. 
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Figure 4: Solar irradiation on horizontal surface in Lappeenranta (21st – 27th May). 

 

 

Figure 5: Solar irradiation on horizontal surface in Lappeenranta (27th Aug.– 02nd Sept. 

2016). 
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Figure 6: Air temperature and wind speed in Lappeenranta. 

To facilitate the computation of the forecasted power output, various models were used with 

the weather conditions, particularly air temperature, solar irradiation, and wind speed as the 

input parameters. On the same note, solar panel characteristics: manufacturer’s specification 

and system specifications to be exact, were used as input parameters in these models. Typi-

cally, this computation is well illustrated in Figure 3. As such, the following section puts the 

models and their components into perspective.  

3.2. Solar geometry and irradiation components 

According to Benford & Bock (1938), The geometric relation between any surface moving 

relative to the earth at any time (like the surface is fixed or moving relative to the earth) and 

incoming of solar irradiation is the position of the sun relative to the surface, it can be de-

scribed with some angles Benford & Bock, (1938). The angles are shown in Figure 7. 
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Figure 7: Collector-sun orientation: azimuth (γ), collector tilt (β), solar altitude angle (αs), 

solar azimuth angle (γs) (Brownson, 2016). 

 

3.2.1. Solar altitude (referred to as elevation) angle 

Scharmer et al, (2000) defines solar altitude as the angle between the line of incoming sun 

rays and horizontal surface as shown in Figure 7. This solar altitude can be represented as 

shown in Eq. (1) (Scharmer et al, 2000). 

 

 αs  =  sin
−1[sin(ϕ)sin(δ) + cos(ϕ)cos(δ)cos(ω)], (1) 

 

where αs the solar altitude angle, ϕ the latitude angle and δ the declination angle also pre-

sented in Eq. (5), whereas ω the hour angle also presented in Eq. (11).  

3.2.2. Zenith angle 

According to Duffie and Beckman (2013), zenith angle can be defined as the angle between 

the line of the incoming sun and the vertical line. In other words, it is the angle of incidence 

of beam irradiation on a horizontal surface. The zenith angle can be described using Eq. (2) 

(Duffie & Beckman, 2013, p. 15). 

 

 cos(θz) = cos(ϕ) cos(δ) cos(ω) + sin(ϕ) sin(δ), (2) 

 

where θz is zenith angle. 
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3.2.3. Solar azimuth angle 

Scharmer et al, (2000) describe the solar azimuth angle as one giving the direction of the 

sun. They define it as the angle between the vertical plane containing the direction of the sun 

and the vertical plane running from South to North through a horizontal surface. Figure 7 

depicts the solar azimuth angle whose value is positive when the sun is to the West of South-

North meridian. As Scharmer et al, (2000) assert, the solar azimuth angle γs, is measured 

due from North in the Southern Hemisphere and due from South in the Northern Hemi-

sphere. Therefore, in Lappeenranta we measure the azimuth angle due from North where the 

sun is in the Southern Hemisphere for fixed modules facing South direction. The angle can 

be represented as follows: 

 

 cos( γs) = (−)
sin(ϕ) sin(αs) − sin(δ)

cos(ϕ) cos(αs)
, (3) 

 

where γs is the solar azimuth angle.  

Gilbert (2004) defines the declination angle as the angle between the equator and the line 

drawn from the center of the Earth to the center of the sun. The angle varies due to the tilt of 

the earth on its axis and the rotation of the Earth around the Sun which covers 365.25 days 

per one revolution. Given that the earth is about 149 million kilometers away from the sun, 

Gilbert 2004, defines a perihelion as a point when the earth is nearest to the sun at approxi-

mately 147 million kilometers while an aphelion as a point when the earth is about 152 

million kilometers from the sun. The change in a distance can be determined by Eq. (4). 

 

 𝑑 = 1.5 𝑥 108  {1 +  0.017 sin [
360(𝑛 − 93)

365
]}, (4) 

                       

where 𝑛 is the day number of the with January 1 as the day 1 and December 31 being day 

number 365) (Gilbert, 2004, p. 390).  

 

In Figure 8, the line formed by the earth rotating around the sun is explained ecliptic plane. 

On 21st March and 21st September, the line between the sun and the earth passes through the 

equator and we have 12 hours in daytime and 12 hours at night which is an equinox, (when 
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day and night are of equal length) while in 21st December, is a winter time called solstice in 

the Northern Hemisphere. In the North Pole, the angle is highest from the sun at 23.45° 

(Gilbert, 2004, p. 391). 

 

 

Figure 8: The angle of the rotational of the earth on the axis with ecliptic plane, (Gilbert, 

2004). 

 

As we know, the sun starts to rise from the east and set in the west direction and the sun is 

at the highest point during the middle of the day. It is important to estimate the exact position 

of the sun in a day in the year. In the case of solar PV system, we should understand the 

angle of the sun, which can optimize the maximum power output. On 21st June (summer 

solstice) the sun is at the highest point making an angle of 23.45° at the equator of the earth. 

Hence, the sun is above the Tropical of Cancer at the latitude 23.45°. On December 21, the 

angle is negative 23.45° known as the Tropic of Capricorn. As shown in Figure 9, the angle 

created between the equator line and the sun line is defined as solar declination angle δ. It is 

reached at the highest degree between ± 23.45°. Based on our calculations, we assume total 

number of 365-days in a year and which set spring equinox in the day 𝑛 = 81 as a preferred 

good approximation (Gilbert, 2004, p. 392). 

 

 δ = 23.45 sin [
360

365
(𝑛 − 81)] , (5) 
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where δ is the solar declination angle in (degree) and 𝑛 the number of the day. 

 

 

 

Figure 9: An alternative view with fixed earth and a sun that moves up and down. (Gilbert, 

2004, p. 392). 

 

3.2.4. Solar time 

According to Rekioua & Matagne (2012), considering the Civil Time (CT) in hours is the 

initial stage towards finding Hour Angle (HA). A Greenwich Mean Time (GMT) or Univer-

sal Time (UT), can be found by subtracting the Time Difference (TD), (this time difference 

depends on a seasonal change of some countries) (Rekioua & Matagne, 2012, p. 37) as in-

dicated in Eq. (6) below. 

 

 UT = CT − TD, (6) 

            

where UT is the Universal Time, CT the Critical Time and TD the Time Difference. 

 

We use the longitude for Lappeenranta at 28°.091´E to obtain Mean Solar Time (MST) by 

the Eq. (7) (Rekioua & Matagne, 2012, p. 37). 

 

 MST =  UT +  (𝑙𝑜𝑛𝑔/15) , (7) 
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Then, the Real Solar Time (RST) can be calculated by using Eq. (8) (Rekioua & Matagne, 

2012, p. 37). 

 

 RST =  MST + 𝐸𝑡 , (8) 

 

where 𝐸𝑡 is the equation of time, which can be found from the Earth rotation around the sun 

which is not uniform. The equation of the time is obtained from Eq. (9) as shown below. 

 

 
𝐸𝑡(𝑁) = 0.000075 + 0.001868 cos(𝐵) − 0.032077 sin(𝐵) 

−0.014615 cos(2𝐵) − 0.04089 sin(2𝐵) 
(9) 

    

where   

 𝐵 =
2π(𝑁 − 81)

365
 , (10) 

                                  

Finally, the Hour Angle (HA) can be obtained as indicated by the following Eq. (11).  

 

 HA (ω) =  
π

12
(RST –  12) (11) 

 

In this thesis the computation of the forecasting power output, we need to propagate these 

forecasting solar irradiation components and use these data to estimate the total solar irradi-

ation on a tilted surface. The total solar irradiation dependency of the sun position angle on 

a time, for an example in Figure 10, the results have gotten the sun position angles estimation 

on 21st May 2016 in Lappeenranta. 
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Figure 10: The sun position angles estimation on 21st May 2016 in Lappeenranta. 
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3.2.5. Total solar irradiation on a tilted surface 

To estimate the solar irradiation on tilted surface, we need to know altitude angle and azi-

muth angle of the sun accurately. The solar irradiation on tilted surface is calculated by using 

these angles depending on the geographical coordinates of the location area. These angles 

with irradiation components provides the amount of solar irradiation on tilted PV panel, the 

solar irradiation comes through the three components, which are beam (direct), diffuse and 

ground-reflected irradiation. These components are shown in Figure 11. 

 

 

Figure 11: Diffuse, beam (direct) and ground-reflected irradiation on a tilted Surface 

(Brownson, 2016). 

The total solar irradiation needs to be reflected on PV panel. It is very important to use these 

components to estimate output power production. The reflection of ground surface depends 

on the location area where the panels are installed. For satisfactory results calculation of 

diffuse and beam irradiation, the model was introduced and published by HAY and McKAY 

(1985) which proposed the circumsolar diffuse and horizon-brightening components on the 

tilted surface (HAY & McKAY, 1985). 

This model is called Hay-Davis-Klucher-Reindl (HDKR) model, which estimates the frac-

tion of all circumsolar diffuse to be the same as the beam irradiation on a tilted surface. 

However, the model suggestion improved the horizon-brightening relevant diffuse part 
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Klucher (1979) and gives good output results using input data for example the hourly data 

or monthly data of diffuse, global, beam horizontal irradiation and solar geometry system.  

 

The modeling calculation of total solar irradiation on tilted surface (IT) described Eq. (12). 

 

 

(Ib + IdAi)Rb⏟        
=direct & circumsolar diffuse

+ Id(1 − Ai) (
1 + cos (β)

2
) [1 + 𝑓sin3 (

β

2
)]   + 

⏟                            
=diffuse sky & horizon

  Igρg (
1 − cos (β)

2
)

⏟          
=ground reflected

,  
(12) 

 

where the beam horizontal irradiation Ib, the diffuse horizontal irradiation Id, the anisotropy 

index Ai, the tilt factor for the beam irradiation Rb, the global horizontal irradiation Ig, the 

ground reflected ρg, the panel tilt angle β, and the modulating factor 𝑓.  

The anisotropy index described by given Eq. (13) (Duffie & Beckman, 2013, p.92). 

 

 Ai = 
Ib
I0
 , (13) 

     

where the extraterrestrial on horizontal irradiation I0. 

The modulating factor 𝑓 can be considered for the cloudiness depending on the weather con-

dition, it is described by the given Eq. (14) (Duffie & Beckman, 2013, p.92). 

 

 𝑓 =  √
Ib
Ig 
 , (14) 

      

where Ig,  is the global horizontal irradiation and Ib is the beam horizontal irradiation. 

For the diffuse, ground-reflected and beam irradiation, the tilt factor Rb are changed as de-

scribed by the Eq. (15) (Duffie & Beckman 2013, p.24). 

 

 Rb  =  
cos (θ)

cos (θz)
   , (15) 
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where the angle of the incidence between the beam and normal surface is θ and the zenith 

angle is θz. 

3.2.5.1. Fixed modules 

The fixed modules on a tilted surface can be used in different systems. This can be attributed 

to the fact that the fixed modules on a tilted surface is widely more accessible than other PV 

module systems. In order to obtain accurate output from the fixed module systems, a number 

of factors need to be considered among them being the angle of incidence. This has therefore 

motivated the use of fixed panels from LUT solar power plant in our study. In particular, the 

fixed modules are facing the south direction with the angle of incidence leading to the North-

ern Hemisphere (γ = 0°). The description can be well illustrated using the following Eq. (16) 

(Duffie & Beckman, 2013, p. 16). 

 

 cos θ = cos (ϕ − β) cos(δ) cos(ω) + sin (ϕ − β)sin(δ) (16) 

                   

where θ is the angle of the incidence, β the panel tilt angle, ϕ the latitude, δ the declination 

angle, ω the hour angle and γ the surface azimuth angle. 

3.3. Physical model for PV power generation 

Photovoltaic (PV) panels are semiconductor materials, which converts solar irradiation in-

tensity from the sun light into electrical energy in watts per meter square. The semiconductor 

materials produce electrical energy by photoelectric effect when the intensity of solar irra-

diation is available to the PV panel (Kleissl, 2013). There are  types of PV panels were 

established based on single and multi-crystalline silicon, the most popular used such as pol-

ycrystalline thin-film materials such as cadmium telluride (CdTe) and copper indium gal-

lium diselenide (CIGS), microcrystalline silicon, or amorphous silicon. Photovoltaic models 

type of multi-junction have reached the highest conversion efficiencies. In 2012, the world 

has recorded the efficiency for PV cell as 43.5% for GaInP/GasAs/GaLnNAs (Sb) shown in 

Appendix 2 (Kurtz, 2012). The specific information required for each PV technology to es-

timate solar output power, is the amount of spectral distribution of solar irradiation available 

on the PV panel. Figure 12 presents the spectral response depending on the PV cell materials 
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converted to solar electricity energy. The performance of PV panels depends on environ-

mental conditions, for PV panels the standard rating based on reference test conditions con-

sist of standards for spectrum distribution of solar irradiation (Myers, 2011). 

 

Figure 12: The spectral response depending on the PV cell materials, which convert the in-

tensity of solar irradiation into electricity energy. (Courtesy of Chris Gueymard). 

 

3.3.1. Photovoltaic electrical energy performance characteristics 

A current and voltage (I-V) curve of PV panel represent its electrical energy conversion 

ability at the prevailing level intensity of solar irradiation and temperature. Theoretically, 

the curve describes the relation of current and voltage, in which the PV panel can be operated 

with the availability of solar irradiation and constant cell temperature. Figure 13 presents the 

characteristics of current and voltage (I-V), and power and voltage (P-V) curves shows the 

maximum power point (MPP) of the curve (Solmetric Corporation, 2011). 
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Figure 13: I-V and P-V curves are electrical energy characteristics of PV panel. The calcu-

lated P-V curve measured from I-V curve (Solmetric Corporation, 2011). 

 

The I-V curve ranges from the short circuit (Isc) at zero voltages to zero current at the open 

circuit voltage (Voc). On the top of the I-V curve is the maximum power point (MPP), which 

the panel cells operate at maximum electrical power, this MPP is the given units of watt peak 

(Wp). At the low level of voltage Vmp, the electrical charge flowing to the exterior load is 

moderately independent of the output voltage. Close to the top of the curve at the MPP, the 

behavior can change, when the voltage increases, the more increasing percentage of charges 

combine again inside the solar cells (Solmetric Corporation, 2011). 

The fill factor (FF) is an indicator performance of the PV panel. It is described as a rectan-

gular shape of the I-V curve as shown in Figure 14. An ideal PV module technology generate 

rectangular I-V curve corresponding to the maximum power point with (Isc,Voc), for the fill 

factor of 1. The fill factor computed by the ratio between two rectangular areas gives the 

following Eq. (17). 

 
ImpVmp

IscVoc
 , (17) 
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Figure 14: Observation area represents the fill factor from I-V curve (Solmetric Corpora-

tion, 2011). 

The model number of the PV panels, should be related to the fill factors. The real magnitude 

of the fill factor depends on module design and technology. For example, the amorphous 

silicon module has lower fill factor than crystalline silicon module. Any of the losses can 

decrease the fill factor, which can also decrease the output power by decreasing Vmp and/or 

Imp. Figure 15 represents the losses such as series losses, shunt losses and mismatch losses 

shown in the I-V curve. These losses reduce the height of the I-V curve by allowing a smaller 

amount of solar irradiation to reach on the cells panels or shading due to dust (Solmetric 

Corporation, 2011). 
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Figure 15: Types of losses as source decreases of PV panel power output (Solmetric Cor-

poration, 2011). 

3.3.2. Equivalent circuit for PV panel 

The PV cell equivalent circuit shown in Figure 16. The current Iph represents the cell photo-

current. The Rs and Rsh are series and shunt of the cell panel, respectively. The value of 

series resistance Rs is very small and the value of shunt Rsh resistance is very large, as a 

consequence, Rs may be neglected (Pandiarajan & Muth, 2011). Basically, the PV panel 

created by group of cells in larger units, which are connected in parallel or series to create a 

PV array used to produce electrical energy systems. This type of equivalent circuit is shown 

in Figures 16 and 17 present the equivalent circuit in solar array. 

 

 

Figure 16: Equivalent circuit of PV cell, with series and parallel resistances. 
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Figure 17: Equivalent circuit of solar array. 

3.3.3. PV panel operating temperature 

The panel cells operating temperature Tc is a major factor affecting the performance of PV 

power output system. There are three main parameters affecting the operating temperature: 

the air temperature Ta, total solar irradiation IT, and wind speed vf. However, there are other 

constant factors depending on the panel manufacturer specifications such as a heat exchange 

coefficient UPV, transmittance absorptance product τ.α, PV panel efficiency ηPV, standard 

testing temperature TSTC, and temperature coefficient of maximal power under standard test 

conditions βSTC (Mattei et al., 2006). These panel performance parameters are tested at nom-

inal operating cell temperature (NOCT). The nominal parameters for the PV panel used in 

this thesis is shown in Appendix 1. 

There are several models for evaluating operating PV panel cells temperatures (Markvart, 

2000), (Skoplaki et al., 2008), (Koehl et al., 2011), and (Kurtz et al., 2009). However, the 

model selected for this thesis is the one proposed by Mattei et al. (2006), shown in Eq. (18). 

This model is preferred because it has been evaluated using numerical weather prediction 

(NWP) and found to perform slightly better than the rest, according to the data from Euro-

pean Centre for Medium Range Weather Forecast (ECMWF) (Schwingshackl et al., 2013). 

 

 Tc =
UPVTa + IT[τ. α − ηSTC(1 − βSTCTSTC)]

UPV + βSTCηPVIT
 , (18) 

 

where IT is the total solar irradiation, the input parameters TSTC, ηSTC and βSTC are efficiency 

and temperature coefficient respectively of maximal power under standard test conditions 
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(STC), (τ.α) = 0.81, vw the local wind speed close to the panel, where vf is the wind speed 

measured 10 meters above the ground. For transformation of two different wind speeds: 

 

 vw  =  0.68vf −  0.5 , (19) 

       

where the heat exchange coefficient is evaluated as a function of wind speed in Eq. (20), so 

that.  

 UPV =  26.6 +  2.3vw , (20) 

     

where UPV is the heat exchange coefficient for the total surface of the panel calculated by 

(Mattei et al., 2006). The panel cells operating temperature is sensitive to the prevailing 

weather conditions mainly air temperature.  

Figure 18. The relationship between air and panel operating temperature dependency of in-

put variables such solar irradiation, air temperature, wind speed and panel setting on tilted 

at 15°. These variables input used from forecasted model output. As we can see the panel 

temperature rises due to increasing of solar irradiation at 13:00 solar noon, this is because 

the solar irradiation absorbed by PV panel cells and contribute the increases of panel tem-

perature also as a result decreasing the power output of PV system (Schwingshackl et al., 

2013). The use of wind speed considered as cooling effect on PV cells temperature, during 

the generated of PV cells, the heat removed from absorbed PV cells then operates at low 

temperature and increasing of power output with the decreases of the temperature. For in-

stance, with polycrystalline silicon (p-Si) decreases approximately −0.44%/°C, when the 

temperature is higher than 25°C (Schwingshackl et al., 2013). 
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Figure 18: Relationship between air and panel operating temperature captured on 23rd May 

2016. 

      

The estimated PV power output as a function of cell temperature represented by Eq. (21). 

 

 PPV   =  ηPV𝐴IT[1 − βSTC(Tc − TSTC)] , (21) 

 

where PPV the total power estimated, ηPV the panel efficiency, Tc the panel operating tem-

perature , 𝐴 the total area of the PV panel, βSTC the temperature coefficient of maximal power 

of the panel cells at (STC), for polycrystalline silicon (Pc-Si) approximately −0.44%/°C, 

TSTC the ambient temperature at (STC), which given at 25°C and IT the total solar irradiation 

on tilted surface. 

 

 



38 

 

 

 

4. Results 

This section presents the results of output power between forecast and real power production. 

The real power is measured from the PV system installed at LUT in Lappeenranta region. 

As referred in Section (3), the input variables such as forecast solar irradiation and local 

weather variables such as wind speed, temperature, are obtained from the HARMONIE 

model. The computation of the forecasted power output needed to factor the number of solar 

panels in the solar production plant. The panels constituting the PV system were mounted at 

15° tilt angle facing south direction. The total maximum peak power and the efficiency per 

each panel is 5.06 kWp and 14.1% of 230 Wp respectively. The panels were using polycrys-

talline silicon (p-Si) materials (Tianwei TWY230P60-FA2). 

Excel software was used for computation of the forecasted power output which was done 

using the models discussed in Section (3). The calculation of the estimated power output 

also factored the efficiency of the inverter (97 %). 

 

 

Figure 19: Forecast and real power production on fixed PV system on 21st May. 
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As indicated in Figure 19, the peak from real power is higher than the forecasted power. This 

can be attributed to the cloud weather distribution, which appears to occupy the better part 

of the day from morning to evening. This is clearly depicted in Table 1. The cloud weather 

is a major impact of NWP model as it may influence the variability level of solar irradiation 

thus affecting the maximum power output. Moreover, the cloud weather might influence 

both the diffuse irradiation and the beam irradiation. 

 

Table 1: Average local weather distribution on 21st May at Lappeenranta (FMI, 2016). 

 

Date/Time 

 

Cloud coverage  

(%) 

 

Humidity 

(%) 

 

Rain 

(mm) 

21.05.2016    

00:00 38 69 0.0 

03:00 85 82 0.2 

06:00 100 (mostly cloudy) 90 0.7 (light rain) 

09:00 100 94 0.8 

12:00 100 95 0.0 

15:00 100 95 0.0 

18:00 100 96 0.0 

21:00 100 97 0.0 
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Figure 20: Forecast and real power production on fixed PV system on 22nd May. 

 

In Figure 20, forecast and real power reaches to the maximum peak and the power are un-

stable between 10:00 and 18:00. As illustrated from the Figure 20, there was less cloud cover 

of about 45% as well as no rainfall on this day. 

 

Figure 21: Forecast and real power production on fixed PV system on 23rd May. 
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As indicated in the Figure 21, there was a linear relationship between the forecasted power 

and real power especially in the morning from 05:00 – 13:00. During this day, the cloud 

cover ranged between 4% and 9%. The small deviation as observed from the Figure 21 could 

be attributed to the increasing cloud intensity especially from 15:00. The maximum power 

generation depends on the intensity of cloud covering the sky. 

 

Figure 22: Forecast and real power production on fixed PV system on 24th May. 

 

As shown in Figure 22, the curves representing both the real and forecast power are smooth 

and stable. This can be attributed to the fact that the day is a clear one owing to the little 

cloudy as captured in Table 2. A similar observation is made on the following day 

25/05/2016 as illustrated in the Figure 23. However, the minor observation can be attributed 

to the change in the inverter efficiency arising from the humidity weather as well as dust on 

the solar panels. 
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Table 2: Average local weather distribution on 24th May at Lappeenranta (FMI, 2016). 

 

Date/Time 

 

Cloud coverage  

(%) 

 

Humidity 

(%) 

 

Rain 

(mm) 

24.05.2016    

00:00 6 88 0.0 

03:00 5 84 0.0 

06:00 5 70 0.0 

09:00 6 53 0.0 

12:00 8 44 0.0 

15:00 10 44 0.0 

18:00 7 50 0.0 

21:00 5 60 0.0 

 

 

Figure 23: Forecast and real power production on fixed PV system on 25th May. 
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Figure 24: Forecast and real power production on fixed PV system on 26th May. 

 

 

The forecast power as shown in Figure 24 is higher than the real power. The light rainfall 

and the rapid rise in cloud intensity as illustrated in Table 3 appears to affect the actual 

production of solar thus influencing its output from the PV system. 

Table 3: Average local weather distribution on 26th May at Lappeenranta (FMI, 2016). 

 

Date/Time 

 

Cloud coverage  

(%) 

 

Humidity 

(%) 

 

Rain 

(mm) 

26.05.2016    

00:00   66 88 0.1 

03:00   82 96 0.4 

06:00    100 95 0.7 (light rain) 

09:00   95 90 0.5 

12:00    76 (partly cloudy) 82 0.7 

15:00   60 81 1.6 (chance rain) 

18:00  72 86 1.0 

21:00  98 90 0.1 
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Figure 25: Forecast and real power production on fixed PV system on 27th May. 

 

 

As Figure 25 illustrates, the power forecasting on 27th May is much higher than the real 

power. On this day the cloud distribution appears to be less than 60% between 09:00 and 

21:00. As shown on the graph, the peak forecast power is recorded at 15:00, with the real 

power appearing to be significantly steady, though low as compared to the forecast power. 
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Figure 26: Forecast and real power production on fixed PV system in 27th August. 

 

As illustrated in Figure 26, there appears to be a direct proportion between the real power 

and the forecasted power during the entire day.  This is as a result of lower cloud intensity 

with the clear clouds at noon as indicated in Table 4, which appears not to affect the power 

output.  
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Table 4: Average local weather distribution on 27th August at Lappeenranta (FMI, 2016). 

 

Date/Time 

 

Cloud coverage  

(%) 

 

Humidity 

(%) 

 

Rain 

(mm) 

27.08.2016    

00:00 53 85 0.0 

03:00 31 90 0.2 

06:00 16 84 0.7 

09:00 17 71 0.8 

12:00 8 (clear) 53 0.0 

15:00 13 50 0.0 

18:00 48 53 0.0 

21:00 73 (partly cloudy) 60 0.0 

 

 

Figure 27: Forecast and real power production on fixed PV system in 28th August. 

 

As indicated in Figure 27, the forecast and real power was relatively the same as indicated 

by the smooth curves. The highest peak of real power is observed at noon owing to typically 

cloudness day. However, there is a slight deviation of forecast power from the real power 

which can be associated with the change in inverter efficiency attributed to the dust on the 

panel surface.  
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Figure 28: Forecast and real power production on fixed PV system in 29th August. 

 

As shown in Figure 28, there is a decline in real power as the forecast power increases with 

peak forecast power being recorded at 09:00 on the 29th August. The falling of the rain and 

the cloud coverage could have contributed to the decline in the real power produced as indi-

cated in Table 5. On the following day in Figure 29 the, peak of real power differs from 

forecast power, on this day there is no rain fall but there is maximum cloud cover especially 

between 15:00 and 21:00. The cloud shading could have also affected the intensity of the 

sun radiation reaching the surface of the panel thus affecting the production of the real power.  
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Table 5: Average local weather distribution on 29th August at Lappeenranta (FMI, 2016). 

 

Date/Time 

 

Cloud coverage  

(%) 

 

Humidity 

(%) 

 

Rain 

(mm) 

29.08.2016    

00:00 70 63 0 

03:00 36 69 0 

06:00 47 77 0 

09:00 80 82 0.5 (light rain) 

12:00 94 91 4.3 (heavy rain) 

15:00 100 (mostly cloudy) 94 9.8 (heavy rain) 

18:00  100 95 5.8 (heavy rain) 

21:00 100 96 0.9 

 

 

Figure 29: Forecast and real power production on fixed PV system in 30th August. 
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Figure 30: Forecast and real power production on fixed PV system in 31st August. 

As noted from Figure 30, both the forecasted and the real power appears to vary proportion-

ately with both appearing to coincide at 11:00. The cloud distribution on this day (31st Au-

gust 2016) appears to be normal with it being clear at around noon.   

 

 

Figure 31: Forecast and real power production on fixed PV system in 01st September. 
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As observed from Figure 31, there is a great deviation between the forecast and real power 

which results to the fluctuation of the power output. This can be explained by the change of 

the cloud cover which appears to be increasing gradually as indicated in Table 6. As ob-

served, the real power is typically low in the better part of the morning as a result of the 

cloud shadowing the surface of the panels thus reducing the amount of the solar irradiation 

reaching the surface of the panel. Also, this day is marked with humidity which when reach-

ing its maximum level, affects the efficiency and the performance of the panel thus impacting 

the production of power output. 

 

Table 6: Average local weather distribution on 01st September at Lappeenranta (FMI, 

2016). 

 

Date/Time 

 

Cloud coverage  

(%) 

 

Humidity 

(%) 

 

Rain 

(mm) 

01.09.2016    

00:00 16 88 0.0 

03:00 24 90 0.0 

06:00 58 92 0.0 

09:00 92 89 0.0 

12:00 100 87 0.0 

15:00 75 82 0.2 

18:00  33 76 0.3 

21:00 44 83 0.2 
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Figure 32: Forecast and real power production on fixed PV system in 02nd September. 

 

As observed from Figure 32, the peak of real power is different from that forecast power 

with the former being higher. This can be explained by the partial cloud distribution which 

appears to have minimal impact on the real power produced. 

The evaluation of a forecast model is critical in determining its performance. There are sev-

eral evaluation criteria utilized in determining the performance of forecast models. The most 

commonly used is the Root Mean Square (RMSE), Mean Absolute Error (MAE) among 

others. (Şen, 2008). In this study, the Normalized Root Mean Square Error (NRMSE) was 

employed because of its capability to provide comparative analysis for Photovoltaic Systems 

(Wu et al., 2014). It is presented as follows in Eq. (22): 

 

 NRMSE =  √
1

𝑁
∑(

(PHARM.Forecast,i  −  PLUT.Realpower,i

Pinstall
)

𝑁

𝑖=1

 % , (22) 

    

where PLUT.Realpower is a real power production, PHARM.Forecast the forecast power, Pinstall 

the PV capacity power installed and 𝑁 the total number of observation in time horizon.  
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Figure 33: The forecasting accuracy evaluation by a lead time (1-hour ahead).  

 

Figure 33 presents the result errors in terms of NRMSE after evaluation of the forecasting 

model in a time horizon of one-hour ahead. The NRMSE metric is with respect to real power 

production measured from the  PV power plant at LUT. Chosing the clear days on 23rd and 

24th May, the leading errors in the range 0.05% ‒ 27.62% and 0.06% ‒ 27.85% respectively.  
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Figure 34: The evaluation of the forecasting accuracy by a lead time (1-hour ahead). 

 

Figure 34 shows the  average result errors for the forecasting model after evaluation in a 

time horizon of one-hour ahead, in terms of NRMSE metric with respect to real power 

production measured from the PV power plant at LUT. By chosing 29th and 30th August 

during the rainy and cloud days, the recorded errors are leading in the range of 0.09% ‒ 

26.94% and 0.09% ‒ 17.88% respectively.  
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Figure 35: The evaluation of the forecasting accuracy by a lead time (4-hour ahead). 

 

Figure 35 indicates the  average result errors after the evaluation of the forecasting model in 

a time horizon of four-hour ahead, in terms of NRMSE metric with respect to real power 

production measured from PV system at LUT. The leading errors obtained after chosing 23rd 

and 24th May during the clear days are  leading in the range of 0.06% ‒ 15.55% and 1.54% 

‒ 17.10% respectively  whereas the errors of  29th  and 30th August chosen during the rainy 

and cloudy days are in the range of 0.08% ‒ 13.86% and 0.07% ‒ 11.54% respectively. 
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Figure 36: The evaluation of the forecasting accuracy by a lead time (6-hour ahead). 

 

In Figure 36, the average result errors after the evaluation of the forecasting model are 

shown. The evaluation is done considering the forecast power and the real power in a time 

horizon of six-hour ahead, in terms of NRMSE metric with respect to real power production 

measured from PV system at LUT power plant. Both the days of 23rd and 24th May are chosen 

of which the two days are clear consequently recording a leading error in the range of  3.56% 

‒ 16.30% and 3.81% ‒ 17.54% respectively. Similarly on the  29th  and 30th August, both of 

which days are considered during rainy and cloudy days, the leading errors in the range of 

0.19% ‒ 12.47% and 0.20% ‒ 9.88% respectively. 
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Figure 37: The evaluation of the forecasting accuracy by a lead time (12-hour ahead). 

 

Figure 37, depicts the  average result errors of forecasting after the  model evaluation in a 

time horizon of twelve-hour ahead, in terms of NRMSE metric with respect to forecast and 

real power production measured from PV system at LUT. In this evaluation two intermittent 

days of 23rd and 24th May were chosen with the leading errors recorded in the range of  3.56% 

‒ 11.59% and 5.48% ‒ 12.46% respectively. While in the evaluation of the errors in 29th  and 

30th August, the leading errors were recorded in the range of  0.77% ‒ 9.02% and 2.15% ‒ 

6.98% respectively.  
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Figure 38: The evaluation of the forecasting accuracy by a lead time (24-hour ahead). 

 

Figure 38 captures the average result errors after the evaluation of the forecasting model in 

a time horizon of twentyfour-hour ahead, in terms of NRMSE metric with respect to real 

power production measured from PV system at LUT. Two clear days of 23rd May and 24th 

May were chosen reporting a respective leading error of 8.57% and 9.63%.  A consequent 

evaluation ensued for the days of the 29th  August and 30th August, an evaluation conducted 

during rainy and cloudy days yielding a respective error of  6.40% and 5.17%. respectively. 
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5. Discussion 

This section provides a description of the results obtained from Section 4. As earlier indi-

cated, the objective of this study was to forecast the PV power output from weather param-

eters precisely relative humidity, air temperature, wind speed and solar irradiation.  The 

weather variables were obtained from the Lappeenranta University of Technology region 

weather station as captured in the HARMONIE model which is a subsidiary of the Finnish 

Meteorological Institute (FMI). The weather data was obtained for two phases, the first con-

taining daily hourly time series data from 21st May 2016 to 27th May 2016 and the second 

phase consisting of hourly data beginning from 27th August 2016 to 2nd September 2016. 

The rationale for choosing the data in two phases was two-pronged. During the first phase, 

the solar irradiation was believed to be at peak, whereas the second phase was considered a 

rainy season. Thus, analyzing the data in both phases was believed to be of paramount im-

portance towards attaining accurate results for this study. Subsequently, a comparison of the 

forecasted power output was done with the real power produced from the LUT solar power 

plant.   

In this study, the consideration of the weather parameters which formed the initial phase of 

the computation of power output was pivotal. Their analysis is believed to have an impact 

on the solar output. Temperature, total solar irradiation and wind speed obtained from the 

Harmonie Model were used in the computation of the estimated power output using Eq. (24) 

in Section 3.3. The total solar irradiation was computed from the beam horizontal irradiation, 

diffuse horizontal irradiation and global horizontal irradiation using Eq.  

(12) as shown in subsection 3.2.5. 

The obtained estimate power output was then compared with the actual solar output obtained 

from LUT solar power plant. The visualization of the comparison is depicted using Figure 

19 through Figure 38. As observed from the figures, the relationship between the power 

outputs as computed from our estimation model and the actual power from the solar plant 

appeared to vary sometimes and be at par at times. A number of factors contributed to these 

trends in the relationship: weather parameters, time of the day, day of the week, season of 

the year, among others. As corroborated by Panjwani et al. (2014), some weather variables 

such as relative humidity, especially in its elevated level, could impact the output of solar 

power. 
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As the relationship between the forecast and actual power captured on a fixed PV system is 

shown in Figure 19, the actual peak power is higher than the forecast peak power. This is as 

a result of cloud distribution as indicated in Table 1, which appears to occupy the better of 

the day, thus affecting the intensity of the solar irradiation. A similar illustration can be ob-

served from Figure 31 and 32 with both cases having a deviation between the actual power 

output and the forecasted power.  In both cases, cloud cover appears to affect solar irradiation 

reaching the surface on of the panels.  

Not only does the cloud cover affects the forecasted power, but also does it affect the pro-

duction of real power. The curve in Figure 19 illustrates this phenomenon, with the cloud 

cover causing the volatility in the real power produced. In addition to the cloud cover, the 

efficiency of the inverter which could be influenced by the loss of energy because of its 

operations could impact the final power output as illustrated in Figure 19. 

Less cloudy cover and little rainfall was found to affect the output for both the real power 

and forecasted power minimally with the maximum peak values realized during such days.  

Figure 20, which captures the comparison between the real power and forecasted power il-

lustrates such a scenario with maximum peak being realized between 10:00 and 18:00. In 

similar instances, the forecasted power was higher than the real power as depicted in Figure 

24. This is as result of cloud cover and the little rain in addition to the increased cloud inten-

sity during this day as indicated in Table 3, which creates shading on the surface of the panel 

thus reducing the production of the real power from the PV system.  

Despite the minor variations between the forecast power and the actual power, the estimation 

model was able to forecast power output relatively similar to the real power produced by the 

solar power plant in LUT. Figure 21 illustrates this scenario, portraying a linear relationship 

between the forecast power and the real power, which is clearly captured especially in the 

morning hours. As shown in the Figure, the forecasted power varied linearly with the real 

power for the better part of the day from 5:00 – 13: 00 with little cloud cover being observed 

at a range of 4% to 9%.   

 A similar analogy can be observed in Figure 22 and 26 with the curves representing the 

forecast and the real power being smooth and steady. As shown in Figure 22 representing 

24th May, there was a smooth and stable relationship between the forecasted and real power. 
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An analogous situation was observed on the 25th May as presented in Figure 23. This was 

due to the clear sky and the little cloud cover experienced during this day.  

Similarly, both Figure 27 and 30 representing the relationship between the forecast power 

and the real power on 28th August and 31st August respectively, indicates a direct proportion 

between the forecast power out and the real power output. It is worth noting that in these 

cases, the relative humidity was significantly low, characterized by cloudless day or little 

cloud distribution if at all.  

Out of the investigated weather parameters consisting of PV panel operating temperature as 

a function of air temperature, wind speed and solar irradiation. The wind speed was of inter-

est as it played a major role in the estimation of PV power output. As it was observed, the 

panel temperature decreased with the increase in wind speed.  

Rather than just limiting the solar power output, some meteorological parameters could pose 

other challenges. For instance, according to Elminir et al. (2001), relative humidity and air 

temperature could cause corrosion to the solar panels, particularly when they are in the range 

of 60% and 40℃ respectively. Similarly, during humid conditions, especially with the rela-

tive humidity being between 75% and 95% with the air temperature being between 20℃ and 

40℃, the growth of the fungus could cause the deterioration of the panel cells thus affecting 

their performance (Elminir et al., 2001). 

Furthermore, the formation of the sticky surface of moisture on the panel arising from the 

humid conditions could lead to accumulation of dirt particles and dust on the panel’s surface 

thus impacting the conversion efficiency of the panels (Elminir et al., 2001). The dirt on the 

surfaces of the panel could have impacted the findings in this study, however the impact was 

believed to be minimal to affect the results significantly. Also, the analysis of the extra me-

teorological parameters was not conducted as it was considered beyond the scope of this 

thesis. As such, these can be considered areas for further research. 

The Figures 33 through 38 as described in Section 4 indicates the average results of evalu-

ating the performance of the forecast model using the NRMSE metric considering the real 

power production measured from the PV power plant at LUT. As observed from the evalu-

ation, the smaller the errors obtained, the better the forecast model result (Şen, 2008, p. 107–

112). Based on our results, the errors decreased as the hours-ahead increased as clearly il-

lustrated in Figure 38 in which evaluation was done on a 24-hour ahead horizon. Moreover, 
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the clear days of the 23rd May and 24th May provided better results on a 4-hour ahead hori-

zon.  
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6. Conclusion 

The main goal of this research was to forecast solar power energy using a developed model.  

The study first conceptualized the state of solar irradiation and the potential of solar energy 

in Finland both of which were presented in the literature review.  The research went further 

to compute power output forecast from weather parameters of temperature, wind speed and 

total solar irradiation.  The total solar irradiation was computed from the beam horizontal 

irradiation, beam horizontal irradiation and global horizontal irradiation. The obtained power 

output forecast was then compared with the real power produced from the LUT solar power 

plant. The efficiency of the model was evaluated using the Normalized Root Mean Square 

Error (NRMSE) as the evaluation criteria. 

The findings indicate that solar power can be forecasted using the weather parameters incor-

porated in the model. This can be affirmed by the comparison between the forecasted power 

and the real power produced from LUT solar power plant which was conducted in this study. 

Despite the few instances of great deviation between the forecasted power and the actual 

power produced from the solar plant, in many cases there was insignificant or no deviation. 

In addition, the small errors as indicated by NRMSE especially with hour-ahead time horizon 

increasing, indicates better performance of the model predicting solar power. 

It was also found out that some weather conditions had significant effect on solar power 

production. In particular, cloudy and rainy periods were found to affect the behavior of solar 

power production by influencing the intensity of solar irradiation.  

In this study, two forms of dataset were used, capturing both the sunny and rainy periods. In 

the former’s case, hourly data from 21st May 2016 to 27th May 2016 was chosen, while in 

the latter hourly data from 27th August 2016 to 2nd September 2016 was used. Using more 

data sets capturing the four seasons of winter, spring, summer, and autumn and covering 

longer periods could have provided broader perspective regarding solar power forecasting. 

This can indeed be an area of further study. 

However, the data set used in this study, constrained to the few weather parameters of tem-

perature, wind speed and solar irradiation has exhibited the possibility of forecasting the 

solar power using weather parameters as used in the model
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Şen, Z., 2008. Solar energy fundamentals and modeling techniques: atmosphere, environ-

ment, climate change and renewable energy. Springer Science & Business Media. 

Skoplaki, E., Boudouvis, A.G. and Palyvos, J.A, 2008. A simple correlation for the operating 

temperature of photovoltaic modules of arbitrary mounting. Solar energy materials and so-

lar cells, 92(11), pp.1393–1402. 

Solmetric Corporation., 2011. Guide to interpreting I-V curve measurements of PV arrays.  

Sovacool, B.K., 2009. Rejecting renewables: The socio-technical impediments to renewable 

electricity in the United States. Energy policy, 37(11), pp. 4500–4513. 

Union, E., 2009. Directive 2009/28/EC of the European Parliament and of the Council of 23 

April 2009 on the promotion of the use of energy from renewable sources and amending and 

subsequently repealing Directives 2001/77/EC and 2003/30/EC. Official Journal of the Eu-

ropean Union, 5, p. 2009. 

Värttö, F.A.A.K.M. and Ahoniemi, M., 2009. Finnish energy industries-energy scenarios 

and visions for the future. 

WIRE., 2010. COST Action ES1002 Weather intelligence for renewable energies.  

 



 

 

 

 

Wu, Y.K., Chen, C.R. and Abdul Rahman, H., 2014. A novel hybrid model for short-term 

forecasting in PV power generation. International journal of photoenergy, 2014. 

Yang, D., Jirutitijaroen, P. and Walsh, W.M., 2012. Hourly solar irradiance time series fore-

casting using cloud cover index. Solar energy, 86(12), pp. 3531–3543. 

Yona, A., Senjyu, T., Saber, A.Y., Funabashi, T., Sekine, H. and Kim, C.H., 2007. Applica-

tion of Neural Network to One-Day-Ahead 24 hours generating power forecasting for pho-

tovoltaic system. In intelligent systems applications to power systems, 2007. ISAP 2007. 

International conference on (pp.1–6). IEEE.  

 

 

 



 

 

 

 

 

Appendix 1: Data for specification of PV panel 



 

 

 

 

Appendix 2: Data for efficiency of PV-cells materials. 

 

 



 

 

 

 

Appendix 3: Excel tool for calculation used PV models. 

 

 



 

 

 

 

 

 



 

 

 

 

 

 

 

 


