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ABSTRACT  

Agrivoltaic system combines solar energy and agriculture which is an effective way to utilize 

the lands full potential. Crops can be grown between vertical panels or under til ted panels 

among other designs. Combining solar panels and agriculture leads to optimization of space. 

This degree project evaluates a comparison of several parameters measured both in a vertical 

agrivoltaic system and a reference control plot located in Kärrbo Prästgård, Västerås, Sweden. 

Specifically, the correlation between the ground albedo and normalized difference vegetation 

index (NDVI) under the two treatments are investigated. Correlations between the albedo and 

the NDVI against different weather parameters are also explored. Linear regression models are 

developed separately for the albedo and NDVI with the most correlated parameters. In addition, 

because the albedo in the reference is not the same as the albedo in the agrivoltaic system, a 

linear regression model linking the albedo of the agrivoltaic system, and the albedo of the 

reference system is further developed. With this latter model, power production from the 

vertical agrivoltaic system is simulated under different albedo considerations: using measured 

albedo from the agrivoltaic system, using predicted albedo from the linear regression model, 

and using measured albedo from the reference system. These power estimations are then 

compared to the real power production from the agrivoltaic system. The study employs 

MATLAB for data analysis, models development and power production simulations. 

 

The study compared the correlation between ground albedo and NDVI in an agrivoltaic system 

and a control plot. The albedo model revealed that the reference system could explain 87% of 

the albedo variance in the agrivoltaic system, but the NDVI model showed that the reference 

system could only account for 39.6% of the variation in the agrivoltaic system. Furthermore, 

for the power production comparison, using the actual measured albedo in the agrivoltaic 

showed the most accurate power, employing predicted albedo through the linear regression 

model showed the second highest and using the albedo measured in the reference showed the 

least accurate.  
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SUMMARY 

This study introduces the concept of agrivoltaic, an innovative land-use practice that merges 

agricultural activities with solar energy conversion. This approach is increasingly relevant due 

to the rising global population and the corresponding demands for food and energy. In 

agrivoltaic systems, crops are grown under or between solar panels, allowing for simultaneous 

agricultural and solar energy generation on the same land.  

 

The purpose of this research is to create linear regression models for NDVI, and ground albedo 

based on widely observed meteorological variables. Compared to open fields, installing 

photovoltaic (PV) panels alters the microclimate. When installing PV panels on an open field, 

factors such as wind patterns, rainfall distribution, sunlight shadowing, and temperature will 

fluctuate. The study will also compare the NDVI and ground albedo between the agrivoltaic 

system and reference open-field conditions, as well as the relationship between the two. To 

answer the research questions, methods such as literature review, collection of data, and data 

analysis were employed. The data was obtained at an agrivoltaic location in Kärrbo, Västeras, 

and processed with the MATLAB program. Different analysis tools, such as corrplot and fitlm, 

were employed in MATLAB. And at the end the data was divided into different data sets 

summer and non-summer months.  

 

The study examined the relationship between ground reflectivity (albedo) and the health of 

vegetation (Normalized Difference Vegetation Index, or NDVI) in both the agrivoltaic system 

and a control plot. It also investigated how both albedo and NDVI relate to various weather 

conditions. To quantify these relationships, linear regression models were created for both 

albedo and NDVI, using the weather parameters that showed the strongest correlations with 

them.  

 

Further a linear regression model for albedo in the agrivoltaic system and albedo in the 

reference system were also developed. Likewise, a linear regression model for NDVI in the 

agrivoltaic system and NDVI in the reference system were also developed. For albedo the R-

squared value of 0.87 shows that 87% of the variation in the albedo in the agrivoltaic system 

can be explained by the albedo in the reference system. On the other hand, for NDVI the R- 

Squared value of 0.396 shows that only 39.6% of the variation in the NDVI in the agrivoltaic 

system can be explained by the NDVI in the reference system. 

 

Using the developed model, power production from the vertical agrivoltaic system were 

compared to different scenarios. It was compared to three different scenarios: 1) the simulated 

power using the measured albedo from the agrivoltaic system, 2) simulated power using the 

predicted albedo from the linear regression model using the reference albedo measurements, 3) 

simulated power using the measured albedo from the reference plot. The comparison showed 

that the simulated power production of the vertical agrivoltaic system using directly the albedo 

measured in the agrivoltaic system results in the highest R-squared value, followed by the 

simulated power from the predicted albedo with second highest R-Squared value and the 

simulated power from the albedo in the reference system had the lowest R-squared value.  

 

 

 

 

 

 

 



 

 
SAMMANFATTNING 

 

I denna studie introduceras konceptet agrivoltaiska system, ett innovativt sätt att använda 

samma mark för jordbruk och produktion av solenergi. Detta tillvägagångssätt blir alltmer 

relevant på grund av den ökande globala befolkningen och de därmed sammanhängande 

kraven på mat och energi. I agrivoltaiska system odlas grödor under eller mellan solpaneler, 

vilket möjliggör samtidig produktion av jordbruk och solenergi på samma mark. 

 

Syftet med denna studie är att skapa linjära regressionsmodeller för NDVI som är ett index på 

vegetationens hälsa och täthet samt albedo som är ett värde på markens reflektivitet baserat på 

observerade meteorologiska parametrar. 

 I jämförelse med referenssystemet på öppet fält förändras mikroklimatet vid installation av 

solcellspaneler. När solcellspaneler installeras på ett öppet fält kommer faktorer som 

vindmönster, nederbördsfördelning, skuggning av solljus och temperatur att variera. Studien 

kommer också att jämföra NDVI och albedo mellan det agrivoltaiska systemet och 

referenssystemet, samt förhållandet mellan dessa två system. För att besvara 

frågeställningarna användes metoder som litteraturstudier, insamling av data och dataanalys. 

Data samlades in på en agrivoltaisk solpark i Kärrbo, Västerås, och bearbetades med 

mjukvaran MATLA B. Olika analysverktyg, såsom corrplot och fitlm, användes i MATLAB, 

sedan delades datan in i olika uppsättningar för sommar- och icke-sommarmånader. 

 

I studien undersöktes sambandet mellan albedo och NDVI i både det agrivoltaiska systemet 

och ett referenssystem. Hur både albedo och NDVI förhåller sig till olika väderförhållanden 

undersöktes också. För att kvantifiera dessa samband skapades linjära regressionsmodeller för 

både albedo och NDVI, med hjälp av de väderparametrar som visade starkast korrelation.  

 

Vidare utvecklades en linjär regressionsmodell mellan albedo i det agrivoltaiska systemet och 

albedo i referenssystemet. På samma sätt utvecklades en linjär regressionsmodell mellan 

NDVI i det agrivoltaiska systemet och NDVI i referenssystemet. Korrelationen mellan 

albedo-värderna en variation på 87%, medan korrelationen mellan de två NDVI indexen 

visade 39,6 % variation. 

 

Med hjälp av den utvecklade modellen jämfördes energiproduktionen från det vertikala 

agrivoltaiska systemet med tre olika scenarier: 1) den simulerade effekten med hjälp av den 

uppmätta albedo-värdet från det agrivoltaiska systemet, 2) den simulerade effekten med hjälp 

av den förutsagda albedo-värdet från det agrivoltaiska systemet, 3) den simulerade effekten 

med hjälp av den uppmätta albedo-värdet från referenssystemet. Jämförelsen visade att 

simulerad energiproduktion i det vertikala agrivoltaiska systemet som använder det direkt 

uppmätta albedo-värdet i det agrivoltaiska systemet var närmast med den uppmätta 

energiproduktionen, följt av den simulerade effekten från den förutsagda albedo-värdet och 

sist den simulerade effekten från albedo-värdet i referenssystemet hade längst ifrån. 
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Abbreviation Description 

PV Photovoltaics  
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MAE Mean Absolut error  
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1 INTRODUCTION 

The worldôs population is estimated to increase over 9 billion by year 2050 and consequently 

the demand of food will rise rapidly. Increasing food demand will lead to increasing demand of 

energy and land. Agrivoltaic, is an innovative land-use practice that combines agricultural 

activities with solar energy production. In agrivoltaic systems, crops are grown beneath solar 

panels or photovoltaic arrays, allowing both agriculture and solar energy generation to coexist 

on the same area of land. 

1.1 Background 

The earth is facing a huge problem with climate changes today which leads to various effects 

on the planet such as increased temperature, loss of species and not enough food for the world 

population are just few of them (United Nations 2023). Burning fossil fuel is a huge contributor 

to CO2 emissions which leads to extreme climate changes. Around 90 % of the CO2 emissions 

descend today from fossil fuel. United nations sustainable Development Goals (SDG) number 

two Zero hunger and number seven Clean and affordable energy are development goals to 

reduce emissions from electricity generation and provide enough food. Agrivoltaic systems are 

one solution which can help to reach these goals. 

 

Swedenôs government has set a goal of reaching zero CO2 emissions from electricity production 

in 2040 and net zero emissions by 2045. According to Energimydigheten (2021), the electricity 

production is divided in Sweden between hydropower (40%), nuclear power (29%), wind 

power (19%), heat power (9%) and solar power (1.14 %). 

1.1.1 What is Agrivoltaic systems? 

The majority of land suitable for solar parks could be used for agricultural purposes, so 

according to PVcase (2023), agrivoltaics is an innovative solution to fully utilize the land's 

potential. There are two categories of agrivoltaic systems depending on the arrangement of the 

system (Kumpanalaisati et al., 2022). The first system is not designed to grow crops underneath 

which means plants are mounted in a designed way and crops are grown where there is space 

left. The second system is where a system is designed from the beginning for both crops and 

photovoltaic (PV) panels to co-exist. Land utilization beneath pre-existing stationary PV panels 

encompasses the practice of integrating agricultural activities into established fixed PV systems 

to make the most of the untapped space surrounding the solar farm. This land utilization can be 

classified into three main categories: cultivation beneath PV panels, cultivation between PV 

panels, and PV installations combined with animal farming (Kumpanalaisati et al. 2022). 

1.1.2 What is Albedo? 

Solar reflectivity, or the sun's reflection off a surface, is known as albedo. Surfaces with greater 

solar reflection have higher albedo values, while those with less reflection have lower albedo 

values. Albedo values range from 0 to 1, or as a percentage, where 0% represents complete 

absorption of solar radiation and 1 represents 100% reflection (Kumar et al 2021). 

 

Cooler surfaces exhibit a greater albedo value compared to hot-tempered surfaces, which have 

a lower value. Darker surfaces have a lower albedo value because they absorb more light than 

light-colored surfaces, such as snow-covered surfaces. Surface albedo is influenced by several 
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variables, including the kind of soil, moisture content, and degree of vegetation urbanization. 

As a result, the values vary greatly from surface to surface (Kumar et al.2021). 

 

Albedo measurement can be difficult because a given surface's value is not always the same. 

Hutchins (2020) states that it can differ depending on numerous factors, for example panels 

installed on grass, the albedo value is influenced by seasonal changes (green fresh grass vs. dry 

grass). Another example are panels on concrete, which the albedo value can be affected by dust 

or rainfall. How albedo should be measured is lacking in the PV panel industry because onsite 

measurements are necessary for correct modeling and simulating but there are no set standards 

for measurement process. This leads to various approaches and interpretations in the PV panel 

business.  

1.1.3 What is Normalized Difference Vegetation Index (NDVI)? 

NDVI (Normalized Difference Vegetation Index) is a measurement used to find out vegetation 

density and health (GISGeography 2023).  NDVI is calculated as NDVI = (NIR-

RED)/(NIR+RED) where the NIR is the value of Near Infrared Reflectance and RED is the red 

visible reflectance. Both NIR and RED have different ranges of wavelength, NIR has 750-

1300nm and 600-700nm (Ma et al., 2011). NDVI is a value measured from -1 to 1, where a 

value of zero means baressurface or minimum vegetation (Streambatch, 2023). A value less 

than zero means water surfaces like lakes or oceans and a value of 1 indicates high vegetation 

density.  

 

The correlation between NDVI and ground data is very strong, the value expands linearly with 

the health and quantity of the vegetation highlights Streambatch (2023). However moist soil 

can affect the NDVI value because moist soil is darker in color. This change can vary the value 

even though the vegetation is the same. NDVI is very accurate indicator for vegetation density 

and heat, but it cannot distinguish type of vegetation.  

1.1.4 Bifacial PV Panels  

According to Rödel and Partner (2022) bifacial solar panels refer to photovoltaic modules 

which are designed to capture sunlight from both front and back side of the solar panel in 

comparison to traditional monofacial panels, which only capture sunlight from front side. 

Normally bifacial panels have transparent or glass backsheet, which allows sunlight to pass 

through and reflect on the backside of the solar panels.  

 

According to Hutchins (2020) bifacial PV panels can significantly increase the energy 

production, but it depends on many factors and how the panels are maintained and installed. 

How the diffuse light affects the model is important factor because the bifacial panel absorbs 

both direct and diffuse radiation. Normally the ground shading can be complicated, each point 

on the ground contents different angles and variation in distance. 
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1.2 Problem Formulation and Purpose  

 

The purpose of this study is to develop linear regression models for NDVI and ground albedo 

from commonly measured weather parameters. Installing PV panels changes the microclimate 

in comparison to open filed. The conditions will change such as wind patterns, rainfall 

distribution, sunlight shading and temperature when installing PV panels on open filed. The 

study will also show a comparison of the NDVI and ground albedo between the agrivoltaic 

system and reference open-field conditions and the relation in between.  

1.3 Research questions 

 
¶ RQ1) How do the correlations between NDVI, ground albedo, and various 

meteorological parameters inform the modeling of NDVI and ground albedo, based on 

the observed weather factors within both a vertical agrivoltaic system and a 

corresponding reference control plot? 

 

¶ RQ2) To what extent can NDVI and ground albedo values obtained from the reference 

control plot be employed to predict the NDVI and ground albedo within an agrivoltaic 

system? 

 

 

¶ RQ3) Considering the albedo estimations in the vertical agrivoltaic system derived from 

the albedo measured in the reference control plot, what level of accuracy can be 

achieved in utilizing estimated ground albedo to calculate the power production within 

the agrivoltaic system? 

1.4 Delimitation 

The impact of the differences between the albedo and NDVI values between the reference plot 

and the agrivoltaic system to the PV energy conversion and the crop will not be evaluated. In 

other words, how the variability in albedo and NDVI values of the agrivoltaic system affect 

solar power generation or the crop yield will not to be studied in this project.   
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2 METHOD 

2.1 Literature Review  

The literature study is mainly based on studying research articles and papers available in 

different databases, searched by relevant keywords as well as literature provided by the 

supervisor. Platforms like Primo, Google scholar, science direct and diva portal was used to 

find relevant information. 

2.2 Data collection 

Data collection from the agrivoltaic plant in Kärbo Prästgård with measurements of Albedo and 

NDVI for both the agrivoltaic system and the reference plot are available since August 2022 to 

August 2023 in different intervals. Additionally, the data collection includes measurements of 

temperature, precipitation, relative humidity, wet bulb temperature, wind chill temperature and 

relative air pressure. Finally, measurements of power produced by the two systems are also 

collected.  

2.2.1 Data analysis and model development  

Software to use for data analysis and development of the models (e.g., linear regression models) 

is MATLAB. The following built-in functions will be used: corrplot and corrcoef for variables 

correlations and fitlm for fitting linear regression models. Results are reported in correlation 

matrixes with corresponding correlation coefficients and p-values (significance test) and fitting 

indicators (coefficient of determination). The analysis started by performing quality control of 

the parameters. Outliers, missing data, and periods when the sensors where under maintenance 

or removed from their intended location are removed. Additional quality filters are explained 

in section 4. After the quality check the data set is divided in two sets one for summer months 

and for remaining months, later the correlation matrix is plotted for each data set.  

 

The correlation matrix is created for the metrological parameters against both albedo and NDVI. 

When the correlation matrix was performed, the parameters with strong correlation coefficients 

were considered as predictors for the linear regression models. The linear regression model 

between albedo from the agrivoltaic system and the albedo from the reference system was 

developed. In the same way a linear regression model for NDVI from the agrivoltaic system 

and the NDVI from the reference system was developed.  
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3 THEORETICAL FRAMEWORK 

Swedenôs annual electricity production is today around 170 TWh and 1% of the production is 

from solar power (Energimyndigeten 2022).  Green deal flow (2022) states there is around 16 

GW installed agrivoltaic power globally 2022. The plant in Kärrbo, Västerås, is the first 

established agrivoltaic system in Sweden with a power of 22.8 kW. The plant was established 

in 2021 and contains bifacial PV modules. The site is mostly used for research purposes.  

3.1 Agrivoltaic systems 

Early 1982 Goetzberger and Zastrow combined photovoltaics (PV) solar panel and agriculture 

and made the first sketch of an agrivoltaic system (Weselek et al. 2019). In this sketch PV 

panels were mounted 2 meters above the field with 6 meters in between. This setup permitted 

an ample amount of sunlight to pass through the PV panels, allowing plant growth. Japan 

developed in 2004 a system named ñsolar sharingò and the prototype was improved and 

developed into 1000 sites, but it was in 2011 the term ñagrivoltaic systemò was named by 

Dupraz. Dupraz formulated a model to forecast crop yields beneath PV panels and assess the 

electricity production. Cultivating cops beneath PV panels has demonstrated to increase land 

productivity by a range of 35% to 73% (Weselek et al. 2019). 

3.2 Bifacial systems  

In a study where vertical bifacial east to west mounted panels are compared to standard mono 

north to south tilted panels shows that the bifacial vertical east west panels the distribution of 

sunlight over the crops are more homogeneous compared to monofacial standard til ted north 

south where the contrast of the shades are higher (Hussnain et al.2021). The area directly below 

the panels have lower sunlight intensity but it is considerably higher between the rows.  

3.3  NDVI  

NDVI has a direct relation to precipitation and varies depending on the vegetation according to 

Ghebrezgabher et al. (2018). Shrubland, prairie and grassland have tended to response strongly 

to rainfall changes which indicates that these vegetation types are highly sensitive to variation 

levels of precipitation. On the other hand, forest, and woodland the vegetation reacts weakly to 

the changes in precipitation, but they react strongly to changes in temperature. Increased 

temperatures affect the health and growth of these areas and influences their NDVI. There is an 

inversed relationship between NDVI and temperature as the temperature increases NDVI 

decreases. 

 

Ghebrezgabher et al. (2018) continues that depending on the area the NDVI values are different. 

Lower regions below 600 meter above sea level with rain fall lower than 400mm and 

temperature higher than 25 degrees Celsius have a NDVI value between 0.05 and 0.25. Values 

between 0.25 and 0.55 are associated with to areas between 600 and 2000 meter, a rain fall of 

400mm-850mm temperatures ranging from 21 to 25 degrees Celsius. NDVI values higher than 

0.55 are areas with rainfall above 850mm, temperature between 11 and 20 degrees Celsius and 

are located higher than 2000 meter. 

3.3.1 Relation between albedo and NDVI  

A study by Ma et al., (2011) where a model was developed to initially obtain data on surface 

albedo on desertification land, shows a strong correlation between the 2 parameters (i.e., albedo 
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and NDVI). Throughout the regression analysis a strong correlation coefficient of 0,7707 was 

discovered. Normally NDVI an albedo has an inverse relationship for vegetated surfaces. 

Increased NDVI value tend to decrease the albedo value which means better vegetation where 

more sunlight is absorbed. 

 

In a study by Yuan (2020) made in Beijing China show the correlation between albedo and 

NDVI. The study investigated different years (2000,2008 and 2016) and several provinces, it 

showed that albedo and NDVI had opposite trends. Very high correlation coefficient of 0,9756 

was found between the two parameters. This study also shows how urbanization and 

afforestation influences albedo and NDVI. In the afforestation areas the albedo turns out to be 

low and NDVI high.  

3.3.2 Albedo and agrivoltaic systems   

In the study done in Spain by T¿rkdoĵruthat et al., (2022) states that in the agrivoltaics green 

soil has an increase in albedo. In this case in comparison to bare soil the presence of leaves or 

vegetation has higher albedo values. The study also shows a correlation between energy 

production and albedo. In this case increased albedo leads to higher incident radiation which 

leads to more reflectivity of sunlight to the solar panels which enhances more energy 

production.  
 
A study by Kutay (2022) consists of two different albedo value simulations in different surfaces. 

Both dark surfaces and light surfaces and a reference surface with 0.65 albedo value. The 

simulations showed that when power that was put into grid varied depending on which albedo 

value the surface has. Especially when the albedo was 0.65, the power injected into the grid 

was higher and the system showed a gain of 15.25% when the different albedo values were 

used. The study shows a clear relationship between the albedo and power supply, in most cases 

higher albedo value generates higher power generation. It also showed that the power gain was 

between 1% and 20% for average values.  
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4 CURRENT STUDIES  

The current study will describe how the sensors are installed and the data is collected in 

Kärrbo präst gård (59.55°N, 16.76°E), Västerås, Sweden. In this section the ground condition 

and the data collection will also be described. Furthermore, linear regression model, 

correlation matrix and power production comparison will be described.  

 
 

Figure 1. Layout of the agrivoltaic system and sensors (red circles) at Kärrbo Prästgård. Photo credit: Jonathan 

Lövholm, IVAR Studios AB. 

4.1 Layout of the agrivoltaic system  

Figure 1. illustrates how the panels and sensors are placed in the agrivoltaic plant in Kärrbo. 

From left to right circles in the in the picture there is weather station, reference albedo and 

NDVI sensors and agrivoltaic albedo and NDVI sensors. The are two different bifacial PV 

systems but the measurement used in this study is from the vertical agrivoltaic bifacial system 

(VAV) . The VAV system as shown in Figure 1 consist of 3 rows, each 18 meters long and the 

height of 0.80 meters. The installed capacity is of this VAV system is 22.8 kW and the panel 

model used is Jolywood modules (JW-D72N-380). 

 

 The albedo and NDVI sensors are placed one on the open field and one between 2 of the PV 

panel rows. For NDVI measurement sensors from Apogee instruments were used, model S2-

411-SS as upfacing and S2-412-SS as downfacing. For albedo measurement the albedometers 

also from Apogee model SP-710-SS is used.  

 

 The weather station measures the weather parameters such as air temperature, relative 

humidity, relative air pressure, wet bulb temperature, wind direction, wind speed wind chill 

temperature, dew point and precipitation. Used weather station is from the company Lufft and 

the model is called WS600-UMB smart weather sensor. 
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4.2 Ground conditions 

Different crops were grown during different season while collecting the data. The first 

measuring period, summer 2022 (June-August) pasture grass was grown between the solar 

panels. During next season (August-May) winter wheat was grown and during May-August 

2023 barley was grown between the panels.  

4.3 Data collection quality filters  

After collecting the raw data from the files some of the data was filtered out from the data set. 

The data when the zenith angle greater than 75 degrees was excluded because of the higher 

error in the accuracy of the albedo and NDVI sensors. The data when the relative humidity was 

100% was also removed. NDVI values greater than 1 and less than -1 are filtered out, as are 

albedo values less than 0 and greater than 1. 

4.4 Correlation Matrix  

A correlation matrix indicates a linear relationship between two variables depending on the 

correlation coefficient value and was created using the corrplot function on MATLAB. The 

correlation coefficient is a value between 1 and -1. Where -1 means ideal negative correlation 

and 1 means ideal positive correlation. Values approaching 0 suggest a weak correlation 

between given variables.  

4.5 Linear Regression Model  

A linear regression model is well-suited for modeling the relationships between albedo and 

environmental parameters, given the correlation values observed. Linear regression relies on 

the idea that there is a straight-line relationship between input variables (like air temperature, 

humidity, air pressure, and wind direction) and the output variable (albedo). The correlation 

values support this idea, indicating clear linear trends in the data. Even though these correlations 

are not very high, they still show moderate linear relationships. This matches well with what 

linear regression is good atðproviding decent predictions for relationships of this strength. So, 

this model remains useful for capturing and measuring the basic patterns in how albedo interacts 

with its environmental surroundings, including air temperature, humidity, air pressure, and 

wind direction. 

 

The built in function fitlm in MATLAB  is used as the linear regression model, statistical method 

used to understand the relationship between a dependent variable (also called the response or 

outcome variable) and one or more independent variables (also called predictors or features). 

The primary idea is to find a linear relationship that best explains the variation in the dependent 

variable based on the values of the independent variables. In this case, weather parameters are 

independent variables X1, X2é, Xn and Albedo is dependent variable Y. Predictors 

coefficients are represented by the beta values ɓ0, ɓ2 é, ɓn. These coefficients represent the 

change in the dependent variable for a one-unit change in the corresponding independent 

variable, holding other variables constant. 

 

The p-value in the context of linear regression represents the probability of obtaining the 

observed result, a p-value of 0, or <0.05 means that the predictor is significant,  and the null 

hypothesis is rejected, but high p value means there is not enough evidence to confidently say 

that there's a significant effect or relationship in your data and it could be a random value. 
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According to Dahiru (2008) A low p value normally <0.05 indicates that the relationship 

between the variables is not by chance.  

The R-squared value, or coefficient of determination, in a linear regression model quantifies 

the proportion of the variance in the dependent variable that is explained by the independent 

variable (in this case albedo or NDVI). It ranges from 0 to 1, where 0 indicates no explanatory 

power, and 1 signifies perfect prediction. A higher R-squared value suggests a better fit of the 

model to the data, indicating that the independent variable effectively explain the variability in 

the dependent variable.  

 
 Equation 1                  ώ ‍π ‍ρὢρ ‍ςὢς ‍σὢσ ‭                                                                                                                                                                                                    

The parameters are estimated as follows: 

ɓ0 = Intercept 

ɓ1 = coefficient of the predictor variable X1 

ɓ2 = coefficient of the predictor variable X2 

ɓ3 = coefficient of the predictor variable X3 

 ́= Residual (error term) 

4.5.1 Linear regression model for albedo and NDVI against the weather 
parameters.  

The linear regression models were developed by using the fitlm function for each data set 

(summer and non-summer months for both agrivoltaic and reference system). Where Y is 

albedo or NDVI and X is all the weather parameters. When running the fitlm function, the 

intercept, the estimated coefficient and p value for each weather parameter was iterated. After 

the first iteration all the weather parameters with a p value >0.05 excluded and remaining 

parameters were iterated again. This process was repeated until only parameters with a p-value 

less than 0.05 were left. The R- squared value were obtained from the fitlm function. The 

intercept and estimated coefficient values were used to create the linear regression model with 

Equation 1.  

4.5.2 Linear regression model for albedo and NDVI  

The linear regression model for albedo agrivoltaic against albedo reference as well as for the 

NDVI agrivoltaic against NDVI reference were also developed by using the fitlm function in 

MATLAB.  When developing for the Albedo, X was albedo reference and Y was albedo 

agrivoltaic. Similarly, for the NDVI, X was NDVI reference and Y was NDVI agrivoltaic. 

When running the fitlm the intercept value and the estimated coefficient was obtained. The 

obtained values were later used in the equations below to find the linear regression model.  

 
Equation 2: ὔὈὠὍ ‍π ‍ρz ὔὈὠὍ  

Equation 3:ὃὰὦὩὨέ  ‍π ‍ρz ὃὰὦὩὨέ  
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4.6 Power production 

In this section different power outputs were compared using the MDU in-house integrated 

modelling and simulation tool AgriOptiCEÑ. In the comparison the measured power, which is 

the real power output from the agrivoltaic system is compared to 3 different simulated powers. 

1) Simulated power Agrivoltaic system is calculated by using the albedo measured from the 

Agrivoltaic system. 2) simulated power Reference system is calculated by using the measured 

albedo from the reference system. 3) Simulated power predicted albedo by using fitlm for 

estimating the albedo in the agrivoltaic by using as input in the regression model the measured 

albedo in the reference. Using Equation 4 albedo agrivoltaic predicted was calculated.  When 

comparing the different simulated powers to the measured power the following indicators 

MAE, RMSE, and R-Squared were used to measure the accuracy. 
Equation 4:ὖὶὩὨὭὧὸὩὨ ὃὰὦὩὨέ  ‍π ‍ρz ὃὰὦὩὨέὶὩὪὩὶὩὲὧὩ 

 

The mean absolute error (MAE ) 

The MAE value estimates the average magnitude of errors predicted compared to the actual 

values. When calculating the absolute difference between each prediction and observation the 

MAE value gives a clear measure of accuracy unaffected by the direction of errors. For 

example, if MAE is 2, it means that projection differ from actual values by 2 kilowatts on 

average. MAE is easy to interpret, and effective for assessing prediction performance with 

lower MAE values suggesting a stronger match between the modelôs projections and real-world 

observations.  

 

The root mean Error (RMSE) 

RMSE the root means square error measures the average size of the error between anticipated 

and actual values with greater error being significant. RMSE restricts errors more severely than 

MAE by squaring the difference providing sensitivity to outliers. Lower RMSE values imply 

higher prediction accuracy with the measure offering a full evaluation of the modelôs 

performance considers both the amount and distribution of errors.  
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5 RESULTS 

5.1 Correlation between parameters and albedo  

5.1.1 Summer months Agrivoltaic system (albedo) 

In Figure 2 and Figure 3 the correlation between albedo and weather parameters such as air 

temperature, relative humidity, relative air pressure, wind direction, wet bulb temperature 

precipitation, dew point temperature wind chill temperature and wind are shown. In addition, 

the matrix shows how the weather parameters are correlated to each other as well for the 

agrivoltaic system for summer months June-August. The number in each scatterplot represents 

correlation coefficient.  

 
Figure 2. Correlation matrix for albedo and weather parameters during summer for the agrivoltaic system 1.  
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Figure 3. Correlation matrix for albedo and weather parameters during summer for the agrivoltaic system 2. 

  

In Table 1 linear regression model using fitlm for albedo against the weather parameters are 

shown. The estimated coefficient and the p-value is displayed for the summer months in the 

Agrivoltaic systems.  

 
Table 1. First iteration of estimated coefficient and p-values for summer months in the agrivoltaic system 

(albedo). 

Parameters  Estimated Coefficient  P value  

Intercept -0.0031921 0.13983 

Air  temperature 0.21974 0.17898 

Relative humidity 1.7393e-05 0.99844 

Relative air pressure -0.004057 1.988e-09 

Wind direction  0.00020624 0.14819 

Wet bulb temperature -3.8751e-05 0.06622 

Dew point temperature 0.023497 0.068909 

Wind chill temperature -0.001481 0.83407 

Wind speed - 0.017286 0.00040702 

 

Based on table 1, table 2 shows the linear regression model after excluding the values more 

than 0.05. Additionally, the wet bulb temperature parameter is kept in the model for another 

iteration as its p-value is close to being significant, the other temperature variables are removed 

due to multi collinearity.  

 
Table 2.  Second iteration of estimated coefficient and p-values for summer months in agrivoltaic system 

(albedo). 

Parameters Estimated Coefficient P-Value 

Intercept -1.1498 7.0004e-14 

Relative air pressure 0.0012314 5.9474e-16 

Wet bulb temperature  0.00094419 0.18388 


























































