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Abstract 
During the recent years the popularity of solar power have increased tremendously. With 

the increased interest in solar power comes a development of more efficient and different 

types of technology to harvest the sun rays. Monofacial panels have been on the market for 

a long time and have rather developed simulation models. The bifacial technology on the 

other hand have been researched for years but just recently found its way to the market. 

Simulation models for the bifacial panels are continuously being developed and they are a 

key aspect to increase the knowledge about the bifacial technology. Most of the research 

that has been conducted until today is mainly about the bifacial gain, not about the bifacial 

simulation models. 

The purpose of this thesis was to evaluate and validate simulation models of bifacial solar 

panels in PVsyst with comparisons to measured data from six different bifacial installations 

in Sweden. The installations had different system configurations and varied in: tilt, azimuth, 

pitch, elevation, number of rows and albedo. Furthermore, the installation configuration 

parameters were analyzed to see how they affect the bifacial system and what an optimal 

configuration would be for a bifacial installation in Sweden. 

The results show that the main difficulties for an accurate simulation model is to determine 

the proper input data. The irradiance and albedo proved to be the most difficult parameters 

to determine. The irradiance was accurate looking at yearly level but already during monthly 

distribution the error is taking effect. One of the reasons for the errors is the difficulties to 

determine the diffuse irradiance fraction of the light, especially during cloudy days. The 

albedo was found to have a linear dependency on the yield, which meant that it is possible 

that the inaccuracy of the model are solely dependent on albedo.  

For tilted installations without optimizers the yearly error of the simulation ranged between  

-5,2% to +3,9% where the lower limit value is suspected to be caused by a wrong albedo 

value. For a tilted installation with optimizers the error was +9,1%. This could be caused by 

two reasons; the optimizers are even more dependent on the irradiance or that the software 

exaggerates the benefits of optimizers. The simulations of vertical installations had an error 

between -5,4% to -3% and are more accurate than the tilted simulations.  

Different parameters effect on the specific yield were studied using a simplified simulation 

model and stepwise change of each parameter. The results were that four of the six studied 

parameters have no characteristic change on each other and the optimal conditions was to 

maximize the pitch, elevation and albedo and minimize the number of rows. The remaining 

two parameters tilt and azimuth showed a dependence on the other parameters, where the 

optimal azimuth only was affected by tilt while the optimum tilt was affected by all the other 

parameters. This revelation lead to the conclusion that tilt is the most suitable parameter for 

optimization of installations because of its dependence on ambient conditions. The optimum 

tilt was found for the studied cases and in five of the six cases it would have an increased 

specific yield if the tilt was optimized. Note that for four of those five would lead to an 

increase of less than 0,5% while for the fifth an increase by 14,2%. 

  



Acknowledgements 

IV 

Acknowledgements 
We would thank our supervisors at PPAM, Elin Molin and Andreas Molin, for providing us 

with this project and for everything you have taught us about solar simulation methods, the 

bifacial PV technology and for the support you have provided during the project. 

Thanks are directed to our tutor, Lina La Fleur for the help with report structure and for 

valuable feedback. In addition we would like to thank our examiner, Maria Johansson for an 

informative halftime seminar with valuable inputs for this project. 

We also want to thank Mikael Forslund for the knowledgeable trip to Gothenburg. 

The trip was very informative about the solar power industry and provided information 

about practical aspects of solar projects.  

Lastly we would like to thank our colleagues and opponents Linnéa Nedar and Ida Franzén. 

 

 

Johan and Jessica 

Linköping  

2018-06-12 

 

 

  



  Table of Contents 

V 

Table of Contents 
1 Introduction .............................................................................................................. 1 

1.1 Purpose ............................................................................................................................ 2 

1.2 Problem formulation ....................................................................................................... 2 

1.3 Limitations and delimitations .......................................................................................... 3 

1.4 Previous work .................................................................................................................. 3 

2 Theory ...................................................................................................................... 5 

2.1 The photovoltaic effect and cell structure ...................................................................... 5 

2.1.1 PN-junction ........................................................................................................... 5 

2.1.2 The impact of photons ......................................................................................... 6 

2.1.3 One diode model .................................................................................................. 7 

2.1.4 IV-curve ................................................................................................................ 8 

2.1.5 Mono – and polycrystalline solar cells ................................................................. 8 

2.1.6 Solar cell structure ............................................................................................... 9 

2.1.7 Bifacial PV cells ..................................................................................................... 9 

2.2 Modules and Arrays ...................................................................................................... 11 

2.2.1 Bypass- and blocking diode ................................................................................ 13 

2.2.2 The inverter ........................................................................................................ 14 

2.2.3 Optimizer ............................................................................................................ 14 

2.3 Irradiance dependent system parameters .................................................................... 15 

2.3.1 Irradiation, air mass and STC .............................................................................. 16 

2.3.2 Albedo ................................................................................................................ 17 

3 Simulation theory .................................................................................................... 18 

3.1 PVsyst simulation software ........................................................................................... 18 

3.2 Simulation parameters .................................................................................................. 18 

3.2.1 Location .............................................................................................................. 18 

3.2.2 Project- and ground albedo ............................................................................... 19 

3.2.3 Soiling loss .......................................................................................................... 20 

3.2.4 Irradiance losses ................................................................................................. 21 

3.2.5 Thermal losses .................................................................................................... 21 

3.2.6 Mismatch loss ..................................................................................................... 22 

3.3 Calculations in the simulations ..................................................................................... 22 

3.3.1 Bifacial factor ...................................................................................................... 22 



Table of Contents 

VI 

3.3.2 Diffuse irradiance, Erb’s- and Perez model ........................................................ 22 

3.3.3 Irradiance on the ground ................................................................................... 23 

3.3.4 Irradiance on the back side – view factor and albedo ....................................... 23 

4 Method ................................................................................................................... 26 

4.1 Detailed simulations ...................................................................................................... 26 

4.1.1 Choosing meteodata .......................................................................................... 27 

4.1.2 Case location albedo .......................................................................................... 27 

4.1.3 Components ....................................................................................................... 27 

4.1.4 Losses ................................................................................................................. 28 

4.2 Modelling parameters ................................................................................................... 28 

4.2.1 Modeling method ............................................................................................... 28 

4.2.2 Shading ............................................................................................................... 29 

4.2.3 Electrical layout .................................................................................................. 29 

4.3 Information about the yield factor model .................................................................... 29 

4.3.1 Database for the yield factor model .................................................................. 30 

4.3.2 Interpolation of the yield factor database ......................................................... 30 

4.4 Evaluation ...................................................................................................................... 31 

4.4.1 Evaluation of the detailed model ....................................................................... 31 

4.4.2 The yield factor model and the yield factor diagram ......................................... 32 

5 Case studies ............................................................................................................ 33 

5.1 General case description ............................................................................................... 34 

5.1.1 Gothenburg ........................................................................................................ 34 

5.1.2 Linköping ............................................................................................................ 34 

5.1.3 Halmstad ............................................................................................................ 34 

5.1.4 Luleå ................................................................................................................... 34 

5.2 Orientation and components ........................................................................................ 35 

5.3 Defined albedo for different locations .......................................................................... 36 

5.4 Defined losses for the studied cases ............................................................................. 37 

6 Results .................................................................................................................... 38 

6.1 Input data evaluation .................................................................................................... 38 

6.2 Simulated and measured values ................................................................................... 39 

6.2.1 Comparison of different configurations in Gothenburg .................................... 43 

6.2.2 Comparison of the different cases ..................................................................... 45 



  Table of Contents 

VII 

6.3 Behaviors of parameters in PVsyst ............................................................................... 47 

6.4 Evaluation of the yield factor model ............................................................................. 49 

6.5 Analysis of bifacial parameters ..................................................................................... 51 

6.5.1 Optimal tilt for installations: .............................................................................. 57 

7 Discussion ............................................................................................................... 58 

7.1 Analysis of detailed simulations .................................................................................... 58 

7.1.1 Evaluation of meteodata .................................................................................... 58 

7.1.2 Different configurations in Gothenburg............................................................. 58 

7.1.3 Yearly and monthly error ................................................................................... 59 

7.1.4 Diffuse component in PVsyst ............................................................................. 59 

7.1.5 Albedo and other losses ..................................................................................... 60 

7.2 Monthly yield factor ...................................................................................................... 60 

7.3 Installation configuration parameter’s behaviors in PVsyst ......................................... 61 

7.4 Construction and evaluation of the yield factor model ................................................ 61 

7.4.1 Limitations when constructing the yield factor model ...................................... 62 

7.4.2 Validation of the yield factor model .................................................................. 62 

7.4.3 Other uses of the yield factor model ................................................................. 63 

7.5 Behaviors of the parameters in the yield factor diagrams ........................................... 63 

7.5.1 Analyzing the choice of optimization parameter ............................................... 64 

7.6 Reliability of the results ................................................................................................. 64 

7.6.1 Meteodata comparison ...................................................................................... 65 

7.6.2 Measurement data ............................................................................................. 65 

8 Conclusions ............................................................................................................. 67 

8.1 Future studies ................................................................................................................ 68 

References ...................................................................................................................... 69 

Appendix A – The PVsyst simulation method ................................................................... 73 

Appendix B – Constructing the yield factor model ........................................................... 76 

Appendix C – Detailed description of the case installations ............................................. 83 

Appendix D – Flashed values of bifacial panels ................................................................ 90 

Appendix E – Orientation parameter values .................................................................... 91 

 

  



List of Figures 

VIII 

List of Figures 
Figure 1 – Illustration of pure silicon atoms and doped silicon atoms. ..................................... 6 

Figure 2 – PN junction of a solar cell .......................................................................................... 6 

Figure 3 – One diode model ....................................................................................................... 7 

Figure 4 –  IV-curve and PV-curve for a solar cell or a solar module ......................................... 8 

Figure 5 – Monofacial solar cell structure .................................................................................. 9 

Figure 6 – Difference between a monofacial and bifacial solar cell ........................................ 10 

Figure 7 – N-type and p-type bifacial solar cells ...................................................................... 10 

Figure 8 – Layers of a HIT solar cell .......................................................................................... 11 

Figure 9 – Illustration of a solar cell, module, string and array. .............................................. 12 

Figure 10 – Bypass and blocking diodes ................................................................................... 13 

Figure 11 – Sun and zenith angle. ............................................................................................ 15 

Figure 12 – Change in efficiency, current and voltage with increased irradiance ................... 21 

Figure 13 – Electrical losses due to temperature..................................................................... 21 

Figure 14 – Erb's model to calculate the diffuse fraction in the simulations. ......................... 22 

Figure 15 – Visual description of the different irradiations ..................................................... 24 

Figure 16 – Behavior of the irradiance on the back side ......................................................... 25 

Figure 17 – Schematic over the different part of the project .................................................. 26 

Figure 18 – Tilted simulation method and model build up. ..................................................... 28 

Figure 19 – Vertical and tilted construction ............................................................................. 33 

Figure 20 – Meteodata error – monthly distribution. ............................................................. 39 

Figure 21 – Daily specific yield for measured data and simulated data, Gothenburg ............. 40 

Figure 22 – Hourly specific yield for measured data and simulated data, Gothenburg .......... 40 

Figure 23 – Monthly specific yield for simulated and measured values in Luleå .................... 41 

Figure 24 – Monthly specific yield for simulated and measured values in Halmstad ............. 41 

Figure 25 – Monthly specific yield for simulated and measured values in Linköping ............. 42 

Figure 26 – Monthly error in Halmstad, Luleå and Linköping. ................................................. 42 

Figure 27 – Daily measured values in April for Lind-, Bok and Kastanjgården. ....................... 43 

Figure 28 – Hourly measured values in Lind-, Bok- and Kastanjgården................................... 43 

Figure 29 – Daily simulated values for Lind-, Bok- and Kastanjgården. ................................... 44 

Figure 30 – Daily simulated values for January-March in Lind- Bok- and Kastanjegården ...... 44 

Figure 31 – Daily simulated values for April-June for Lind-, Bok and Kastanjgården. ............. 45 

Figure 32 – Monthly YF for all the installations, from January to December. ......................... 46 

Figure 33 – Monthly YF for all the installations except Luleå .................................................. 46 

Figure 34 – Specific yield for changing pitch. ........................................................................... 47 

Figure 35 – Specific yield for changing elevation. .................................................................... 48 

Figure 36 – Specific yield for changing different number of rows ........................................... 48 

Figure 37 – YF diagram for azimuth and tilt ............................................................................. 51 

Figure 38 – YF diagram for azimuth and pitch ......................................................................... 52 

Figure 39 – YF diagram for azimuth and number of rows ....................................................... 52 

Figure 40 – YF diagram for azimuth and elevation. ................................................................. 52 

Figure 41 – YF diagram for azimuth and albedo ...................................................................... 52 

Figure 42 – YF diagram for pitch and tilt .................................................................................. 53 

Figure 43 – YF diagram for number of rows and tilt. ............................................................... 53 



  List of Figures 

IX 

Figure 44 – YF diagram for elevation and tilt ........................................................................... 53 

Figure 45 – YF diagram for albedo and tilt ............................................................................... 54 

Figure 46 – YF diagram for pitch and number of rows. ........................................................... 54 

Figure 47 – YF diagram for pitch and elevation ....................................................................... 54 

Figure 48 – YF diagram for pitch and albedo ........................................................................... 55 

Figure 49 – YF diagram for elevation and number of rows. .................................................... 55 

Figure 50 – YF diagram for number of rows and albedo ......................................................... 55 

Figure 51 – YF diagram for elevation and albedo .................................................................... 56 

 

Figures in Appendices 

Figure A - 1: Example of a loss tree for a 3D monofacial simulation. ...................................... 74 

Figure A - 2: Example of a loss tree for a bifacial simulation. .................................................. 75 

 

Figure B - 1: Locations for parametric studies and chosen location for YF model .................. 78 

Figure B - 2: Specific yield and GHI for different locations ...................................................... 80 

Figure B - 3: Error in simulated and YF specific yield compared to the latitude factor. .......... 81 

Figure B - 4: Error between simulated and calculated specific yield for two YF calculations . 82 

 

Figure C - 1: Overview over the installations in Gothenburg ................................................... 83 

Figure C - 2: The two different house types for the installations in Gothenburg. ................... 83 

 

Figure E - 1: Specific yield change when the pitch is changing ................................................ 91 

Figure E - 2: Specific yield change when then elevation are changing .................................... 91 

Figure E - 3: Specific yield with different number of rows ....................................................... 92 

Figure E - 4: Specific yield per year when the albedo is changing ........................................... 92 

Figure E - 5: Specific yield when the tilt varies between 0° to 90°. ......................................... 93 

Figure E - 6: Specific yield when the azimuth changes from -180° to 180°. ............................ 93 

 

  



List of Tables 

X 

List of Tables 
Table 1 – Albedo values............................................................................................................ 20 

Table 2 – Overview of the case installations. ........................................................................... 33 

Table 3 – Case installation: coordinates, altitude and GHI. ..................................................... 33 

Table 4 – System configuration of  case studies. ..................................................................... 35 

Table 5 – The flashed values of the three bifacial modules. .................................................... 35 

Table 6 – Inverters and optimizers. .......................................................................................... 35 

Table 7 – Albedo and temperature. ......................................................................................... 36 

Table 8 – The parameters used to calculate losses ................................................................. 37 

Table 9 – Comparison between measured irradiance database irradiance. ........................... 38 

Table 10 – Error: sim. values compared to meas. values ......................................................... 39 

Table 11 – Input values for the evaluation of the YF model .................................................... 49 

Table 12 – Comparison YF model and detailed simulation for two types of yearly albedo. ... 50 

Table 13 – Basic system used in the yield model for the YF diagrams .................................... 51 

Table 14 – Optimal tilt according to the YF model.. ................................................................ 57 

 

Tables in Appendices 

Table B - 1: Fixed values for the parameter simulations ......................................................... 77 

Table B - 2: Chosen parameters and their values for the YF diagram 0°-60° .......................... 77 

Table B - 3: Chosen parameters and their values for the YF diagram for tilt 90° .................... 77 

Table B - 4: Specific yield analyzed on GHI and Latitude ......................................................... 79 

 

Table D - 1: Flashed values for the bifacial panels ................................................................... 90 

 

  



  Nomenclature 

XI 

Nomenclature 

AC   Alternating current 

Albedo  Reflected irradiance 

Azimuth  Direction of a module, angle relative to south 

Bifacial  Two sided 

Clear day  Days with the high production 

Cloudy day  Days with approximately half of the clear day production 

DC   Direct current 

DHI  Diffuse horizontal irradiance 

Diffuse irradiance   Shattered solar rays that comes from all directions 

Direct irradiance  Solar rays that comes direct from the sun without interference 

Elevation  A modules height above the ground 

Far shading  Refers to shadings caused by an uneven horizon line 

GHI  Global horizontal irradiance  

Installation 
configuration 

 Parameters that describe the PV system 

Inverter  Device that converts DC power to AC power 

Meteodata  
Metrological data. Always contains GHI and temperature while 
DHI and wind velocity is optional  

Monofacial  One sided 

Monthly yield factor  
Performance of a system without regard to system size or GHI 
irradiance on the system location, based on monthly values  

Near shading  
Refers to objects that can cast shadows in the vicinity of the PV 
installation 

Optimizer  Device that can optimize the output of the panel 

Pitch  Distance between rows 

PV  Photovoltaic 

Reflectance  Same as albedo 

Self shading  Shading on the panels from other panels in the system 

Specific yield  Performance of a system without regard to system size 

Yield factor (YF)  
Performance of a system without regard to system size or GHI 
irradiance on the system location, based on yearly values 

 





Introduction 

1 

1 Introduction 
This section describes how the project emerged. It starts with an introduction to bifacial solar 

cells and information about the previous work that has been conducted for bifacial 

configurations. The purpose and goal of this thesis are then presented. They are followed by 

the problem formulation in the form of four research questions and then the section is 

concluded with limitations and delimitations for the project. 

The bifacial (two-sided) solar panels are new to the market and their popularity are 

increasing [1]. The technology with bifacial solar panels have the ability to capture light from 

both the front and the back side of the panel, which leads to increased efficiency compared 

to the monofacial (one-sided) solar panel. One of the most critical parameters of a bifacial 

solar panel is the ability to collect reflected light from its surroundings. The reflectivity, or 

the portion of the solar radiation that is reflected from a surface, is the surface albedo [2]. 

The albedo of an area could change every day or even every hour. It is therefore very hard to 

predict the power gain from a bifacial panel and there are no well-established models or 

standardized test conditions for this purpose. Bifacial technology is suitable for the Nordic 

climate. One reason is the higher seasonal albedo due to snow and another reason is that 

bifacial module can work at lower working temperatures which is beneficial at locations with 

high diffuse irradiance [1]. 

There is a fair amount of literature about monofacial solar cells and the technology is well 

established [1]. The bifacial technology on the other hand, has been researched for more 

than 30 years but it is only recently that it has become a commercial application. This means 

that there are not many case studies that has been performed on commercial installations. 

The bifacial technology can have up to an 50% increased electric power generation 

compared to monofacial panels. The other advantages with bifacial technology are increased 

power density reducing the installation area and the reduced working temperature leading 

to increased maximum power output. 

A review about bifacial PV (photovoltaic) technology was published in 2016, the review 

examined 400 research papers from 1979 to 2015 and was focused on identifying research 

and development opportunities for bifacial technology [1]. It was concluded that the 

technology needs to be more comprehensible and economically attractive and that a 

standardized procedure needs to be developed in order to measure and characterize the 

bifacial technology. The article also highlights the lack of understanding for the optimal 

bifacial system configurations elevation, tilt and pitch. 

One way to increase the knowledge and economic attractiveness regarding the bifacial 

technology is using simulation models. Simulations models makes it easier to understand the 

different parameters of the PV system. If the model is accurate it can also have a commercial 

application. It could be used to predict the power production and thereby economic 

potential for a PV installation. 
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In this thesis, the simulation software PVsyst will be used. The simulation software first 

included bifacial systems in the version 6.60 released 9th of March 2017, this version had 

some teething errors which were corrected with the version 6.64 released 5th of September 

2017 [3]. There are some articles that have used the PVsyst simulation software to simulate 

bifacial systems, but more studies need to be performed on multiple row bifacial systems in 

Sweden. 

There is an ongoing research project in Ljungsbro, Sweden, titled “Study of bifacial PV 

modules for Swedish conditions” where Elin Molin studies the efficiency of bifacial PV 

modules for different applications. The research project is a collaboration between the 

research group Reesbe at University of Gävle and the company PPAM Solkraft AB. PPAM 

Solkraft AB is the client for this master thesis. 

PPAM Solkraft AB offers solar power plants with monocrystalline-, polycrystalline- and 

bifacial solar panels. The company recently celebrated their 1000th PV installation and have 

made installations all over Sweden. Their bifacial panels called Transparium comes in three 

variants: 300W, 360W and 370W. 

1.1 Purpose 
The purpose of this thesis is to evaluate and validate simulation models of bifacial solar 

panels in PVsyst with comparisons to measured data from six different bifacial installations 

in Sweden. The installations have different system configurations and varies in: tilt (tilted or 

vertical), azimuth (south or east faced), pitch (distance between rows), elevation, number of 

rows and albedo. Furthermore, the installation configuration parameters will be evaluated 

to analyze how they affect the specific yield of a bifacial system and to find an optimal 

configuration for a bifacial installation in Sweden. 

1.2 Problem formulation 

 How accurate is simulated output compared to measured data when simulating 
different configurations of bifacial solar installations in Sweden using the software 
PVsyst?  

 What kind of limitations exists for simulations of bifacial solar installations?  

 How do different system parameters affect the output in a bifacial solar installation? 

 What is the optimal system configuration for a bifacial solar installation in Sweden? 
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1.3 Limitations and delimitations 
The project only considers the racking structure used at PPAM today, which are a single 

landscape for vertical installations and two landscapes or one portrait for tilted installations.  

The availability of measured data has set the limit for some of the simulated cases, in terms 

of measured time period. The time period varies from one month to one year. The 

measurements are done on a system level of an installation, i.e. entire rooftop installation 

and not on single modules.  

The other delimitation set for this project is a one case validation for the software, which 

means only one chosen site will represent one specific installation configuration. 

Only two meteodata sources has been compared.  

The project is limited to not consider economical aspects of bifacial installations. 

1.4 Previous work 
The literature study is limited to studies performed on simulation models for bifacial 

systems. Some of the articles are focused on specific parts, such as the albedo influence [4], 

on the whole system compared to measured data [5], or on the module material to increase 

the efficiency. [6]. There is a difference in the performance and parameter dependence for 

bifacial modules for locations with more or less direct sunlight [7]. For example, in Sweden, 

there is a high amount of diffused irradiance, which decreases the impact of the elevation.  

When it comes to simulating the optimum orientation of bifacial modules, most of the 

simulations are done on stand-alone modules, for example [8], [9] and [10], something that 

is not common in commercial installations. With stand-alone simulations, no near or far 

shading is present. There are mainly two well-known complete simulation tools for bifacial 

modules, PVsyst [3] and Polysun [11]. Many scientific articles, some explained below, used 

their own calculation method model or combination of different methods.  

Sun et. al. [8] have created a general model to simulate and optimize the performance of 

bifacial solar modules worldwide. The model can be simulated using Purdue University 

Bifacial Module Calculator [12]. The article highlights the importance of elevation for tilted 

modules, to prevent self-shading and states that the bifacial gain increases with 20% if the 

elevation changes from zero to 1 meter. The study proves that for an installation facing east, 

90 tilt is the optimal tilt but for modules facing south-north non-vertical installations are 

better. For the south-north installations, the optimal tilt increases with increased latitude. In 

Sweden, the optimum tilt is around 42. 
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The article compares vertical mounted bifacial modules facing east and tilted bifacial 

modules facing south to be able to see what azimuth that is best for different parts of the 

world [8]. According to the study, for places with a latitude above 30°, elevated, south facing 

bifacial modules are 15% better than the east facing modules, if the albedo is 50%. The 

explanation is that at low irradiance levels as the case is for Sweden, the direct sunlight has 

the biggest impact on the performance. Therefore, for vertical modules, there is no direct 

light that hits the panels at noon, when the amount of direct light peaks. The east modules 

are only, according to the article, better world wide if the elevation is zero and the albedo is 

high, due to too much self-shading for the south-north faced modules. The vertical modules 

can also have the advantage with no loss due to snow covering the panels.  

A study made by Yusufoglu et al. [9] focus on ground reflection of south facing bifacial 
modules. The impact of the tilt, azimuth and elevation are considered. For all locations, a 
higher installation from the ground are preferable, but have more advantage in locations 
with high fraction of direct light. In Cairo, with a lot of direct light, the optimum tilt angle can 

vary with as much as 10° for different elevations but in Olso only 2. 

Guo et al. [10] do a comparison between vertically mounted bifacial modules facing east and 
conventional monofacial modules facing south. According to the study, the installation with 
best performance depends on the latitude, diffuse fraction of light and the albedo. The study 
shows that in general, the bifacial modules are better at locations with a latitude above 
45°N, i.e. in northern hemisphere. It also shows that with an albedo of at least 10%, the 
bifacial module outperforms the monofacial one in northern climates. This conclusion was 
partly based on the fraction of diffuse light at different locations.   

According to our literature review, there is a lack of studies of the performance of bifacial 

modules in Sweden, especially simulated results validated with measured data. Thyr [13] 

investigates the potential for bifacial modules in Sweden, by simulating bifacial systems in 

the software Polysun, but does not validate the results with measured data. Graefenhain 

[14] does a comparison between PVsyst and Polysun and compare the result with measured 

data at only two different installations. With only two locations it was hard to identify the 

error in the simulations. The study shows that the error increases in the winter and the total 

annual error in specific yield was -4%.  

From the literature study, bifacial solar cells are better than monofacial ones in northern 

climates. Elevated, south facing modules should be around 42 in Sweden, but varies with 

latitude, and east facing modules should always be mounted vertically.  
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2 Theory 
This section provides the reader with necessary background information to understand this 

thesis. The background of the one-sided PV cell that leads up to the bifacial cell is explained. 

The monofacial PV cell and the bifacial PV cell are described, along with the modules, arrays 

and other important components for an existing PV system. The bifacial PV cell- and modules 

has many similarities with the monofacial PV cell- and modules, which makes it relevant to 

first describe the monofacial PV cell and thereafter describe the extra additions for the 

bifacial PV cell. Afterwards theory about specific system parameters are presented. 

Half a century ago, a few people knew that PV could turn the rays from the sun into 

electricity, but they could never have guessed that PV have become a conventional method 

for electricity generation [15]. The technology is still in its early stage, with a lot of 

improvements and new inventions coming up. 

The problem with PV technology is that it takes up more space than conventional power 

plants for the amount of energy generated [15]. But the sun provides unlimited free energy 

and the PV panels could be placed on unproductive land or on buildings, which is space 

efficient. 

2.1 The photovoltaic effect and cell structure 
When the photons from the sun hit a solar cell, a semi conductive material in the cell emits 

electrons, which is referred to as the photovoltaic effect [16]. The silicon solar cell, with 

silicon wafer, is the most common PV cell and stands for well over 80% of all the PV 

applications in the world [15].  

In this thesis, the explanation of the photovoltaic effect will consider only silicon-based 

semiconductors. 

2.1.1 PN-junction  

One of the most important part of the PV solar cell is the junction between two thin layers of 

doped semi conductive materials, in this case two types of doped silicon [15]. A pure silicon 

atom has four valence electrons, the atoms forms a crystal lattice, each atom is surrounded 

by eight electrons and each pair of atoms are sharing two electrons, see Figure 1. The 

electrons in this state are not moving and there is no electricity. By doping the silicon 

material with another material with either less or more valence electrons, extra electrons or 

holes are created in the material. The most common doping materials are phosphorous and 

boron, which have five respectively three valence electrons, see Figure 1. Because of 

phosphorus atoms having one more electron than silicon, extra electrons will be free in this 

doping material. This material is a negative-type material and is referred to as a n-type 

material. The boron atoms have one less valence electron than the silicon atom, which forms 

holes in the structure. This makes it a positive-type material and is referred to as a p-type 

material. The materials are in this state still electrically neutral. 
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Figure 1 – Illustration of pure silicon atoms, silicon doped with phosphorus and silicon doped with boron. 
Inspired by [15]. 

By putting these two doped materials together, a p-n junction is created [17], see Figure 2. 

Putting them together will cause the free electrons to move in one direction and the holes to 

move in the opposite direction, creating an electrical field. This means that some of the 

electrons on the n-side that is close to the p-n junction will combine with holes that is close 

to the junction on the p-side, see Figure 2. When this happens, the n-side has a region close 

to the junction that is more positively charged than the rest of the n-side and the reverse for 

the p-side. This leads to a reverse electric field around the junction, (positive to negative 

side), where it is negative on the p-side and positive on the n-side. This phenomenon 

eventually leads to a depletion of charge carriers close to the junction and creates a barrier 

that is electrically neutral. This region is called the depletion region and the two sides, 

divided by of the junction, now have different charge. 

 

Figure 2 – PN junction of a solar cell. I is the current and the electrons travels in the opposite direction from the current. 
 R is the resistance from the device that gets the electricity. Inspired by [18] 

2.1.2 The impact of photons 

When photons from the sun hits an electron near the junction, on either the p-side or the n-

side, the photon can transfer energy for an electron to get from the valence band state into 

the conduction band state and therefore leave the atom and create a hole [17]. The least 

amount of energy that it takes to put the electron in the conduction band is called the band 

gap. If the electron is in the conduction band, they can move around within the material and 

therefore create electricity. 
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The reverse electric field in the junction causes these electrons to move into the n-side and 

the holes to move towards the p-side [17]. The n-side is connected to a negative terminal 

and the p-side is connected to a positive terminal. The n-side is usually the top of the cell 

and the free electrons moves to the metallic contact of the solar cell which generates an 

external electrical current. The electrons then travel through the external circuit which gives 

rise to a current, and then they travel back to the p-side layer of the solar cell and fills the 

holes. If a photon has greater energy than the band gap it creates holes and free electrons 

but the excess energy is converted into heat. With increased heat, the solar cell is less 

efficient. If the photon has less energy than the band it goes right through the cell. 

The energy of the photon is directly proportional to the frequency of the light [17]. Photons 

with shorter wave-length contains more energy. The wave lengths change constantly and 

are dependent on weather conditions and the elevation of the sun. The band gap energy is 

different for different materials and therefore it is important to match the band gap with the 

spectrum of light that hits the solar cell. 

2.1.3 One diode model 

The equivalent circuit of a solar cell is the one diode model, shown in Figure 3 [19]. The 

diode represents the p-side and the n-side of the solar cell when it is shaded or covered and 

the current source can be seen as the light generated current (IL) that generates when the 

photons hits the solar cell. There are mainly two different resistances in a solar cell. Series 

resistance and shunt resistance. The series resistance is caused by the connection between 

the metal contact and the silicon and by the current through the base of the solar cell. 

Ideally, this resistance is zero. The shunt resistance are affected by for example a crack in the 

semi conductive material or if there is a current path at the edge of the solar cell. Both 

examples decreases the shunt resistance. If the current can choose the alternative shunt 

path, less current flows through the junction and less electricity is created. Ideally, the shunt 

resistance is infinite. 

 

Figure 3 – One diode model. RSH is the shunt resistant, RS is the series resistant, I is the light generated current and the P and 
N stands for the P- and N-side of the solar cell.  

  



Theory 

8 

2.1.4 IV-curve 

The IV-curve, Figure 4 gives a description of what happens in the diode from the one diode 

model, i.e. the solar cell. The IV-curve shows the conversion ability and efficiency of a solar 

module or a solar cell. The graph describes how the cell will perform under different 

conditions [15].  

The short circuit current, ISC, is the maximum current, and it can be said to be the same as 

the IL in the one diode model. This occurs when the voltage in a cell is zero [15]. The open 

circuit voltage, VOC, is the maximum voltage, which occurs when the current is zero, and no 

light shines on the solar cell.  None of these points generates any power, but the rest of the 

points on the curve does. The P-curve shows the power for each point of the IV-curve, (𝑃 =

𝐼𝑉). The IMPP (current at maximum power point) and the VMPP (voltage at maximum power 

point) can be identified where the P-curve peaks. The maximum power is the maximum area 

under the IV-curve. 

 

Figure 4 –  IV-curve and PV-curve for a solar cell or a solar module. MPP stands for maximum power point.  

2.1.5 Mono – and polycrystalline solar cells 

There are mainly two different types of silicon solar cells, monocrystalline cells and 

polycrystalline cells [17]. Monocrystalline cells are the most efficient one and is made of a 

large single crystal structure and it is more expensive than polycrystalline cells to produce. A 

polycrystalline cell is made of multiple-crystals. The crystal structure is random, less ideal 

and gives a lower efficiency than monocrystalline cells but is cheaper to produce. 
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2.1.6 Solar cell structure  

There are many types of solar cells with different material combinations on the market but 

this thesis will only describe the silicon solar cell. Silicon is a highly reflective material and 

therefore, a layer of anti-reflection coating (ARC) is applied to the side/s that is exposed to 

the sun [15]. To collect the electrons and transfer the current generated by the solar cell, 

metallic contacts are placed on top of the cell (for monofacial solar cells). At the bottom of 

the cell, the monofacial solar cells use a metallic back sheet, usually made of aluminum, 

which could be 90% reflective. By having a reflecting area at the bottom, the series 

resistance is being reduced and the photons from the sun are able to stay in the cell for a 

longer time, which leads to a higher chance for them transfer energy to the electrons. The 

structure of the monofacial solar cell is presented in Figure 5. Bifacial solar cells has a slightly 

different structure than monofacial solar cells and will be described in section 2.1.7. 

 

Figure 5 – Monofacial solar cell structure.  
Inspired by Guerrero [1]. 

2.1.7 Bifacial PV cells 

The difference between a bifacial PV cell and a conventional monofacial PV cell, is that a 

bifacial PV cell can capture light from both the front and the back side of the cell, see Figure 

6. Silicone is still the most common material, but the cell structure is in some ways different 

from the monofacial PV cells [2]. 

The reason why the bifacial solar cells is new to the market even if the research has been 

going on for over 30 years is because they are more expensive to produce [2]. To be able to 

compete on the solar cell market, the gain in more light collection needs to offset the higher 

and more complex production costs. 

The bifacial solar cell consists of two junctions that works in the same way as the single 

junction in a monofacial solar cell, but the photons comes from both the front and the back 

side [1]. The backside of the bifacial module is transparent and made of glass and there are 

metals top contacts on both the front and back side with an anti-reflecting layer on top. 

With no reflective area inside the cell, the bifacial cell needs to employ other means to 

optimize the performance of the cell. The layer of silicon needs to be thinner compared to 

the monofacial cell, which increases the cost and complexity of the manufacturing process. 
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An advantage with the lack of an aluminum back sheet is a reduction of the infrared 

absorption [1]. Less infrared absorption means a lower working temperature. By having a 

lower working temperature, the bifacial solar cells can operate at a lower temperature than 

monofacial solar cells which also increase their power output and makes them beneficial in a 

colder climate. 

They are mainly two different types of bifacial silicon solar cells, n-type and p-type, see 

Figure 7. For the n-type cells, the emitter on the front side is a p-doped layer and an n-doped 

layer is on the back surface field (BSF) and vice versa for the p-type. The ARC is the anti 

reflective coating that prevents the solar irradiance to be reflected away from the cell.  

 

Figure 6 – Difference between a monocrystalline monofacial solar cell and monocrystalline bifacial solar cell.  
Inspired by Guerrero [1]. 

 

 

Figure 7 – n-type and p-type bifacial monocrystalline solar cells. ARC is the anti-reflective coating and the BSF is the back 
surface field. Inspired by Guerrero [1] 
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The Transparium modules developed by PPAM are of a monocrystalline HIT-solar cells-

structure, (heterojunction with intrinsic thin layer). The HIT-structure has a slightly different 

configuration than the one described in section 2.1.7. The structure is from top to bottom 

layers of TCO, p-type a-Si, intrinsic a-Si, n-type Si, intrinsic a-Si, n-type a-Si and TCO [20], see 

Figure 8. TCO stands for transparent conductive oxide and is a transparent material that 

allows the photons to go through it and allows the electrons to get to the external device. a-

Si is short for amorphous silicon and the intrinsic layer is an undoped layer. Amorphous 

silicon is a non-crystalline form of silicon, compared to crystalline silicon. The amorphous 

silicon is often used in thin film solar cells.  

 

Figure 8 – Layers of a HIT solar cell. 
Inspired by [21]. 

Other materials and technologies for bifacial solar cells on the market are less developed 

and still costs too much to be commercial applications.  Some of them are more flexible than 

the existing ones, some are lighter and some are completely transparent [1]. They are mainly 

based on dye-sensitized and thin film (CdTe, CIGS and GaAs) technologies.  

2.2 Modules and Arrays 
A PV solar cell is a low-voltage and high-current device [15]. Therefore, many cells are 

connected in series to increases the voltage and keep the current at the same level. A PV 

module is a set of cells. The more cells per module, the higher voltage. The module’s output 

is limited by the cell with the lowest current, i.e. lowest output. The manufactured cells are 

never identical, there could be small manufacturing tolerances and the module could be 

damaged or partly shaded which gives some cells more sun irradiance and higher output 

than others. This power loss is referred to as the mismatch loss which are described in 

section 3.2.6. 
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Every installation of PV modules is designed for the specific location, and many parameters 

have to be considered before the installation. The cells in a module are usually connected in 

series, but the module connection could be connected in series, parallel or both [15]. A 

series of modules is referred to as a string, and one or more strings creates an array. It is the 

same principle for the strings, if the modules are connected in series, as it is for the cells in a 

module, the weakest output from a module in a string sets the current for the string. The 

modules and the strings could be connected in different ways, depending on the site and the 

potential shading. But to avoid mismatch losses due to shadings or dysfunction of a module, 

a power optimizer could be installed. An optimizer allows each module to operate at its own 

maximum power point (MPP), irrespective of what the other modules are doing. Figure 9 

illustrates the configuration from a solar cell to an array. 

 

 

Figure 9 – Illustration of a solar cell, module, string and array. 
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2.2.1 Bypass- and blocking diode  

A current always flows from high to low voltage which is not always the preferred way [22]. 

A diode is a device that forces the current to go in one direction only to prevent it to go the 

wrong way. There are two types of diodes used in PV systems. Bypass diodes and blocking 

diodes, see Figure 10. Blocking diodes are used to prevent the current to flow back into the 

modules during night or when the voltage in the panels is low or produces no electricity. 

When a solar cell is exposed to shading, the cell gets a lower voltage and a new short circuit 

current (maximum current) [22]. Because of the series connection, the same amount of 

current will flow through every cell. The unshaded cells forces the shaded cell to get a higher 

current than its new short circuit current and the shaded cell therefore gets a high resistance 

and dissipate energy as heat. This causes a hotspot. To avoid this phenomenon and 

therefore minimize mismatch losses, bypass diodes are installed. A bypass diode creates a 

new pathway for the current if the cell is partially shaded or damaged. The electricity wants 

to take the path of least resistance which makes it easier for the current to go through the 

bypass diode than through the cell if the cell is shaded or damaged. The bypass diode does 

not totally take away the mismatch loss but decreases it and decreases the hotspot heat. 

When the bypass diode is “activated” the shaded cell gets deactivated. The most optimal 

solution is to have one bypass diode for each cell, but these solutions are more expensive 

which means that a group of cells needs to share one diode. There are usually three bypass 

diodes in a module, and the cells connected is referred to as a sub-module. If a module has 

72 series connected cells, one bypass diode is responsible for 24 cells. If one of these 24 cells 

get shaded, the rest of the cells in the sub-module gets deactivated too. Therefore, a balance 

between breakdown prevention and cost needs to be considered.  

 

Figure 10 – To the left: active and non-active bypass diodes in a module for a sub-module with 4 cells. 
 To the right: bypass diodes for modules in an array and blocking diodes for a string.  

Inspired by [23]. 
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2.2.2 The inverter 

The electricity from the PV modules is DC power (direct current), and to be able to use the 

electricity it needs to be converted into AC power (alternating current) [15]. This is done 

through an inverter, which converts the electricity to AC power at the right voltage and 

frequency for the grid or the domestic use. If the PV system is connected to the grid, there 

has to be an electricity meter that records the flow of electricity, to and from the house. 

For the inverter to optimize an energy yield through different sunlight conditions, the 

inverter normally has maximum power point tracking (MPPT) [15]. By tracking the maximum 

power point, the voltage is regulated depending on for example the solar insolation. The 

current is maximized with the same principle as for the module optimizer described in 

section 2.2.3. The device can have an efficiency up to 98% during a wide range of the 

sunlight conditions. The efficiency of the inverter could be critical if the solar radiation is 25% 

of the maximum. This could be solved by only using one inverter for all strings at sunrise and 

sunset and connect the rest of the inverters the remaining sun hours of the day, to make 

everything work optimally. There are different kinds of inverters. Central, string, multistring 

and individual. The multi-string can accept power from more than one module string and still 

allowing each string to work at its own MPP. 

2.2.3 Optimizer  

A power optimizer has the same function as the bypass diode. It is a way to minimize the 

mismatch losses due to for example shading. The optimizer is connected to a whole module 

and all the modules in a string needs to have an own optimizer if it going to fill its purpose 

[24]. The optimizer is a device to allow each module in a string to operate at its own MPP, 

see Figure 4. When all modules are working optimally, they have the same MPP and for the 

inverter to be efficient, it wants to maintain a specific voltage all the time, or at least in a 

specific voltage range.  

For a string of modules with no optimizer, the current is set by the module with the lowest 

current [24]. So if a module gets shaded, the voltage and current drops and decreases the 

current in the whole string. When this happens, the inverter does not get the right input 

voltage and cannot operate at its best. If an optimizer is installed for each module, it is 

possible to maintain the right input voltage for the inverter all the time. When a module is 

shaded, the MPP decreases for that module and the optimizer for the shaded module allows 

the module to work at its new MPP. The goal for the optimizers is to allow each module to 

work at its own MPP and to maintain high enough input voltage to the inverter. With a new 

decreased total power of the modules in the string, the total current in the string needs to 

be higher to be able to maintain the right total output voltage. This is done by increasing the 

optimizers output voltage from the unshaded cells, to compensate for the shaded cell. This 

means that the shaded module can operate at its new “best” and the unshaded modules 

deliver an increased output voltage to be able to deliver the right input voltage to the 

inverter. So if a module gets shaded, it still lowers the total energy output of the string, but it 

minimizes the loss.  
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2.3 Irradiance dependent system parameters 
The daily output from a PV module are dependent on the amount of solar irradiance that 

hits the solar cells each day. The output is dependent on the suns behavior and the 

mounting position of the modules. 

Every location on earth gets different amount of solar radiation and the amount of radiation 

are constantly changing [15]. The earth rotates around its own axis, which causes a daily 

change in the irradiance on a location, and the tilt of the axis, relative to the sun, causes a 

seasonal change in irradiance. Therefore, it is important with unique yearly forecasting of 

the solar irradiation at a location to be able to predict the output of a solar installation. 

There are data sources with different measuring stations that offers location data or 

meteological data (meteodata). For example, the Swedish data source STRÅNG, provided by 

SMHI or the world-wide source Meteonorm 7.1 provided by Meteonorm. These will be 

described in more detail in section 3.2.1. 

There are some angles that are relevant and often referred to, for describing the suns 

position relative to a body, or a location on earth [15]. These are illustrated in Figure 11. The 

sun’s path in the sky goes from east to west with an angle towards the south (north in the 

southern hemisphere). The elevation of the sun is the angular distance from the horizon line 

to the sun. The zenith angle is the angle from the sun to zenith (the point vertically straight 

above a location). The sum of the elevation angle and the zenith angle are always 90° but the 

individual angles are changing during the day. The azimuth angle is the angle of the sun 

relative to the south, where south is referred to as zero. East is negative, and west is 

positive.  

 

Figure 11 – Sun and zenith angle. 

The amount of sun rays that hits the PV module are also dependent on the mounting of the 

PV module [8]. For maximum efficiency, the array of modules should point to the south, in 

the northern hemisphere, and to the north in the southern hemisphere [15]. For some 

buildings, this is not possible, but the angle away from the sun should not exceed 30 to 

keep a high efficiency. 
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The tilt is the angle of the module relative to the ground [8]. The elevation angle is changing 

during the year and the tilt of the arrays needs to be set according to location and motive for 

the solar installation. The output is also dependent on the potential shading by objects or by 

the horizon.  

As described in section 2.2, the operation of a whole module changes even if only one cell is 

shaded. Therefore, the pitch, distance between each module row, is important. If the rows 

are too close, they can shade each other. The modules distance from the ground is referred 

to as the elevation and has an impact on the output. The main reason for this is due to the 

reflectance from the ground, i.e. the albedo. With higher elevation, the module can capture 

more ground reflective light and if the module is too close to the ground, self-shading 

occurs. 

2.3.1 Irradiation, air mass and STC 

There are two different types of irradiation that hits earth [16]. One is direct irradiation 

(beam irradiation), that goes straight through the atmosphere without interference. The 

other one is diffuse irradiation, that is scattered and comes from all directions due to 

reflections in the atmosphere. The sum of these irradiances is referred to as the global 

irradiation. The irradiation is measured in power per unit area, W/m2. When the sun is at 

different heights in the sky, there are different interferences with the particles in the 

atmosphere, which affects the solar rays. 

It is important to have a standardized condition to measure the performance of different PV 

panels, from different manufacturers [16]. Therefore, the standard test condition (STC) is 

used. Under this condition, the ambient temperature is 25C, the solar irradiance is 1000 

W/m2 and the air mass is AM1.5.  

For bifacial solar panels it is harder to use a standardized way for measuring [2]. The 

international Electro-technical commission created a standardization to rate real world 

bifacial devices, IEC 60904-1-2 “Measurement of current-voltage characteristics of bifacial 

photovoltaic devices”. The standardization is under progress and there is still a need for an 

“Energy rating” standard for bifacial devices [25]. For monofacial panels it is quite easy to 

estimate the predicted output and have a standardization, but for bifacial panels it is harder 

due to the importance of reflection. In the IEC 60904-1-2, bifaciality factor is determined at 

STC, but there is still no clear pathway forward for these calculations. 
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2.3.2 Albedo  

The albedo value is one of the most important factors to be able to both increase and 

estimate the power output, especially for the bifacial module [26]. The albedo is the ratio 

between the reflected light compared to the incident radiation on a surface or a point on the 

ground. 

When the albedo is 0%, there is no reflection from the surface and when the albedo is 100% 

perfect reflection occurs [26]. The higher albedo in the ground under the bifacial module, 

the more power generation. The albedo is affected by different environmental conditions, 

such as weather conditions, time change and surface conditions and can therefore change 

throughout a day or during an hour. It is difficult to predict an accurate albedo of an area, 

but a pyranometer is recommended to use. The instrument measures the horizontal 

irradiance from the sky and the reflected irradiance from the ground.  
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3 Simulation theory 
This section will describe simulation program PVsyst, along with relevant simulation 

parameters. 

3.1 PVsyst simulation software 
PVsyst is a photovoltaic software used to simulate and analyze different PV configurations to 

be able to find the best technical and economic solution for an installation [3]. It is used as a 

tool for architectures, engineers, researchers and as an educational tool. The software is 

regularly updated with new features in new versions of the software.  

The software has a well-developed and detailed method for simulating monofacial systems. 

As mentioned in the introduction, last year the first version of the software that was able to 

simulate bifacial system was released. The bifacial simulation model is constantly being 

developed and there are some limitations for the simulations [27]. The back side irradiance 

is defined by a simplified 2D unlimited sheds model and the simulation is recommended to 

only be use for tilts between 0 – 60°.  

3.2 Simulation parameters 
There are some parameters that should be decided by the user of the simulation program. 

That is the location, the albedo and different losses. Some of the losses are losses due to 

aging, unavailability loss, auxiliary loss, thermal loss, soiling loss, irradiance loss, incidence 

loss, wiring loss, mismatch loss and PV conversion losses [28]. Losses that are relevant to 

describe for the simulations are soiling loss, irradiance loss, thermal loss and mismatch loss. 

They do not individually contribute to significant annual losses, but they are worth mention 

to be able to understand and analyze the limitations of solar cells. Many of these losses can 

be well modelled by simulation programs and according to Thevenard et al. [28] the total 

uncertainty of these losses are in studies estimated to be between 3-5%. 

3.2.1 Location 

PV modules are highly dependent on solar conditions which in turn are based on location 

data or meteorological data (meteodata). Meteodata is based on the location and is defined 

by the location GPS coordinates: longitude, latitude and altitude. The most relevant type of 

meteodata used in PV simulations are Global Horizontal Irradiance (GHI) and Temperature 

(T). Meteodata can be measured or retrieved from databases like Meteonorm, STRÅNG and 

NASA that gets data from measuring stations. The number of measuring stations are limited 

and different interpolation models calculates the meteodata for the coordinates in between. 

Meteodata sources have different locations and number of measuring stations in different 

parts of the world. They also use different models to calculate the irradiance on the 

locations between the measuring stations.  
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The meteodata from Meteonorm that is used as default in PVsyst uses an interpolation 

models to predict the irradiation and temperature at a site for an average year from 1981-

2000 [3], the interpolation models are based on 30 years of experience [29]. They have 8000 

stations all over the world and they have more than 70 measuring points in Sweden. All the 

locations between the measuring stations are calculated through interpolation based on the 

nearest measuring stations [29]. The meteodata is based on measured monthly values and 

synthetic hourly values (calculated though interpolation). A study shows that the yearly error 

is between 2-10% (RMSE (root-mean-square-error)) [30]. 

The STRÅNG model was developed and financed by SMHI, Strålsäkerhetsmyndigheten and 

Naturvårdsverket. The STRÅNG data is measured every hour at 12 different locations in 

Sweden. The model to calculate the irradiance on different location between the measuring 

stations is based on a grid system where each square is 11x11km [31]. In three of the 

measuring stations in Sweden; Kiruna, Visby and Norrköping, they have a more advanced 

irradiance measurement stations that follows the sun. On all the locations, the irradiance is 

measured with a pyrheliometer. According to SMHI themselves, the yearly RMSE error value 

is 8,9%, but 30% and 16% for hourly and daily values respectively [32]. From the STRÅNG 

model, it is only possible to get the Global Horizontal Irradiance, and not the temperature. 

The PVsyst software accepts two kinds of meteodata, hourly values or monthly values. In 

case of monthly values, hourly values are generated synthetically with an algorithm. 

3.2.2 Project- and ground albedo  

The albedo needs to be defined when doing simulations. In PVsyst there are one type of 

albedo that has to be set when simulating monofacial panels and two types when simulating 

the bifacial modules. For every project, the project albedo needs to be defined. This is the 

average albedo value for the area in front of and far away from the panels in the front row. 

This albedo affects the incident global irradiation for the simulation. The other albedo is the 

ground albedo which are the albedo on the ground, under the bifacial modules. This 

represent the irradiation that hits the ground point and gets reflected to the back side of the 

panel. If the ground albedo is not measured on the location, approximate range of values 

can be used from the table shown in Table 1 [33].  
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Table 1 – Albedo values. [33] 

Usual values for albedo PVsyst  

Urban situation 0,14 – 0,22 

Grass 0,15 – 0,25  

Fresh Grass 0,26 

Fresh snow 0,82 

Wet snow 0,55 – 0,75 

Dry asphalt 0,09 – 0,15 

Wet asphalt 0,18 

Concrete 0,25 – 0,35 

Red tiles 0,33 

Aluminum 0,85 

New galvanized steel 0,35 

Very dirty galvanized steel 0,08 
 

3.2.3 Soiling loss  

The soiling loss is the loss due to unpredicted covering of the solar cells. It is strongly 

dependent on the environment and precipitation. It is very hard to predict these parameters 

and it is hard to know for how long dirt sticks on the panels before it gets washed away by 

rain or when the snow stays or falls off during winter [33]. According to the PVsyst website, 

there are several articles in the subject but they do not provide definite answers but in 

general, a conclusion is that the soiling loss are less than 1% in “clean” environments, apart 

from the snowy months [28]. The snow is usually present in the darker month of the year 

which means that the soiling loss does not have a large effect on the annual energy yield. 

Areas with high pollution, high traffic and lack of rain is most affected. In Qatar for example, 

the energy yield and performance decreased with 15% during one month due to 

accumulated dust [34]. In Belgium, with less dirt roads and particles in the sky, a study shows 

that losses due to dust can decrease with 3-4% with a tilt angle of 35° with regular rainfall 

[35]. For areas where it is usually raining at least once a month, studies show that there is no 

significant decrease in efficiency from soiling. Some studies also show that bird droppings 

are a bigger problem than dust because the bird droppings does not always get washed 

away by the rain [36]. The tilt of the panels also has an impact, and a tilt of less than 30° can 

increase the yearly soiling losses from 2% to 6% [37].  

From analysis of 500 monofacial installations in Japan, the impact of the snow only 

accounted for less than 2,2% of the losses on a yearly basis [28]. Most of the studies from 

the article shows a loss of less than 3,3%. Parameters such as type of snow, temperature, 

radiation, tilt angle, type of mounting and distance of the module to the ground can affect 

the losses due to snow. 
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3.2.4 Irradiance losses 

The irradiance loss is the loss due to low irradiance level compare to the irradiance of 1000 

W/m2 [33]. The efficiency decreases with lower irradiance and it is correlated to the series- 

and shunt resistant. This loss is usually shown in the module data sheet as an IV-curve. The 

efficiency as a function of the irradiance level shows the correlation between the intensity of 

the light and the efficiency, Figure 12. This loss is dependent on the irradiance meteodata.  

 

Figure 12 – Change in efficiency, current and voltage with increased irradiance. Source: PVsyst simulation. 

3.2.5 Thermal losses 

The electrical performance is strongly related to the ambient temperature and the 

temperature of the cell [33]. The thermal losses are dependent on the ambient temperature, 

the irradiance on the module, the reflection away from the panel, the PV efficiency and the 

U-value. The U-values are dependent on the mounting of the module (sheds, roof, façade 

etc.).Figure 13 shows that the temperature has an impact on the electrical losses in the 

module, when calculated in PVsyst. In PVsyst, the default Uc-value for free standing systems 

is 29 W/m2K which is the value used for all the simulations in this project. 

 

Figure 13 – Electrical losses due to temperature. 
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3.2.6 Mismatch loss 

The mismatch loss is the difference between the sum of the maximum power output of each 

sub-module, and the maximum power output of the IV-curve of the PV array [33]. The 

mismatch loss has different causes. The parameters or performance of a module can be 

different due to not identical modules, different rate of degradation, uneven soiling cover, 

partial shading of the module and uneven back side irradiance. The string voltages can be 

different due to different string wire length and temperature difference of cells. The current 

mismatch within a string is more important for the total mismatch than the voltage 

mismatch. 

3.3 Calculations in the simulations 
The simulations in PVsyst are based on many different models and equations. The following 

section will describe some important calculations and assumptions that PVsyst does for 

bifacial system and mention the most important model for irradiance calculations.  

3.3.1 Bifacial factor 

PVsyst use the bifacial factor (BF) to characterize the bifacial modules [33]. 

𝐵𝑖𝑓𝑎𝑐𝑖𝑎𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 (𝐵𝐹) =
𝑃𝑒𝑎𝑘 𝑝𝑜𝑤𝑒𝑟 𝑏𝑎𝑐𝑘 𝑠𝑖𝑑𝑒 

𝑃𝑒𝑎𝑘 𝑝𝑜𝑤𝑒𝑟 𝑓𝑟𝑜𝑛𝑡 𝑠𝑖𝑑𝑒
 

PVsyst assume that the back- and the front side has similar behaviors and the software adds 

the irradiance on the back side to the front irradiation, weighted by the BF [33]. The bifacial 

factor is always below 1, usually between 0.8-0.9. The usable irradiance on the back side is 

simply a part of the irradiance on the ground. 

3.3.2 Diffuse irradiance, Erb’s- and Perez model 

To calculate the diffuse fraction of the global irradiance, PVsyst uses Erb’s model [33]. As 

seen in Figure 14, the fraction of the diffuse light change depending on the clearness index. 

The clearness index has a high value during clear sunny days and a low value during cloudy 

days. The graph illustrates the difficulties to predict the diffuse fraction when it is not a clear 

day. 

 

Figure 14 – Erb's model to calculate the diffuse fraction in the simulations.  
High clearness index is during a clear sunny day. Source: PVsyst [33]. 
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The imported GHI from a meteodata source is transformed to the irradiance on the collector 

plane, by a model in PVsyst. In PVsyst, it is possible to choose different models for these 

calculations. In the latest version of the software, the Perez model [38] is used, but it is 

possible to choose the Hay model too. The Perez model are taking hourly data sequence into 

account and are proven by Pierre Ineichen [39] to be better than the Hay model. There are 

three different components that has to be taken into account when calculating the 

irradiance on the collector plane on the back side. The beam component, the diffuse 

component and the albedo component.  

3.3.3 Irradiance on the ground 

The beam component is the direct sunlight and can only reach on the front side and the 

ground between the PV modules and not straight on the back side (except for some 

mornings and evenings in summer) [33]. The beam radiation distribution on the back 

depends on the sun’s position and are therefore simulated for each time step of the 

simulation, in the form of an integral.  

The diffuse component is the sunlight that gets shattered in the atmosphere. The diffuse 

irradiance that hits the ground are only dependent on the geometry of the system and only 

have to be computed ones for a system [33].  

The diffuse light that hits a specific ground point are calculated with a model, where the 

diffuse rays from all directions that are not “hidden” by a collector, are included. The model 

assumes that the diffuse light is isotropic which means that all the irradiance that hits the 

ground assumes to have the same intensity, and they are then simply multiplied with the 

cosine of the incidence angle. 

The transparency of bifacial modules is due to their glass-glass configuration. The solar 

irradiance on the front side that hits the space between the solar cells can go through the 

glass and reach the ground under the panel. It has usually only a small contribution to the 

backside irradiance, but are, with a simple model, considered in PVsyst [33]. It is only an 

additional contribution from each ground point, which is proportional with the global 

horizontal irradiance and a specific transparency factor. 

3.3.4 Irradiance on the back side – view factor and albedo 

PVsyst can only define the albedo factor not more accurate than monthly mean values. The 

albedo can in reality change every hour. 

The irradiance that hits the back side is calculated by multiplying the irradiance that hits the 

ground with the albedo factor [33]. The back side irradiance is also dependent on the tilt of 

the module, and the contribution of the albedo factor is proportional to (1-cos i)/2, where i 

is the tilt of the plane. The albedo component takes this into account. 

For shed systems in PVsyst, only the first row of PV modules “sees” the albedo [33]. Instead, 

a shading factor is used in the albedo component, calculated by (n-1/n), where n is the 

number of rows. 
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The project albedo represents the albedo on the ground in front of, far away from the 

system and it affects the global incident value on the front side [33]. The bifacial albedo 

represents the albedo under and close to the PV module. 

The View factor, or form factor, represent the light effectively reaching the PV module for 

each point, which includes the front side and the back side [33]. The view factor changes due 

to the position of the sun and are dependent on the geometry of the modules.  

The irradiance on the back side is not uniform through this model, and the cell with the 

lowest current represent the current in the whole string, as in reality [33]. Therefore, a 

mismatch loss factor is used. There are at present time no reliable data or model for the 

evaluation of mismatch losses [33]. 

Figure 15 shows the different irradiance that hits the solar module. 

 

Figure 15 – Visual description of the different irradiations that is used in the simulations for bifacial PV panels.  
The figure illustrates the possible irradiation that can fall on the front and back side. The albedo factor determines how 

much reflections there is from the ground and the view factor determines what amount of fraction  
from the reemitted light that hits the solar panels. Inspired by PVsyst [33] 

Figure 16 illustrates how the how PVsyst treats the reflection from a ground point to the 

back side of a panel, with different elevation and isotropic reflection. 
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Figure 16 – The pictures illustrates the behavior of the irradiance on the back side for a ground point with zero elevation and 
2 meter elevation and 3,6 meter pitch. Source: PVsyst simulation 

The most essential things to know with the bifacial simulations in PVsyst are: 

 The diffuse irradiance is assumed to be isotropic  

 The reflection from each ground point are assumed to be isotropic with a specific 
albedo factor 

 The calculations are based on the one diode model, which means that the irradiance 
that are calculated to hit the back side are simply added to the front side output.  
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4 Method 
This section describes how the work was performed in the project. The section begins by 

giving an overview of the project to later describe the different parts in more detail. The 

section ends with how the evaluation was performed. 

The nature of the research questions divided the project in two main parts. The first two 

research questions are about evaluating the simulation method and calculation model used 

by PVsyst. The second two research questions are about understanding the installation 

parameters effect on each other and on the system. In order to answer the first two 

research questions, detailed modelling was performed with the software. With detailed 

modelling all aspects of the simulation model were under consideration and the maximum 

potential of the PVsyst simulation model was used. The second two research questions were 

answered by constructing a simplified model based on the simulation model used in PVsyst. 

The simplified model is solely based on yearly electricity production values of different 

system configurations. The simplified model is called the Yield factor model or YF model. 

Whereas the YF describes a system’s performance without considering the size or location of 

the system. Both main parts of the project were evaluated using case studies of six different 

bifacial installations in Sweden. The connection between the two main parts is that the 

foundation of the YF model is based on the results and definitions of the detailed modelling. 

A schematic of the different parts of the project are shown in Figure 17. 

 

Figure 17 – Schematic over the different part of the project. The schematic shows how the different parts of the project are 
connected. The detailed simulations were performed after the simulation and modeling parameters were defined. The 
defined simulation parameters were also used in the construction of the yield factor model. The different parameters 

behavior towards each other was assessed using yield factor diagrams. Both the detailed simulations and yield factor model 
were evaluated using case studies. 

4.1 Detailed simulations 
The detailed modelling was based on the definition of the simulation model in the PVsyst 

software. The definition consists of simulation parameters and modelling parameters. The 

simulation parameters are of a more general character than the modelling parameters. The 

simulation parameters consist of meteodata, albedo, components and losses. The modelling 

parameters consists of the system layout, electrical configuration and shading scene for each 

installation. The PVsyst simulation method is described in more detail in Appendix A. 
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4.1.1 Choosing meteodata 

The choice of meteodata was made by comparing two different data sources, STRÅNG and 

Meteonorm, to measured insolation values at one of the case locations. The sources 

provided different types of data. STRÅNG provides hourly or monthly values of global 

horizontal irradiance, (GHI) while Meteonorm provides monthly values of: global horizontal 

irradiance, diffuse horizontal irradiance (DHI), average temperature and average wind 

velocity. Meteodata must have GHI and temperature data while the DHI and wind velocity is 

optional. Hourly temperature data from SMHI was retrieved and used together with the 

STRÅNG data. A monthly average of the SMHI temperature data were also used together 

with the Meteonorm data. Resulting in four different sources of meteodata: 

 STRÅNG hourly + hourly SMHI temp 

 STRÅNG monthly + monthly average SMHI temp. 

 Meteonorm monthly 

 Meteonorm monthly + monthly average SMHI temp. 

If the temperature data lacked some values linear interpolation of the previous and future 

hour values were performed. For the evaluation, a reference year was used, which was 

based on the available measured time period. If the sources lacked GHI data for the 

reference year, data from the same time the previous year was used instead.  

For the evaluation of irradiance data, comparisons with measured data were performed. 

Since the measured irradiance data was in the collector plane which was not horizontal, the 

meteodata first had to go through the PVsyst software to recalculate the GHI to irradiance 

on the collector plane. Afterwards the different data sources could be evaluated. 

4.1.2 Case location albedo 

The case location albedo was defined by first setting the albedo of the mounting surface. 

The mounting surface albedo was defined by assumptions [40] or by measurements. The 

monthly albedo was assumed to only be affected by snow. Snow depth data was collected 

from the SMHI database for each of the case locations. From the snow depth data, the 

number of snow days per month were derived. The snow depth data lacked some values for 

some weekends and the assumption was made that if there was snow on Friday and the 

next Monday then the Saturday and Sunday had snow as well. If one of the Mondays or 

Fridays had snow, then it was assumed to be snow on one day of the weekend if the snow 

depth was at least 5cm. The albedo value for the days with snow was assumed to be 

constant throughout the day. A monthly average albedo was calculated by comparing the 

number of snow days to number of days of the month, days without snow was considered to 

have the mounting surface albedo. 

4.1.3 Components 

The components used in the simulations were defined by first using their specific product 

data sheets and thereafter updating some of the values to measured values from flash tests. 

The flash tests measure the electrical parameters in standard testing conditions. The 

reminder of the values was defaulted in the PVsyst software. 
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4.1.4 Losses 

The losses were defined by literature or by using the default values in the PVsyst software.  

4.2 Modelling parameters 
Modelling parameters consists of site and installation specific parameters such as 

installation configurations, physical layout and electrical layout. Because of limitations in the 

software different modeling methods was used, one for a tilted system 0 to 60° and one for 

a vertical system with tilt 90°. 

4.2.1 Modeling method 

There are three ways of modeling in PVsyst; 2D monofacial, 2D bifacial or 3D monofacial. 

The three modeling methods are described in Appendix A. Even though the 2D bifacial 

method would give an approximation of a tilted bifacial system, a more refined model would 

be possible by combining these three modeling methods. The more refined model was used 

in the detailed simulation for tilted orientations. The 2D bifacial method was used for the 

tilted orientations for the YF model. Because of the limitation in the software a different 

approach for modeling the vertical orientation was performed.  

The tilted simulation method used for the detailed simulations was based on a three-part 

simulation that later was put together, see Figure 18. It was done to improve the accuracy of 

the model for a complex system layout with varying parameters. A complex system layout 

has different pitch in-between sets of rows and different row width within the same 

installation. The software allows 2D bifacial modeling in the 3D environment for simple 

layouts, this was used as validation of the three-part simulation method. The three-part 

simulation method was used in order to simulate the front side of the bifacial panel as 

precise as possible because the front side has the highest impact on the overall electricity 

production. 

 

𝐵𝑖𝑓𝑎𝑐𝑖𝑎𝑙 2𝐷 − 𝑀𝑜𝑛𝑜𝑓𝑎𝑐𝑖𝑎𝑙 2𝐷 = 𝐵𝑎𝑐𝑘𝑠𝑖𝑑𝑒 2𝐷 

 
𝑀𝑜𝑛𝑜𝑓𝑎𝑐𝑖𝑎𝑙 3𝐷 + 𝐵𝑎𝑐𝑘𝑠𝑖𝑑𝑒 2𝐷 = 𝐵𝑖𝑓𝑎𝑐𝑖𝑎𝑙 𝑆𝑦𝑠𝑡𝑒𝑚 

Figure 18 – Tilted simulation method and model build up. 
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For the vertical orientation simulation, two different modeling methods was used. One 

method for the detailed model and one for the YF model. The method used for detailed 

simulations consisted of two monofacial panels with different azimuth in the same 

simulation. The two modules that was used in the simulation are in reality the same module, 

but in the software the module representing the back-side have been altered with the 

bifacial factor. This method is limited to single row systems.  

For the YF model two 2D monofacial simulations where performed, both simulations have 

the same module, but they have different azimuths. The bifacial factor was applied on the 

result of one of the simulations and thereafter the two simulation results were summarized. 

This method can simulate multiple row systems but gives a slightly higher production than 

the method used for the detailed simulations. No elevation is defined for the two modeling 

methods and both methods has limitations in the form of lack of module transparency and 

lack of correlation between front and back side.  

In the vertical simulations, more panels were defined for the system which lead to the use of 

more inverters and higher inverter losses. Therefore, the simulation results were retrieved 

from the array energy instead of the energy injected to grid. An inverter loss factor was used 

on the array energy transforming it to the energy injected to grid.      

4.2.2 Shading 

Near shadings for the case installations were defined by measurements on satellite images 

with Google Earth. The height of objects was defined with assumptions on images of the site 

from either photographs or from Google Street View. The guideline for the assumptions was 

that one level of a house was 3m. The far shading was defined with a calculated horizon line 

from PVGIS [41]. PVGIS is an interactive tool providing geographical information for 

photovoltaic systems developed by the European Commission.  

4.2.3 Electrical layout 

The electrical layout of the systems was defined by the different sites connection drawings, 

the drawings showed which modules were connected to which string, total number of 

modules in that string and distribution of the strings MPP inputs to the inverter. Module 

type also impacts the electrical layout with different cell partitioning with the modules by-

pass diodes. The by-pass diode connections were retrieved from the modules data sheets. 

4.3 Information about the yield factor model 
The YF model consists of a database with simulated values for different installation 

configurations and a linear interpolation model to assess and retrieve values from the 

database. The result of the interpolation model is a YF diagram showing two parameters 

interaction to each other. The YF model also calculates the specific yield for the installation 

configuration. 
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4.3.1 Database for the yield factor model 

The simulation parameters defined for the detailed model was used for the YF model. The 

modeling method was simplified to only 2D modeling methods. A basic shed system was 

defined and the behavior of different parameters for different configurations were analyzed 

using batch simulations of the basic system. With batch simulations, multiple simulations are 

conducted where one or more parameters are changed between each simulation.  

The behaviors of different parameters were analyzed by performing batch simulations with 

only one changing parameter in a realistic interval with small step sizes. The results of the 

batch simulations were presented in diagrams. The diagrams were analyzed to find 

saturation behaviors providing limit values for each parameter. The behaviors were also 

simplified with linear approximations by choosing some of the simulated points.  

The behaviors were simplified with linear approximations to decrease the number of 

simulations and thereby the simulation time for the construction of the YF model.  

After the parameters limit values and linear behaviors were defined, multiple batch 

simulations were performed. The results of which formed a database with simulation results 

of different installation configurations. 

4.3.2 Interpolation of the yield factor database 

As the values in the database was array energy the values were converted to energy injected 

to grid using an inverter loss factor. Thereafter the specific yield was calculated by dividing 

the energy injected to grid value by the installed power for the simulated system. With the 

specific yield the YF was calculated by dividing the specific yield with the GHI used in the 

simulation model. 

When constructing the YF diagram from the database, stepwise linear interpolation was 

used: 

𝑦 = 𝑦1 + (𝑥 − 𝑥1) ∗
𝑦2 − 𝑦1

𝑥2 − 𝑥1
 

Where y was the YF and x was the parameter that got a fixed value. The interpolation was 

performed four times to set fix values for four out of the six parameters, decreasing the 

number of values in the database. The last two parameters formed the axis in the YF 

diagram. When only the two axis parameters remained, the process was reversed, and the 

number of values in the database were increased to fill both axis. The axis limits were 10 

values for the Y-axis and 25 values for the X-axis, for simplification only 10 values were used 

for all parameters except Azimuth which had 25 values.  
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To retrieve the YF for the installation configuration the last two parameters was linearly 

interpolated by setting fixed values for the parameters. The retrieved YF value is the YF at 

the simulated reference location. To get the specific yield for the installation configuration at 

the installation location, the latitude correction factor derived in Appendix B was used: 

𝑌𝑋 = 𝑌𝐹 ∗ 𝐺𝐻𝐼𝑋 ∗ (1 + (
𝐿𝑎𝑡𝑋

58,4
− 1 ) ∗ 0,411) 

𝑌𝑋 = 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑦𝑖𝑒𝑙𝑑 𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 

𝑌𝐹 = 𝑌𝑖𝑒𝑙𝑑 𝑓𝑎𝑐𝑡𝑜𝑟 𝑓𝑜𝑟 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 

𝐺𝐻𝐼𝑋 = 𝐺𝑙𝑜𝑏𝑎𝑙 ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 

𝐿𝑎𝑡𝑥 = 𝐿𝑎𝑡𝑖𝑡𝑢𝑑𝑒 𝑓𝑜𝑟 𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 

4.4 Evaluation 
The detailed model and YF model was evaluated with case studies. Each case was one 

bifacial PV installation in Sweden. With several cases it is easier to analyze the simulation 

results of different installation configurations. As the cases had different measured time 

periods the time periods and the corresponding input data for the simulations were 

considered as a reference year. 

For the installations new for this year, the measured time period was considered as a 

representation for the whole year. The input data for these installations was based on the 

measured time period and the rest of the reference year was supplemented with values 

from the previous year.  

4.4.1 Evaluation of the detailed model 

Each case was evaluated by comparisons of measured data and simulated data for the 

measured time period providing a total error for the entire measured interval. Thereafter 

the error distribution was evaluated in smaller time scales, until either the hourly errors 

were identified or the deviation between measured and simulated values was too high. 

For the cases with the same location data and same measurement period the different 

system configurations was analyzed on a smaller timescale since the number of different 

inputs were reduced. The configurations were analyzed with measured and simulated data. 

Afterwards the simulated data from the different cases was evaluated against each other 

using monthly YF values. The monthly YF provides a monthly performance value for the 

installation regardless of the GHI or size of the installation. The simulated data was used 

instead of the measured data because the measured data was incomplete. If the missing 

values was removed from the meteodata to give a fair assessment, the meteodata must 

have the same time period as the measured data which was not possible since there only 

was one case location that measured the insolation. 
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4.4.2 The yield factor model and the yield factor diagram 

The YF model provided values on a yearly basis. The evaluation of the YF model was 

performed by comparisons to the simulation results of the detailed model. The accuracy of 

the YF model to reality was derived by adding the deviation from the detailed model and 

measurements to the error between detailed model and YF model. 

Afterwards the different system configuration parameters were evaluated using YF diagrams 

based on a simple system. By looking at all possible combinations of the YF diagrams for one 

single parameter, the parameter’s behavior could be derived.  

The behaviors showed the parameter’s optimization conditions and the different cases were 

optimized using the YF model.  
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5 Case studies 
This section describes the studied cases and the input data used in the simulations. The 

section begins with an overview of the cases and they are thereafter shortly described.  

There are six bifacial PV installations that has been simulated and measured, see Table 2. 

They are either vertical or tilted installations. The coordinates, altitude and yearly global 

horizontal irradiance (GHI) for each location are shown in Table 3. The yearly GHI are the 

sum of all the hourly GHI values from the Meteonorm meteodata. 

Table 2 – Location, type of modules, installed power and measuring data period for all the studied cases.  

 

Table 3 – The table shows the coordinates, altitude and global horizontal irradiance (GHI) used for all the locations. 

 Gothenburg Halmstad Linköping Luleå 

Coordinates 57.81, 12.02 56.68, 12.86 58.40, 15.58 65.61, 22.12 

Altitude [m] 106 10 75 17 

GHI [kWh/m²/yr] 954,1 970,8 953,9 886 
 

 

Figure 19 – Vertical and tilted construction. Source PPAM. 

Name Location Type of module 
Installed 
power 

Measured data period 

Lindgården 
Gårdsten, 
Gothenburg 

Transparium 370W 
with TIGO optimizer 

30,5 kWp 2018-04-01 – 2018-04-30 

Bokgården 
Gårdsten, 
Gothenburg 

Transparium 370W 30,5 kWp 2018-04-01 – 2018-04-30 

Kastanjgården 
Gårdsten, 
Gothenburg  

Transparium 370W 43,7 kWp 2018-04-01 – 2018-04-30 

Halmstad 
Örjanhallen, 
Halmstad 

Transparium 360W 28,4 kWp 2016-11-01 – 2017-10-31 

Linköping 
Byggvesta, 
Linköping 

Transparium 300W 2,01 kWp 2016-12-01– 2017-11-30 

Luleå  
Luleå Energi, 
Luleå 

Transparium 360W 
Transparium 300W 

3,54 kWp 2016-07-01 – 2017-06-30 
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5.1 General case description 
The installations are place at 4 different locations, one installation for each location except 

Gothenburg that has three installations.  

5.1.1 Gothenburg  

At Gårdsten in Gothenburg, three installations, Lindgården, Bokgården and Kastanjgården, 

have been measured during April 2018. There is a lack of installed bifacial modules in 

Sweden and the ones in Gårdsten were installed and operational in the beginning of April 

which explains the short measuring period. All the measured installations in Gothenburg 

uses the Transparium 370 W panels and all have a tilt of 30 and elevation of 0,9 m. One 

difference is that Kastanjgården has more rows and higher pitch between the rows, and 

more near shading objects than the other two. The difference between Bokgården and 

Lindgården is that Lindgården uses optimizers for half of the installed modules, and 

Bokgården has no optimizers. A more detailed description of the installations is found in 

Appendix C.  

5.1.2 Linköping  

The installation in Linköping consists of one row with seven vertical mounted bifacial 

modules. They are facing east and have no near shading objects. The vertical modules share 

an inverter with another PV system. Therefore, for the simulations in Linköping, an inverter 

loss of 4% were added afterwards. The loss value are based on an average value of inverter 

losses for simulations of different systems. 

5.1.3 Halmstad  

For the installation in Halmstad, measured output for one year were used. The installation in 

Halmstad did also have measured irradiance in the collector plane for one year, which were 

used during the meteodata comparison. The modules in Halmstad have a total tilt of 36, 

where 30 is the module tilt and 6 is the tilt of the roof. The modules have an elevation of 

0,5 m.  

5.1.4 Luleå 

The installation in Luleå has vertical bifacial modules and there are both 360W and 300W 

panels. The modules are faced south with a -12 offset angle. The inverter at the installation 

in Luleå is connected to more than these panels, so the actual inverter could not be used in 

the simulations. Therefore, for the simulations in Luleå, an inverter loss of 4% were added 

afterwards.  
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5.2 Orientation and components 
Table 4 shows the orientation of the modules for the different installations. Table 6 shows 

the inverters and optimizer used in the simulations.  

Table 4 – Orientation of all the case studies. 

Case installation Total tilt [°] Pitch [m] Azimuth [°] Elevation [m] 
Nb. of 

rows [pc.] 

Lindgården 30 3,6 0 0,9 3 

Bokgården 30 3,6 0 0,9 3 

Kastanjgården 30 5,0 & 4,4 0 0,9 11 

Halmstad 36 8 0 0,5 3 

Linköping 90 - -90 0 1 

Luleå 90 - -12 0 1 

 

The input values for the PV modules in each installation are based on measured values of the 

panels, so called, flashed value, see Table 5. The rest of the input values for the three 

modules are shown in Appendix D. These values were lower than the values on the data 

sheet and probably gives a more reliable result. The inverters were defined according to 

their specific product data sheets and the reminding parameters, as wiring length etc. was 

defaulted in the PVsyst software. 

Table 5 – The flashed values for the three bifacial modules used in the simulations and installed at the case locations. 

Module Flash value W Bypass diodes/module 

Transparium 370W 339 W 3 diodes per module 

Transparium 360W 335 W 3 diodes per module 

Transparium 300W 287 W 3 diodes per module 

 

Table 6 – A list of the inverters and optimizers that has been used in the simulations. 

Case installation Inverter Optimizer 

Lindgården Sunny Tripower 25000TL-30 TIGO TS4-O UHD-Core 475W 

Bokgården  Sunny Tripower 25000TL-30 - 

Kastanjgården SMA 50000 TL - 

Halmstad SMA 25000 TL - 

Linköping* Sunny Boy 3800TL-US-22-208V - 

Luleå* SMA STP17000 TL - 

*The installations have more than one system configuration connected to the same inverter 
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5.3 Defined albedo for different locations 
All of the installations in the studied locations have installed the panels on near horizontal 

rooftops, Halmstad is an exception with a slightly tilted roof (6°). Halmstad, Linköping and 

Luleå all have the same roofing material: tar paper, which have an albedo of 5% [40]. 

A piece of roofing felt from Gårdsten was sent to RISE Research Institutes of Sweden AB for 

testing. The tests measured and calculated the reflectance of the felt with AM1.5 conditions 

[42]. The results of the tests were that the roofing felt have a reflectance of 21%. 

The albedo assumed to only change because of snow, creating different monthly average 

albedo. Snow depth data for the measured period was retrieved from SMHI. The days that 

had snow, independent on how much snow, assumed to have the albedo 80% based on 

Table 1. Afterwards the average value for each month was calculated and presented in Table 

7. 

The temperatures are based on hourly values from SMHI. The monthly temperatures are an 

average value of the hourly temperatures. 

Table 7 – The table shows the albedo and temperature for the sites in Halmstad, Luleå, Linköping and Gothenburg. Data 
source: Temperature data from SMHI [43], Snow depth data from SMHI [43]. The albedo was calculated from the snow 
depth data. 

 Gothenburg Halmstad Linköping Luleå 

 Temp. Albedo Temp. Albedo Temp. Albedo Temp. Albedo 

January 2,2 0,38 -0,7 0,05 -0,8 0,1 -5,7 0,8 

February -1,5 0,8 0,4 0,1 0,0 0,24 -6,3 0,8 

March -0,4 0,8 3,1 0,05 2,9 0,15 -3,7 0,8 

April 8,4 0,27 5,1 0,05 4,5 0,05 -0,3 0,8 

May 13,0 0,21 11,9 0,05 11,6 0,05 5,4 0,2 

June 16,2 0,21 14,6 0,05 14,7 0,05 12,2 0,05 

July 17,3 0,21 15,3 0,05 16,4 0,05 16,7 0,05 

August 16,9 0,21 15,1 0,05 15,5 0,05 13,7 0,05 

September 13,8 0,21 12,3 0,05 12,0 0,05 10,6 0,05 

October 10,1 0,21 8,8 0,05 7,9 0,05 3,8 0,05 

November 5,1 0,27 2,2 0,05 2,9 0,05 -3,1 0,43 

December 3,7 0,44 2,8 0,05 2 0,24 -5 0,8 
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5.4 Defined losses for the studied cases 
The losses that has been accounted for in the simulations are soiling loss, irradiance loss, 

thermal loss and electrical losses. The losses are hard to define and therefor the default 

values in PVsyst are used for the majority of the loss parameters. The losses due to aging will 

be neglected, along with unavailability loss and auxiliary loss. 

Many of the losses are calculated through equations and mathematical models in PVsyst 

based on some input parameters. The parameters that are used for the loss calculations are 

presented in Table 8. 

Table 8 – The parameters used to calculate losses 

Loss parameter Input 
values 

Default Description 

Incident angle 
(IAM)losses  - - 

An increased incident angle will increase the 
reflections from the glass cover and therefore 
increase the IAM loss. 

- b-factor  0,05 Yes  

Soiling losses 3% yearly Yes Losses due to dirt, dust or snow on the panels.  

Irradiance losses  - - 
Loss due to low light level with respect to 1000 
W/m2. 

- Rserie [Ohm] 0,4 Yes 
Due to the metal contact and current loss 
through emitter.  

- Rshunt [Ohm] 350 Yes 
Due to crack in material or other current path 
at the edge of the solar cell.  

Thermal losses - -  

- Constant loss 
factor Uc-value 
[W/m2K] 

29 Yes  

Default U-value for free-mounted module with 
air circulation. 

Module quality losses 

1% Yes 

The default value is a quarter of the difference 
of the tolerance of the manufacturers 
specification of the PV module. This loss will 
affect the maximum power production of the 
array during all conditions.   

 

Mismatch losses 
(Power loss at MPP) 1% Yes 

Based on the fact that the cell with the lowest 
current sets the current in the whole string. 
This loss is hard to predict, especially with the 
installation of bypass diodes. There is no 
accurate model to calculate this loss in PVsyst. 

Ohmic wiring losses 
(Loss fraction at STC) 1,5% Yes 

Difference of the power from the module and 
the power at the terminals of the array 

 

Module transmission 
factor  9,7% no 

Based on the difference of the total area of the 
cells and the total area of the module due to 
the glass-glass construction.  
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6 Results 
In this section the comparison between simulated results and measured values is performed 

and analyzed. Afterwards several YF diagrams are presented showing how the different 

parameters affect each other. The section is concluded with the optimal parameters for a 

bifacial system. 

6.1 Input data evaluation 
The input data was evaluated by comparison with measured data for one of the case 

locations with measured irradiation. The Halmstad location have one year of measured 

irradiance in the collector plane from 2016-11-01 to 2017-10-31. The measured irradiance 

was first compared by year and thereafter by month. Since the measured data was in the 

collector plane, the databases were first processed by exporting horizontal values and 

running them through the PVsyst software. The comparison between the databases showed 

that Meteonorm with temperatures from SMHI was the most accurate database, see Table 9 

and the monthly distribution in Figure 20. 

Table 9 – Comparison between measured irradiance database irradiance. The measured irradiance is on the collector plane. 
The databases irradiance is the global horizontal irradiance that has been converted to irradiance on the collector plane by 
running them through PVsyst. 

 
Global horizontal 

irradiance 
[kWh/m2/yr.] 

Irradiance in the 
 collector plane  
[kWh/m²/yr.] 

Error [%] 

Measured values - 1089,12 - 

STRÅNG, hourly values 1086,40 1316,89 +20,9% 

STRÅNG, monthly 
values 

867,60 1009,20 -7,3% 

Meteonorm 970,79 1107,60 +1,7% 

Meteonorm with 
average monthly 
temperature SMHI 

970,79 1102,33 +1,2% 
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Figure 20 – Monthly distribution of the error in the databases with less than 10% yearly error. 

6.2 Simulated and measured values 
All the following simulation results used the meteodata for a general year from Meteonorm. 

Table 10 shows the error for simulated data in relation to measured data for all the 

installations. Lindgården, Bokgården and Kastanjgården with measured values for April 2018 

and Linköping, Halmstad and Luleå with measured values for one year. 

Table 10 – Error of the simulated values compared to the measured values for all the installations. Specific yield for 
measured and simulated values for the measured time period. 

Case installation 
Comparison 

time 

Specific Yield 
Measured 

[kWh/kWp] 

Specific Yield 
Simulated 

[kWh/kWp] 

Error, simulation 
and measured 

Lindgården April 111,43 121,56 +9,1% 

Bokgården April 117,04 121,63 +3,9% 

Kastanjgården April 124,02 118,95 -4,1% 

Linköping 1 year 965,63 913,73 -5,4% 

Halmstad 1 year 1012,78 959,96 -5,2% 

Luleå 1 year 893,76 866,61 -3,0% 

 

In Figure 21 and Figure 22 the measured values and the simulated values are presented on a 

daily and hourly basis for Lindgården. The results on an hourly basis are only shown for 10th 

to 20th of April. The days in the middle of the month is assumed to be a good representation 

for the whole month and 10 days is enough to show the patterns in the comparison. 
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Figure 21 and Figure 22 shows the daily and hourly specific yield. The 20th of April is a clear 

day, which can be seen by the behavior of the curve. The same pattern for daily and hourly 

values was noticed for Bokgården and Kastanjgården. 

 

Figure 21 – The graph shows the daily specific yield for measured data and simulated data in April. 

 

 

Figure 22 – The graph shows the hourly specific yield for measured data and simulated data from 10th to 20th of April.  

Figure 23, Figure 24 and Figure 25 shows the simulated and measured specific yield for 

Luleå, Halmstad and Linköping. Some days of measured values in Luleå and Halmstad was 

missing. The gray bar represents the simulated values for the days when the measured 

values exists. 

Figure 26 shows the monthly error during the measured year of the simulated data in 

Halmstad, Linköping and Luleå. 
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Figure 23 – The graph shows the monthly specific yield for simulated and measured values in Luleå. The gray bar represents 
the simulated values for the days when the measured values exists.  

 

 

Figure 24 – The graph shows the monthly specific yield for simulated and measured values in Halmstad. The gray bar 
represents the simulated values for the days when the measured values exists. 
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Figure 25 – The graph shows the monthly specific yield for simulated and measured values in Linköping. 
Luleå had measured values for the entire year. 

 

 

Figure 26 – Monthly error from measured data compared to simulated data in Halmstad, Luleå and Linköping. 
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6.2.1 Comparison of different configurations in Gothenburg 

The measured and simulated data for different installations in Gothenburg are compared to 

be able to understand the behavior of different configurations with the same insolation. 

In Figure 27 and Figure 28,the measured specific yield for Lindgården, Bokgården and 

Kastanjgården is shown, on a daily and hourly basis. As seen in both figures, Kastanjgården 

often has a higher value.  The difference in the configuration for the three installations are 

the pitch, which is 4,4 m and 5 m meters in Kastanjgården and 3,6 meters in Lindgården and 

Bokgården. 

 

Figure 27 – Daily measured values in April for Lindgården, Bokgården and Kastanjgården. 

 

 

Figure 28 – Hourly measured values for the 10th to the 20th of April in Lindgården, Bokgården and Kastanjgården. 

In Figure 29, the simulated specific yield for the three installations in Gothenburg has been 

compared. For the simulations, there are, unlike the measured values, no significant 

difference between the installation outputs. 
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Figure 29 – Daily simulated values in April for Lindgården, Bokgården and Kastanjgården. 

If the simulated specific yield is compared during a whole year, the pattern is different for 

different months, see Figure 30 and Figure 31. January to June are the representing months 

for the graphs. The only difference from Lindgården and Bokgården is the optimizer in 

Lindgården. Kastanjgården has a tall building close to the installation, which can have an 

shading effect of the output for the months when the sun’s elevation angle is low. 

 

Figure 30 – Daily simulated values for January, February and March in Lindgården, Bokgården and Kastanjgården. 
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Figure 31 – Daily simulated values for April, May and June for Lindgården, Bokgården and Kastanjgården. 

 

6.2.2 Comparison of the different cases 

To be able to compare the simulations for the different sites, at different locations, with 

each other, independent on the irradiance at the location, the monthly yield factor (monthly 

YF) was used. The monthly YF is calculated by: 

𝑌𝐹𝑚𝑜𝑛𝑡ℎ𝑙𝑦 =
𝑆𝑝.𝑦𝑖𝑒𝑙𝑑 [𝑘𝑊ℎ 𝑘𝑊𝑝/𝑚𝑜𝑛𝑡ℎ⁄ ]

𝐺𝐻𝐼 [𝑘𝑊ℎ 𝑚2/𝑚𝑜𝑛𝑡ℎ]⁄
  

The monthly YF is calculated for all the installations and the result are shown in Figure 32. 

Figure 33 shows the monthly YF for all installations except Luleå due to the much higher 

monthly YF in Luleå during winter. This is done to be able to see the behavior of the monthly 

YF for the rest of installations more easily. 
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Figure 32 – The graph shows the monthly YF for all the installations, from January to December. 

 

Figure 33 – The graph shows the monthly YF for all the installations except Luleå due to the much higher monthly yield 
factor in Luleå during winter. This is done to be able to see the behavior of the monthly YF for the other installations better. 
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6.3 Behaviors of parameters in PVsyst 
The behavior of the pitch, elevation and number of rows in PVsyst were investigated to be 

able to know at what value the increase of a parameter does no longer affect the output. 

The values of the specific yield are not relevant but rather the behavior of the curve. For 

each graph, only the investigated parameter has been changed for each step. The PV 

modules used is Transparium 370 W and the inverter is the Sunny Boy 4000 TL. The location 

for the simulations were Linköping, with coordinates 58.40,15.60. The losses for these 

simulations were the same as in Table 8.  

The graphs were also used to pick out the right parameter values to use for the YF model 

and the red dots represent those values. A presentation of all the used parameters are 

shown in Appendix E. 

As seen in Figure 34, from a pitch of 10 meters and more, the specific yield stays the same. 

 

Figure 34 – The graph shows how the specific yield change when the pitch is changing and when the specific yield no longer 
changes with a longer pitch. The pitch values of 1, 2.5, 4.5 and 10 m was used in the batch simulation for the YF diagram. 

Figure 35 shows the specific yield for different elevations. At 2 meters, the specific yield 

starts to stay the same, independent of the elevation. 
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Figure 35 – The graph shows how the specific yield change when then elevation from the ground are changing. 0 m, 0.4 m, 
1.2 m and 2 meters is the values that will be used for the batch simulations in the yield YF diagram. 

Figure 36 shows that around 13 number of rows, the specific yield does no longer changes 

with more rows. 

 

Figure 36 – The graph shows the change in specific yield with different number of rows. 1 row, 2 rows, 5 rows and 18 rows 
will be simulated in the batch simulations. 

 

The yield factor model was constructed using the parameter values derived from Figure 34, 

Figure 35, Figure 36 and the other parameters from Appendix E. The multiple batch 

simulations were performed and formed the system configuration database for the yield 

factor model. Appendix B gives a more detailed description in how the yield factor model 

was constructed. 
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6.4 Evaluation of the yield factor model 
The YF model was evaluated with comparisons to the detailed simulation results because the 

detailed simulation result provides values for an entire year. The validation was conducted 

with all cases except Lindgården because it has optimizers which are not defined for the YF 

model. The YF model requires simplified input parameters and the simplified cases are 

presented in Table 11. The inverter loss values were retrieved from the PVsyst performance 

report from the detailed simulations, except for the 90°tilt cases for which the inverter loss 

was assumed to be 4%. 

Table 11 – Input values for the evaluation of the YF model 

 Halmstad Linköping Luleå Bokgården 
Kastanj- 
gården 

Global Horizontal Irr. 
[kWh/m²/year] 

970,8 953,9 886 954,1 954,1 

Latitude Coordinate 
[DD°] 

56,68 58,40 65,61 57,81 57,81 

Azimuth [°] 30 -90 -12 0 0 

Tilt [°] 36 90 90 30 30 

Pitch [m] 8 8* 8* 3,6 4,67 

Nb. Rows [-] 3 1 1 3 11 

Elevation [m] 0,5 0,5* 0,5* 0,9 0,9 

Albedo ground surface 
[%] 

5 5 5 21 21 

Albedo average [%] 5,4 9,4 40,7 35 35 

Inverter loss [%] 2,5 4 4 3 3 

*Not defined in simulations and thereby no impact for single row 90° tilt systems. 

Two types of albedo were used in the validation of the YF model: Albedo ground surface and 

Albedo average, see Table 11. The two types represent two approaches to define the yearly 

albedo. Albedo ground surface was used to see the impact if the seasonal change in albedo 

was neglected. Albedo average was defined as a yearly average from the monthly average 

values in Table 7.The results from the YF models and comparison between the detailed 

models are presented in Table 12. 
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Table 12 – Comparison between the YF model and detailed simulation model for two types of yearly albedo. 

 
Albedo 

type 
Halmstad Linköping Luleå 

Bok- 
gården 

Kastanj-
gården 

Sp.Yield:  
Detailed sim. 
[kWh/kWp/yr.] 

Monthly 
average 

988,61 913,73 1014,69 917,5 950,6 

Sp.Yield:  
YF model 
[kWh/kWp/yr.] 

Albedo 
ground 
surface 

979,01 920,74 811,5 981,1 1011,1 

Error:  
YF model –  
Detailed model 

Albedo 
ground 
surface 

-1,0% +0,8% -20% +6,9% +6,4% 

Error: 
YF model - 
Reality 

Albedo 
ground 
surface 

-6,2% -4,6% -23% +10,8% +2,3% 

Sp.Yield:  
YF model 
[kWh/kWp/yr.] 

Albedo 
average 

980,4 946,9 1020,6 1016,7 1054,1 

Error:  
YF model –  
Detailed model 

Albedo 
average 

-0,8% +3,6% +0,6% +10,8% +10,9% 

Error: 
YF model - 
Reality 

Albedo 
average 

-6,0% -1,8% -2,4% +14,7% +6,8% 

 

Analyzing the error for the yearly albedo defined by the ground surface shows that for the 

case with the most alternating albedo: Luleå has the highest deviation. The differences 

between Bokgården and Kastanjgården are that Bokgården have lesser number of rows and 

shorter pitch, this has resulted in a slightly higher deviation looking only at simulated values. 

Linköping, Halmstad and Luleå all have the same low surface albedo but Halmstad and 

Linköping have only small changes in the monthly albedo and are also the ones with the 

smallest deviation looking at simulated values. 

When the average yearly albedo from monthly values approach was used, the deviation was 

decreased for the case with most alternating monthly albedo but remained similar or 

increased for the other cases. The difference between the deviation for Bokgården and 

Kastanjgården got smaller but the deviation nearly doubled.  

A overall evaluation of the YF model compared to the detailed simulations, shows that for 

tilted configurations(Halmstad, Bokgården and Kastanjgården) the yearly albedo was best 

defined by the ground surface albedo approach with deviations between -1,0% to +6,9%. For 

the vertical configurations (Luleå and Linköping) the deviation is smallest for the average 

monthly albedo approach with deviations between +0,6% to +3,6%. 
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Using the deviation between detailed simulations and measurements in Table 10. The 

deviation between YF model and detailed simulation was transferred to the deviation 

between YF model and reality: 

 Tilted configuration: -6,2% to +10,8% 

 Vertical configuration: -2,4% to -1,8% 

 All configurations (from both yearly albedo approaches): -23% to +14,7% 
 

6.5 Analysis of bifacial parameters 
The bifacial parameters were analyzed using YF diagrams to find correlations and the 

optimization functions for each one of the parameters. A basic south oriented shed system 

was used for all the YF diagrams, input values is presented in Table 13. 

Table 13 – Definition of the basic system used in the yield model for the YF diagrams 

Parameter Value 

Azimuth [°] 0 

Tilt [°] 40 

Pitch [m] 3 

Nb. Rows [-] 3 

Elevation [m] 0,5 

Albedo [%] 21 

 

There are six parameters which amounts to fifteen different combinations and fifteen YF 

diagrams. The diagrams are presented in Figure 37 to Figure 51. In the diagrams the 

maximum value for each column have a black border and the maximum value for each row 

have a white border and bold font.  

 

Figure 37 – YF diagram for azimuth and tilt.  
The diagram shows a scattered distribution of high YF values. The maximum value is for 30° tilt and 0° azimuth(south). 

The YF values are higher for East(-) than West(+) and is caused by the sun path during the day  
and for high tilts, the panel’s bifacial factor also has an impact. 
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Figure 38 – YF diagram for azimuth and pitch.  
In the diagram the highest YF values are for long pitch and for 0° azimuth(south). 

The YF values are higher for East(-) than West (+). 

 

Figure 39 – YF diagram for azimuth and number of rows.  
In the diagram the highest YF values are for small number of rows and for 0° azimuth(south). 

The YF values are higher for East (-) than West (+). 

 

Figure 40 – YF diagram for azimuth and elevation.  
In the diagram the highest YF values are for high elevation and for 0° azimuth(south). 

The YF values are higher for East(-) than West (+).  
A change in elevation has little effect on the YF-values for the different azimuths. 

 

Figure 41 – YF diagram for azimuth and albedo.  
In the diagram the highest YF values are for high albedo and for 0° azimuth(south).  

The YF values are higher for East(-) than West (+). 
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Figure 42 – YF diagram for pitch and tilt.  
In the diagram the highest YF values are for long pitch and for tilts between 30°-50° with maximum for 50°. 

 

Figure 43 – YF diagram for number of rows and tilt.  
In the diagram the highest YF values are for small number of rows and for tilts between 20°-50° with maximum for 50°. 

The YF value is the same for all numbers of rows for tilt 0°. 

 

Figure 44 – YF diagram for elevation and tilt.  
In the diagram the highest YF values are for high elevation and for tilts between 30°-40° with maximum for 30°. 

The YF value is the same for all elevations for tilt 90°. 
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Figure 45 – YF diagram for albedo and tilt.  
In the diagram the highest YF values are for high albedo and for tilts between 30°-50° with maximum for 50°. 

 

Figure 46 – YF diagram for pitch and number of rows. 
In the diagram the highest YF values are for long pitch and small number of rows.  

 

Figure 47 – YF diagram for pitch and elevation. 
In the diagram the highest YF values are for long pitch and high elevation.  

The elevation has small impact on the YF values for short pitch. 
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Figure 48 – YF diagram for pitch and albedo. 
In the diagram the highest YF values are for long pitch and high albedo. 

 

Figure 49 – YF diagram for elevation and number of rows. 
In the diagram the highest YF values are for high elevations and small number of rows. 

The elevation have small impact on the number of rows. 

 

Figure 50 – YF diagram for number of rows and albedo. 
In the diagram the highest YF values are for small number of rows and high albedo. 
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Figure 51 – YF diagram for elevation and albedo. 
In the diagram the highest YF values are for high elevation and high albedo.  

Elevation has little to no impact on low albedo. 

The azimuth parameter was analyzed with Figure 37 to Figure 41. Maximum YF is given by 0° 

(South) for all parameters except tilt for which the south azimuth maximum only applied for 

a tilted system with tilts between 10° to 60°, see Figure 37. The YFs are slightly higher 

towards east (-) than west (+) for all parameters. 

Tilt was analyzed with Figure 37 and Figure 42 to Figure 45. The diagrams show that the 

optimal tilt is greatly affected by the other parameters and can have the optimum in the 

entire interval. Since the parameter is greatly affected by the other parameters it can’t be 

optimized using a general optimization criterion. 

Pitch was analyzed with Figure 38, Figure 42, Figure 46, Figure 47 and Figure 48. The optimal 

YF was given by the longest pitch regardless of the other parameter in the diagrams. The 

optimization condition for the pitch parameter is to maximize. 

The number of rows was analyzed with Figure 39, Figure 43, Figure 46, Figure 49 and Figure 

50. The optimal YF was given by a single row regardless of the other parameters. The 

optimization condition for the number of rows parameter is to minimize the number of 

rows.  

Elevation was analyzed with Figure 40, Figure 44, Figure 47, Figure 49 and Figure 51. The 

optimal YF was given for high elevations regardless of the other parameters. The elevation 

had small impact on the other parameters. The optimization condition for the elevation 

parameter is to maximize.  

Albedo was analyzed with Figure 41, Figure 45, Figure 48, Figure 50 and Figure 51. The 

optimal YF was given by high albedo regardless of the other parameters. The optimization 

condition for albedo is to maximize.  

Further analyzing the azimuth’s effect on tilt leads to three optimum tilts for different 

azimuths. For south oriented systems a tilted system is optimal, for an east or west oriented 

system a vertical system is optimal while for a north oriented system a horizontal system is 

optimal. Another aspect to consider is the number of rows, for a single row system a vertical 

tilt is optimal for the north oriented system, while the optimal tilt remains the same for the 

south or east/west systems regardless of single or multiple row configuration. 
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A multidimensional optimization condition was found for all parameters except for the 

azimuth and tilt: 

 Pitch – Maximize 

 Number of rows – Minimize 

 Elevation – Maximize 

 Albedo – Maximize 
 

Using the optimization conditions above, the optimum tilt for an installation is 60°. This 

installation would be a single row south oriented system with 2m elevation and would be 

mounted on a surface large enough to allow a 10 m pitch with 90% albedo. This installation 

configuration is on the limits of the parameter definitions in the YF model. In reality there 

are few locations with such prerequisites. 

6.5.1 Optimal tilt for installations: 

Using the YF model the optimal tilt and increased production was derived for the case 

installations. 

Table 14 – Optimal tilt for the studied cases according to the YF model. The optimal tilt was calculated using the ground 
surface albedo approach for the tilted installations and the average monthly albedo for the vertical simulations. 

 
Halmstad Linköping Luleå Bokgården 

Kastanj-
gården 

Current tilt [°] 36 90 90 30 30 

Optimal tilt [°] 40 90 60 40 40 

Increased 
production 

+0,5% - +14,2% +0,4% +0,2% 
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7 Discussion 
In this section the results from the measured data compared with the simulation output will 

is discussed, along with the error source, the YF model and YF diagrams. All the questions in 

the problem formulation will be answered. 

7.1 Analysis of detailed simulations 
The deviation between the simulated values and the measured values were calculated in 

April for the installations in Gothenburg and yearly for the installations in Linköping, Luleå 

and Halmstad. 

7.1.1 Evaluation of meteodata 

It has been clear that the meteodata has a great impact on the result of the simulated data, 

especially on an hourly and daily basis. If you do not have your measuring equipment to 

measure the insolation at a specific location, you must choose a meteodata source and be 

aware of the error of it. By using premeasured insolation data from Halmstad, it was possible 

to validate the average year-data from Meteonorm and the specific year-data from STRÅNG. 

The collected global irradiance from the website for STRÅNG were different depending on if 

the values were on an hourly or monthly basis. If collecting the hourly values, they turned 

out to be almost 20% higher than if the monthly values were collected. With hourly 

meteodata from STRÅNG, the error in Halmstad was 20% but dropped to 1,1% with the 

Meteonorm values. Due to the lower deviation with Meteonorm, Meteonorm’s meteodata 

were used throughout the project. According to PVsyst’s website, Meteonorm gives monthly 

values which are lower than average which could explain the negative deviation for many of 

the comparisons [3].  

Due to the average year of the Meteonorm-data, it is difficult to compare simulated and 

measured data on an hourly and daily basis. It is possible on a clear day, which are proven at 

the 20th of April in Figure 22. For days that is not a clear day, with a lot of diffuse light, 

STRÅNG could be a better option due to that the characteristic of the curve follows the 

measured data for most of the days. But according to SMHI, the global irradiance data from 

STRÅNG has an hourly error of 30% and a daily error of 16% which makes it hard to depend 

on the simulations on an hourly and daily basis [32]. 

7.1.2 Different configurations in Gothenburg  

Lindgården have the highest error of all the installations. The big difference between 

Bokgården and Lindgården are the optimizer and none of them are shaded by other objects. 

For the measured result in April, Bokgården has constantly higher output than Lindgården, 

but for the simulated results, both installations have almost the same output. The conclusion 

from the measured data is that an optimizer is not optimal if there is no shading on the 

panels, instead, it leads to higher losses due to an extra component and therefore extra 

losses in the system. For the simulations, the program overestimates the efficiency of the 

optimizer, with only a 0,5% loss. When simulating the two installations for a whole year, 

Lindgården has a higher specific yield that Bokgården during the darker month (November to 

February). The reason is probably that more self-shading occur when the solar path is lower, 

which is to advantage for the optimizer at Lindgården. 
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7.1.3 Yearly and monthly error 

The simulations in Linköping, Halmstad and Luleå had yearly errors of only -5,4%, -5,2% and -

3,0%. For these installations, it was possible to look at the monthly errors, which mostly was 

way higher than the yearly error. Most of the high monthly errors were on the darker 

months when the insolation is low, see Figure 26. With low insolation, small changes give a 

high error which could be misleading. On the other hand, the colder and darker months 

usually have snow, and with snow, it is harder to predict the albedo, which could also be a 

factor that explains the high error.  

By looking at Figure 26, it is possible to see that Halmstad has the lowest error for most of 

the months, compared to Linköping and Luleå. Halmstad is the only one of them that has a 

tilt of 36°. Linköping and Luleå are both vertical installations. PVsyst are not accurate for 

installations with more than 60° tilt. Therefore, two vertical monofacial modules has been 

simulated, to represent the bifacial module. This could be the reason for the high monthly 

errors for the installations in Linköping and Luleå. 

7.1.4 Diffuse component in PVsyst 

In an ideal case, the insolation error for Meteonorm compared to the measured insolation at 

Halmstad should have about the same error as the power output error for Halmstad. From 

April to September, the errors have around the same value, but for the rest of the months, 

they differ more. For the simulations in Halmstad, the albedo is almost the same during the 

whole year. The difference of the error values is probably caused by the way PVsyst assumes 

a value for the fraction of the diffused light. PVsyst uses Erb’s model, and by looking at 

Figure 14, it is clear that it is hard to predict the fraction during cloudy days. From April to 

September, it is a high amount of direct light due to many sunny days, and therefore smaller 

fraction of diffuse light. When calculating the amount of irradiance that hits the back side of 

the bifacial module, PVsyst use a direct- and diffuse component for each ground point. The 

diffuse component is having a big impact on the amount of light that hits the back side due 

to that the diffuse light assumes to come from all directions that can be “seen” by the 

ground point. From the error diagram for the simulated results Figure 26, simulated values in 

Halmstad have a negative error in the darker months, but a positive error in the insolation 

comparison. This reason could be that Erb’s model underestimate the impact of the diffuse 

light during these times.  

PVsyst makes the simplification that the diffuse light and the reflected light are isotropic, i.e. 

it has the same intensity independent on where the radiance comes from in the sky. The 

reflected light is an important factor to predict the bifacial gain and the simplification makes 

the result less accurate. The diffuse light is only just an assumed factor of the global 

radiance. 
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7.1.5 Albedo and other losses  

For bifacial modules, the albedo has a significant impact on the output. The albedo is easier 

to predict at locations with no snow, but as soon as there is a chance of snow, it is extremely 

hard to predict the albedo. The roofing felt under the modules could also be bleached of the 

sun, which could increase the albedo value. The soiling loss is another important and hard 

parameter to predict in a snowy climate. A further investigation of the soiling loss turned out 

to be too complicated for the scope of this project. According to previous work, a tilt of less 

than 30 can increase the yearly soiling loss from 2% to 6%. All the installations in this 

project had a tilt of more than 30.  

From a visit at the installations in Gothenburg during a day with snow, some possible 

sources of albedo and soiling loss were observed. The panels were either 0,5 m or 0,9 m of 

the ground. With a lot of snow, the snow eventually builds up in front of the panel and 

eventually blocks the lowest row of cells on the panel, especially for the 0.5 m elevated 

panels. Another observation was that there was no snow underneath the panel. This area is 

the area that defines the ground albedo for the bifacial modules, and if the tilt of the module 

prevents the snow to get under the module, the predicted higher albedo from the snow are 

incorrect. Even in winter, with less birds in the sky compared to the rest of the year, there 

were a few panels with bird droppings on them which could affect the output. 

Another thing that is hard to predict is all the other losses, such as temperature loss, 

irradiance loss, wiring loss etc. These losses are good to be aware of but has not been 

measured or valuated in this project due to that the focus has been on the configuration of 

the modules. Therefore, PVsyst’s default value for these losses has been used.  

7.2 Monthly yield factor 
By comparing the monthly YF for the different installations it is possible to compare the 

configurations independently on the insolation on the site. The result from that, see Figure 

32, shows that the installation in Luleå has much higher specific yield than the other 

installations during the snowy months. The biggest reason for that is probably the high 

albedo from the snow during winter and due to that PV modules are more efficient in colder 

climates. It could also be due to the way PVsyst uses the project albedo in the calculations. 

For the vertical simulations, only the project albedo is present, and the project albedo is an 

average albedo of the area in front of and far away from the panels instead of only close to 

the panel as for ground albedo. This could be the reason for the much higher specific yield in 

Luleå compared to the other sites. According to Sun et al. [8], from previous studies, the 

vertical bifacial installations could be optimal in snowy climates, due to no snow covering. 

But in a less snowy climate, with low insolation (high diffuse light, low direct light), the tilted 

modules are preferable due to less irradiance at noon for the vertical modules. This could be 

seen for the monthly YF for vertical installation in Linköping by comparing it with the tilted 

installation in Halmstad. Halmstad has a long pitch and Linköping only one row. Halmstad 

has, in this comparison, with the tilted modules, the highest efficiency throughout the year, 

which is in line with Sun et al [8].  
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During summer, all the installations has almost the same monthly YF. The reason for this 

could be that modules has a limit of how much insolation they can handle which keep them 

all at the same monthly YF during summer. Another reason could be that the solar path is 

much higher and closer to zenith which makes the pitch, due to less self-shadowing, less 

important. At summer, the performance is at the lowest, compared to the rest of the year. 

The reason for that could be that the high amount of solar insolation increases the 

temperature of the cell. This could happen when the photons have higher energy than the 

band gap and therefore creates heat in the cell.  

By looking at Figure 33, it is possible to see the monthly YF for the other configurations more 

closely. Halmstad has a higher monthly YF than the others apart from summer. The reason 

for that could be that Halmstad has a pitch of 8 meter, and therefore no self-shadowing. The 

same can be said for the higher monthly YF of Kastanjgården, compared to Lindgården and 

Bokgården. 

7.3 Installation configuration parameter’s behaviors in PVsyst 
By looking at the behaviors when increasing only one parameter in PVsyst, the elevation, 

pitch or number of rows, it was possible to see at what value of the changing parameter the 

specific yield started to stay the same. For the pitch, it happened at 10 meters and for the 

elevation at 2 meters. For the elevation, the specific yield stays the same as it is for 2 meter, 

even if the elevation increases to 10 meters or more. This illustrates the simplification that 

PVsyst does by assuming that the reflected light is isotropic. According to Yusufoglu et al. [9], 

a high elevation is good to prevent self-shadowing, but for locations with smaller amount of 

direct light, like Oslo, the gain for 0.5 m and 2 m elevation are the same, which is not in line 

with the calculations in PVsyst isotropic model.  

When calculating the number of rows using the “unlimited sheds” option in PVsyst, only the 

first row “sees” the albedo. The rest of the rows, the shading factor n-1/n, is used for the 

albedo component. This describes the behavior of the curve for the number of rows. 

7.4 Construction and evaluation of the yield factor model 
The YF model is based on linear interpretation of complex behaviors and the assumption 

that the behavior could be described with the same interpolation points regardless of the 

other parameters. This assumption leads to different errors for different intervals of the 

parameter definition. To fully assess the error limits for the YF model, more comparisons 

between different installations configurations must be performed.  

  



Discussion 

62 

7.4.1 Limitations when constructing the yield factor model 

The YF model contains six parameters. In the beginning the idea was to include two more 

parameters: the collector width and location. The collector width is determined by the 

formation of the panels in the racking structure, such as landscapes or portraits. The 

mounting structure can also allow modules to be mounted on top of each other and thereby 

also increasing the collector width. This parameter was not included in the YF model because 

a fixed value would reduce the complexity of the model and still include all of the existing 

mounting formations used by PPAM today. For the tilted simulations the collector width was 

assigned as the formation of a single portrait which has the same collector width as two 

landscapes on top of each other. For the vertical simulations the collector width was 

assigned the value of a single mounted landscape. These assumptions are valid for the 

studied cases because they follow the current mounting structures applied by PPAM. But 

when the parameters behaviors were analyzed the vertical configurations might have been 

underestimated compared to the tilted configurations. The other aspect that has been 

neglected is that the different modules have different dimensions which have unknown 

effects on the system. 

Instead of the location being a parameter in the YF model, the impact from the location was 

represented by a formula. The formula was derived from simulations of one specific 

installation configuration and the formula includes a fixed value based on that system which 

might cause unknown discrepancies for other installation configurations. 

7.4.2 Validation of the yield factor model 

The YF model was validated using simplified versions of the case installations. One of the 

simplifications of the case installations that could cause high errors is the value for yearly 

albedo. With that in mind two approaches to determine yearly error was conducted. First 

approach was to neglect the seasonal effect of albedo and the other was to calculate a 

yearly average from the monthly albedo. The high error in Luleå with the yearly albedo as 

surface albedo is explained by the highest monthly yield during the spring months, see 

Figure 23. During the spring months there is snow in Luleå causing an increase in albedo and 

therefore the yearly average of monthly albedo should be used instead. For Gothenburg the 

use of yearly average of monthly albedo caused an increased error and this could be 

explained by the highest yield being in the summer months when the albedo is the lowest. 

This shows the importance and difficulty to set accurate yearly albedo. Another aspect to 

consider concerning the yearly albedo is that when the albedo parameter’s behavior was 

studied, it showed a linear dependency and was implemented using only two values in the 

YF model. It means that the deviation in inserted yearly albedo value is directly affecting the 

total deviation of the model. 
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The overall evaluation of the model took all cases into account but if the Gothenburg cases 

which only had one measured month are neglected from the overall evaluation, the error of 

the model would decrease. The yearly albedo would then be best defined by the average of 

monthly albedos looking at all configuration types. The error of the YF model would then be 

-6,0% to -1,8% instead of -6,0% to +14,7% (calculated with average monthly albedo). This 

approach would still be representative for the error since we cannot know if April is a 

representative month for the whole year. 

7.4.3 Other uses of the yield factor model 

Besides evaluating different parameters, the YF model was designed to be used as a tool to 

determine the yield for future bifacial installations. The model allows each of the parameters 

to be optimized depending on the available free parameters of the installation. Thereafter 

the model provides a yearly yield value for the potential installation. The YF model proved to 

have an error of -6,2% to +10,8% for tilted installations and -2,4% to -1,8% for vertical 

installations. Whereas the error is greatly depending on yearly albedo. Before the YF model 

can be used for commercial application a better approach to determine the yearly albedo 

must be derived, and the YF model should be validated for more configurations. 

7.5 Behaviors of the parameters in the yield factor diagrams 
The tilt is by far the most difficult parameter to generalize an optimal value for. Therefore it 

is a suitable parameter for optimizing installations since the optimum only can be 

determined when all the other parameters are set. Azimuth is the other parameter that is 

harder to define as it is affected by the tilt parameter.  

The results show that longer pitch, higher elevation and fewer rows always would increase 

the specific yield. This is not the case for actual installations instead a saturation level would 

be achieved. When using the YF model the upper saturation level is already set since the YF 

model have defined a specific interval for each of the parameters. There could be other 

saturation levels within the defined interval for a parameter. But no general pattern for a 

saturation level within the interval was identified when analyzing the diagrams.  

The PVsyst software defines the reflective ground area depending on number of rows and 

pitch for the tilted systems. This is visible in the YF diagram when tilted single row systems 

are used. The yield is increasing with the pitch for the entire interval without regard to the 

elevation. It is not logical that a 60° tilt system, elevated 0m above the ground have a higher 

yield for a 10m pitch than a 9m pitch, the saturation level would have been achieved sooner. 

The pitch parameter can be defined by the available roof space for a single row system, for 

which the pitch would be the distance behind the module to the roof edge.  
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7.5.1 Analyzing the choice of optimization parameter 

Considering the different parameters for bifacial installations then the azimuth of the panel 

is usually the same as the azimuth of the building because of esthetical point of view and 

because diagonally installed rows would take up more roof space. The albedo is defined by 

the roof material. The pitch and the number of rows parameter are defined by the roof size 

and peak power production. The peak power production is based on type of modules and 

number of modules which usually is a question of costs and this project have delimited itself 

regarding economic aspects. The pitch in installations is usually longer than 3m to reduce 

self shading impacts, this is also visible in the YF diagrams. By studying the YF change for 

pitch and different number of rows, Figure 46, the results are that for pitch longer than 3m, 

a 1m change in pitch would account for a +1% increased production. The biggest increase 

that is possible when changing number of rows and for pitch longer than 3m is +21% 

(Change from 15 rows with 3m pitch to 1 row with 10m pitch). As this change is less than 

100%, the overall production would always increase by having more modules. The remaining 

two parameters tilt and elevation are optimizable. 

When optimizing the tilt of the modules, the wind and construction frame is not taken into 

account. A higher tilt would lead to higher wind impact which would require a stronger 

frame construction. The same goes for the elevation, when the elevation is increased the 

construction gets more unstable and more vulnerable for outside effects.  

When considering these two optimizable parameters in Figure 44 the biggest production 

change is for changing tilts. The tilt is therefore a suitable parameter for optimizing different 

configurations. Optimizing the tilt for the tilted installations gave an production increase of 

max 0,5%. This increase is barely noticeable. The results from this is that a 10° tilt change for 

an already tilted configuration only have a small impact on the production. The increase for 

the vertical to tilted configuration is far larger. A change to a south oriented tilted 

configuration from a south oriented vertical orientation has a large impact on the 

production, as could be seen for Luleå where the optimal tilt would amount to an 14,2% 

production increase. 

7.6 Reliability of the results 
The main obstacle during the course of this project have been the slim opportunity to 

validate our results. There has only been one output parameter and a large number of 

different input parameters due to very different configurations. There is no absolute 

certainty that the correlations we have found is entirely accurate, since we can not test them 

further. The problem posed from this is that two or more wrongfully defined parameters can 

cancel out each other which would lead to the appearance of a representative model but 

could also be a lucky coincidence. The problem with unreliable validation due to many input 

parameters is not specific for this project but rather a general problem for complex 

simulation models. Even though the results of this project have high uncertainty the authors 

believes that the overall error between the simulated and measured values are low 

considering the complexity of a solar installation. On a system level, which has been the 

studied level in this project, and on a monthly and yearly basis, the reliability of the method 

and simulated results in PVsyst are considered high.  
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7.6.1 Meteodata comparison 

For the meteodata comparison, the measured values from Halmstad were measured in the 

collector plane. To convert the global horizontal irradiance values from the meteodata, the 

the values were put into PVsyst which uses the Perez model for the calculation. With this 

extra step of the comparison of meteodata compared to measured irradiance, it is hard to 

know what it is that affects the error, the Perez model or the meteodata source. In both 

measured values and simulated values for the irradiance on the collector plane, the albedo 

has an impact on the result due to reflectance from the ground to the collector plane. This 

could make the collector plane irradiance more unreliable than the global horizontal 

irradiance.  The purpose for the comparison was to weigh the two meteodata sources 

against each other, rather than looking at the exact error from the measured data which 

makes the comparison relevant. 

7.6.2 Measurement data  

At the start of the project, the plan was to get measured data from six different installations 

in Gothenburg during April. In the end, it was only possible to get the measured data from 

three installations which reduced the possibility to analyze many different configurations 

with the same meteodata. With a lot of parameters that can affect the result and affect each 

other, there has to be more measurements on different configurations to be able to know, 

with more certainty, if the simulation program is reliable and what configuration that is best.  

For the installations in Gothenburg, the measurements could only be done for April and the 

error represents the error for the whole year for those simulations. Luleå, for example, has 

an error of 20,4% in April. The explanation for that could be that the assumed albedo for 

April in Luleå is 80%, which could be wrong, and there is usually high irradiance during April. 

With much snow and much irradiance, the error has turned out to be higher. In Gothenburg, 

there are normally no snow in April, and there was almost no snow during the measured 

days which could be the reason for the low error. This means that it is not possible to know if 

April is a good representative month for the error of the whole year for the installations in 

Gothenburg.  

There is always a measuring tool error which could have an impact on the result. The output 

for each installation is based on values measured for each quarter of an hour. To get the 

hourly value, the average value of the quarter values was used. Even if the values are 

measured every quarter, the moment when it is measured could still be a too high or too 

low value to be a good representation for the quarter. This could lead to unreliable 

measured results.  

There could be an error of the temperature data from SMHI that has been used due to that 

the roof elevation probably are higher than the measuring point which could give another 

temperature. 
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Another parameter that affects the result is the actual maximum working power (kWp) of a 

module. The datasheet gives a value under test conditions which is usually higher than the 

actual value. From provided flashed values for the bifacial modules used in this project, the 

flashed kWp-values were around 7% lower than from the data sheet. This could have a great 

impact on the simulated result. The flashed values were the ones used in these simulations, 

but could still differ from the actual value for a specific panel. 
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8 Conclusions 
In this section the conclusions are presented. The conclusion will answer each of the four 

research questions in a summarized manner. The section is concluded with some pointers for 

future studies. 

How accurate is simulated output compared to measured data when simulating different 

configurations of bifacial solar installations in Sweden using the software PVsyst?  

The deviation between simulations and measurements on a yearly basis is in the range -5,4% 

to +3,9% for the installations without the optimizers. The accuracy is greatly dependent on 

available meteodata, albedo measurements and losses. With the used meteodata the 

accuracy of the software is high on yearly level and high on the summer period which has 

most production, autumn and spring months have lower accuracy and winters are the worst. 

When using the meteodata from Meteonorm the accuracy of the yearly installation is still 

high for the software considering that the meteodata are average values from previous 

years.  

What kind of limitations exists for simulations of bifacial solar installations?  

The meteodata sets the base for all the calculations, which makes it important for the final 

output. To measure the irradiance on a specific location, which usually not are the same 

place as for the measurements, the irradiance is calculated through interpolation models, or 

average year models. STRÅNG is the Swedish version of an irradiance data source which 

hypothetically would be the best option for installations in Sweden, but when evaluated the 

model was far less accurate than the interpolation model used by the global data source 

Meteonorm. 

It is difficult to determine the albedo especially because it is dependent on weather, like rain 

or snow, and it could only be determined per month in PVsyst. With a lot of irregular 

snowfall and melting, it is hard to know when the snow has a high effect on the albedo and 

for how long. For bifacial PV modules, the albedo is the most important factor to calculate 

the irradiance on the back side. With the isotropic simplification of the reflected light, this 

could give a misleading result for the bifacial gain, especially from reflection that comes from 

ground points further away from the module. In this project, it was clear when comparing 

different elevation heights. 

The soiling loss are hard to predict during snowy periods due to the difficulties to know 

when the snow stays on the panels and when it falls off. But bifacial modules often have a 

tilt of at least 30° which usually makes it easy for the snow to slide off.  
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How do different system parameters affect the output in a bifacial solar installation? 

According to the simulations, the highest specific yield is possible to get with high elevations, 

long pitch, small number of rows and high albedo. The tilt parameter is affected by all the 

other parameters and there is no exact value for optimum tilt, for south oriented systems 

tilts between 30-60° provides the highest specific yield. The elevation, pitch and number of 

rows have saturations at 2m elevation, 13 rows and 10m pitch.  

What is the optimal system configuration for a bifacial solar installation in Sweden? 

The optimal bifacial system configuration is a 2m elevated, 60° tilted, south oriented single 

row system with 8m pitch and 90% albedo. But since most of the system configuration is 

determined by the site prerequisites, bifacial systems can best be optimized using the tilt 

parameter. A change in tilt from 30° to 40° can increase the specific yield with 0,2-0,4% and 

a change from vertical to 60° tilted can increase the specific yield with 14,2%. 

8.1 Future studies 
There are not enough studies of bifacial modules for countries with snowy climate, and more 

research has to be done. With more research it is possible to set a standardized way to easily 

calculate the bifacial factor for a module, even in snowy climate. 

The PVsyst software are constantly being upgraded by the software company and during the 

time of this thesis there has been several upgrades with better calculation models. This 

means that it probably is an ongoing project for the bifacial mode, in parallel with new 

research. 

More comparisons on different configurations needs to be performed, to easier be able to 

see what parameter that affect each other in reality. By doing this, it is possible to see how 

well the program includes that parameters in the simulation.  

The vertical installation is still not possible to simulate in the bifacial mode and therefore, 

more studies needs to be done on that configuration even though the method used for 

those calculations in this project was quite accurate on a yearly basis.  

The impact of the elevation needs to be measured for different heights to be able to see 

where the irradiance from the reflection on the ground starts to decrease. This helps to be 

able to see what impact the simplification of the reflected light has for the simulation 

output.  

By comparing measured monofacial modules with measured bifacial modules and compare 

them with corresponding simulations it is easier to see the effect of the ground albedo on 

the backside of the bifacial module in the simulations. 
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Appendix A – The PVsyst simulation method 
This appendix briefly explains how the simulations in PVsyst are conducted. 

PVsyst defines simulation models as different projects and the projects are developed in 

iteration steps [44]. Each step further constrains and increases the detail of the model.  

The first step is to choose the geographical location and meteorological data, this makes the 

base for the project and can not be changed in a later stage without creating a new project 

[44]. The second step is to define the site-specific system parameters, monthly average 

albedo and extreme temperatures.  

The third step is to define a basic system variant, it consists of two parts: a basic 2D model of 

the system and the grid system definition [44]. The basic 2D model is defined by the 

orientation parameters. In the grid system definition, the number of arrays is defined as well 

as the number of modules and inverters. Here also the type of module and inverter is chosen 

from an existing library or added. The last part in this grid definition is define the string 

connections and MPP connection for the inverters. After this step is completed the first 

simulation is made. These three steps are the same for all kinds of simulations. 

The 3D monofacial simulation method 

The first iteration results in a rough approximation of the system. This system is defined by a 

simple 2D model [44]. The system is refined by adding a far and near shading scene. Far 

shading is defined by adding connection points that forms the horizon line and accounts for 

ground elevations and mountains. The near shading scene is defined in a 3D model, in which 

modules and objects are added. Objects cast shadows and it is the objects that can shade 

the modules that are added to the scene. Objects could be nearby houses or trees. The far 

and near shading scene concludes the second iteration. 

In the third iteration, the modules in the 3D scene are refined by defining the by-pass diodes 

partitions in the modules and the string layout [44]. Furthermore, in this iteration also the 

detailed losses are defined for the system. The detailed losses are in the previous iterations 

defaulted by the software. 

The third iteration completes the 3D monofacial simulation and the results are given for 

different parameters as hourly values for a reference year [44]. These values are also 

summarized to form a yearly total and presented in a loss tree, see Figure A - 1. 
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Figure A - 1: Example of a loss tree for a 3D monofacial simulation. 

The 2D bifacial simulation method 

As previously mentioned the first iteration step is the same for all simulations but here the 

first iteration is not an approximation for the system because it lacks the backside 

contribution. For the bifacial system no 3D scene is defined in the next iteration, instead 

another 2D model is defined for the system [27]. This 2D model is similar to the 2D model 

defined in the first iteration, the differences are that its limited to unlimited sheds systems. 

For the shed system ground albedo, module transparency and elevation are defined. This 

ground albedo refers to the albedo for the surface beneath the module and can be different 

from the system albedo. That concludes the second iteration and gives the first 

approximation of the system. 

The next iteration refines the system with the detailed losses parameters and that 

completes the 2D bifacial simulation [27]. The results from the simulation is given in the 

same way as for the 3D monofacial simulation but with more parameters. Example of a loss 

tree for bifacial simulations is presented in Figure A - 2. 
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Figure A - 2: Example of a loss tree for a bifacial simulation. 
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Appendix B – Constructing the yield factor model 
Yield diagram parameters 

To be able to determine what parameters that will be varying in the batch simulations, and 

between which values these should vary, rough calculations were performed and are 

presented in Appendix E.  

One of the reasons for the comparison is to see if the simulations in PVsyst considers the 

different parameters and to what degree. Another reason is to see if any parameter has a 

linear correlation. For the parameters with no linear correlation, correlations will be created 

between suitable values to be able to get accurate interpolation values for the rest of the 

values of the changing parameter. There is only one parameter that is changing for each 

comparison, and the rest are chosen standard value presented in Table B - 1. For each 

diagram, the parameter values that will be used in the batch simulations are pointed out and 

the values between will be interpolated. 

To define what parameters that should be used simple simulations has been made, with only 

2D shading. The space between each row, the pitch, is the main parameter that affects the 

space that the array occupies. Therefore, it is necessary to be able to decide the critical and 

optimal pitch for the installation. It is only possible to change the elevation of a module 

when using the bifacial modules in PVsyst (not monofacial modules). Different elevation has 

been simulated of a bifacial module to see the change in specific yield. There has been no 

consideration of the increased instability due to an increased elevation, something that is 

important to consider for actual installations. The change in specific yield when the number 

of rows increases has also been studied.  

There are several ways to change number of rows, or sheds, in PVsyst. The method for this 

comparison is due to the limitation to a 2D system. It is done by changing the number of 

sheds under the orientation input parameter in PVsyst. When the number of sheds is 

changed in this way, the number of modules in the arrays stays the same. It is even possible 

to set the number of shed to more than the number of modules in the system, without a 

warning from the software. This means that the software uses a general model to calculate 

the impact of the number of sheds and it is not synchronized with the number of modules. 

The tilt of the modules has a high impact of how much of the irradiance that hits the 

module. PVsyst only gives a reliable result from pitch 0° to 60° when using the bifacial mode 

[27]. This problem will be solved by using another way to simulate the vertical modules (90° 

tilt). The specific yield for tilt between 60° and 90° will be set by linear interpolation. 

The limitations for the total amount of simulations in the batch mode is the simulation time. 

Each simulation in the batch mode takes approximately 4 seconds. The number of 

simulations can be decreased with identified patterns for the specific parameters removing 

them from the batches and are represented by interpolation formulas instead. 
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Table B - 1 shows the relevant parameters that has been used for the selection of the 

parameters that should be used in the yield diagram. The PV modules used is Transparium 

370 W and the inverter is the Sunny Boy 4000 TL. The location for the simulations are 

Linköping, with coordinates 58.40,15.60. The losses for these simulations are the same as 

the detailed simulations and are presented in Table 8.  

Table B - 1: Fixed values for the parameter simulations. The boxes with a line is the varying value for that simulation 

Varying 
parameter 

Nb of 
modules 

Nb of 
rows 

Modules 
per row 

Tilt Azimuth Pitch Elevation Ground 
albedo 

System 
albedo 

Pitch  

15 3 
 

5 
 

40 0 - 0 

50 
 

30 
 

Elevation  40 0 6 - 

Tilt  - 0 6 0 

Azimuth  40 -  6 0 

Nb of rows  24 - - 40 0 6 0 

 

Results from the one parameter simulations are presented in Table B - 2 and Table B - 3, for 

further information about the linear approximation of each parameter behavior see 

Appendix E. 

Table B - 2: The table shows the chosen parameters and their values for the YF diagram for the tilt from 0° to 60° 

Name Varying values  Number of varying values  

Tilt angle  0 10 20 30 40 50 60   7 

Azimuth angle  -180° to 180° with 20°-step range 19 

Pitch  1, 2.5, 4.5, 10 4 

Elevation  0, 0.4, 1.2, 2.5 4 

Nb. Rows 1, 2, 5, 18 4 

Albedo % 1, 90 2 

Total amount of 
simulations 

 
7 ∗ 19 ∗ 4 ∗ 4 ∗ 4 ∗ 2 = 17024 

Total time for 
simulation 

 17024 ∗ 4 𝑠

3600 
= 18,92 ℎ 

 

Table B - 3: Chosen parameters and their values for the YF diagram for tilt 90° 

Name Varying values  Number of varying values 

Tilt angle  90 1 

Azimuth angle  -180° to 180° with 20°-step range 19 

Pitch  1, 2.5, 4.5, 10 4 

Nb. Rows 1, 2, 5, 18 4 

Albedo % 1, 90 2 

Total amount of 
simulations 

 
1 ∗ 19 ∗ 4 ∗ 4 ∗ 2 = 608 

Total time for 
simulation  

 608 ∗ 4 𝑠

3600
= 0,68 ℎ 
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Choosing meteo data for the yield factor diagram 

The YF model has been simplified to only calculate the parameters on one location. The 

simplification was made in order to decrease the number of varying parameters. The 

location parameter is suitable for simplification since the location is always set for each 

installation and cannot be optimized. Furthermore, to be able to evaluate the YF model, 

specific locations are used for comparisons which means even if the parameter cannot be 

optimized the location impact must be evaluated. 

The parameter location is defined by its coordinates and meteo-data. Evaluation is made on 

simulation of eleven different locations all over Sweden. The locations chosen are shown in 

Figure B - 1. Simulations are done on a system with three rows and a pitch of 3 meters. 

Information about the locations and the results of the simulations are presented in Table B - 

4. 

 

Figure B - 1: Eleven simulated locations for parametric studies and chosen location for yield model - Linköping(grey). 
Source: Map data ©2018 GeoBasis-DE/BKG(©2009), Google. 
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Table B - 4: Location specific yield analyzed on GHI, Global horizontal irradiance and Lat., Latitude 

Nb. Location Lat. Long. 

Global 
Horizontal 
Irradiance 
[kWh/m² 

/yr] 

Specific 
Yield 

[kWh/ 
kWp/yr] 

Specific 
Yield calc. 

with YF 
[kWh/ 

kWp/yr] 

Specific 
Yield calc. 
with YF & 
lat. corr. 
[kWh/ 

kWp/yr] 

1 Kiruna 67.85 20.23 795,8 767,3 721,2 769,1 

2 Skellefteå 64.75 20.95 895,7 850,9 811,8 848,0 

3 Östersund 63.18 14.64 890,7 843,2 806,8 833,9 

4 Sundsvall 62.39 17.31 888,4 832,7 805,2 827,7 

5 Borlänge 60.49 15.43 931,4 866,1 844,1 856,5 

6 Stockholm 59.33 18.07 975,5 895,5 884,1 889,8 

7 Norrköping 58.58 16.15 989,0 905,9 896,3 897,4 

8 Linköping 58.41 15.51 960,0 870,1 870,1 870,1 

9 Gothenburg 57.71 11.97 959,4 869,5 869,5 865,2 

10 Växjö 56.88 14.81 942,3 845,7 854,0 843,6 

11 Malmö 55.60 13.00 1016,0 912,8 920,8 902,6 

 

The first step of the evaluation was conducted by comparing the specific yield for each site 

to the irradiance of the site. The comparison was made in a diagram, Table B - 2. The 

diagram shows that the specific yield has the same type of characteristics as the global 

horizontal irradiance. By using one of the locations as a reference location, the global 

horizontal irradiance was removed from the equation and was replaced with a YF, defined by 

formula [Eq1]. The specific yield for a location could now be defined by the reference 

location, formula [Eq2]. Linköping was used as the reference location and the specific yield 

for the other locations was calculated using [Eq2]. The results of the calculations forms the 

“Specific Yield calculated with YF” presented in Table B - 3. 
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Figure B - 2: Comparison between specific yield and global horizontal irradiance for different locations and sorted from north 
to south. The black point is the reference location for further calculations. 

 

𝑌𝐹 =
𝑌𝑟𝑒𝑓

𝐺𝐻𝐼𝑟𝑒𝑓
  [Eq1] 

𝑌𝑋𝐶𝑎𝑙𝑐.𝑌𝐹𝐺
= 𝑌𝐹 ∗ 𝐺𝐻𝐼𝑋 [Eq2] 

The inverted error between the YF calculated specific yield and the simulated specific yield is 

presented in Figure B - 3. The inverted error has almost a linear behavior and is decreasing 

from north to south leading to the assumption that latitudinal distance from the reference 

location is affecting the error. Introducing the Latitude factor, defined by [Eq3] and 

compared to error in Figure B - 3. 

𝐿𝑎𝑡𝑋

𝐿𝑎𝑡𝑟𝑒𝑓
= 𝐿𝑎𝑡𝑖𝑡𝑢𝑑𝑒 𝐹𝑎𝑐𝑡𝑜𝑟[Eq3] 
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Figure B - 3: Error in simulated and YF calculated specific yield for each site compared to the latitude factor. 

As shown in Figure B - 3, the latitude factor is of the same characteristic as the inverted 

error. Which meant that removing the latitude factor from the YF lead to a corrected YF 

calculation formula. Before removing the latitude factor, it had to be converted to the 

proper value dimension and it was done using a constant CLat = 0,411 which was derived by 

testing for the smallest maximum error. 

The specific yield for the locations were calculated using the latitude corrected YF formula 

[Eq4] and the results are presented in Table B - 4. The error between the simulated specific 

yield and calculated specific yields with and without correction are presented in Table B - 4. 

The error with the corrected YF formula is maximum -1,12% which is considered accurate 

enough for a simplification of the location parameter in the YF diagram. 

𝑌𝑋 = 𝑌𝐹 ∗ 𝐺𝐻𝐼𝑋 ∗ (1 + (
𝐿𝑎𝑡𝑋

𝐿𝑎𝑡𝑟𝑒𝑓
− 1) ∗ 𝐶𝐿𝑎𝑡) [Eq4] 

𝑌𝐹 − 𝑌𝑖𝑒𝑙𝑑 𝐹𝑎𝑐𝑡𝑜𝑟 
𝑌𝑟𝑒𝑓 − 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑦𝑖𝑒𝑙𝑑 𝑓𝑜𝑟 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 

𝐺𝐻𝐼𝑟𝑒𝑓 −  𝐺𝑙𝑜𝑏𝑎𝑙 𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝑓𝑜𝑟 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 

𝑌𝑋 − 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑦𝑖𝑒𝑙𝑑 𝑓𝑜𝑟 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑋 

𝐿𝑎𝑡𝑋 − 𝐿𝑎𝑡𝑖𝑡𝑢𝑑𝑒 𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒 𝑓𝑜𝑟 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑋 
𝐿𝑎𝑡𝑟𝑒𝑓 − 𝐿𝑎𝑡𝑖𝑡𝑢𝑑𝑒 𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒 𝑓𝑜𝑟 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 

𝐶𝐿𝑎𝑡 − 𝐿𝑎𝑡𝑖𝑡𝑢𝑑𝑒 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  
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Figure B - 4: Error between simulated and calculated specific yield for two YF calculations 
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Appendix C – Detailed description of the case installations 
This appendix includes a detailed description of the measured installations with all the 

necessary modelling parameters for the case installations in: Gothenburg, Halmstad, 

Linköping and Luleå.  

 

Figure C - 1: Overview over the installations in Gothenburg.  
The houses with the bold lines are the houses with the installations for this project. 

   

 

Figure C - 2: The two different house types for the installations in Gothenburg. 
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Lindgården 
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Bokgården 
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Kastanjgården 
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Halmstad 
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Linköping 

For the installations in Linköping, a different approach has been made due to the vertical 

mounting of the modules. The front and the back side has been simulated, without the 

bifacial mode in PVsyst. The total amount of modules are seven, but as seen in the global 

system summary, PVsyst counts the different sides as different modules. The nominal PV 

power are, for the real modules, 2,009 kWp.  
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Luleå 

The inverter in Luleå are connected to more than the measured modules. The inverter loss 

from the simulations will not be used. Instead, an inverter loss of 4% will be added after the 

simulation. Therefore, are defines strings not important. The global system summary is for 

both the back and the front side. The actual nominal power is 3,54 kWp.  
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Appendix D – Flashed values of bifacial panels 
Table D - 1 shows the input values for Transparium 370W, 360W and 300W. Those values 

are the measured values for the panels. Transparium 360W and 300W are used for vertical 

installations. With the method used for those installations, it was necessary to use flashed 

values from the back side too.   

Table D - 1: Flashed values for the bifacial panels 

 
Trans. 370W 

Trans. 360W 
Front 

Trans. 360W 
Back 

Trans. 300W 
Front 

Trans. 300W 
Back 

Nom. 
Power 

339 W 335 W 306 W 287 W 261 W 

Technology HIT HIT HIT HIT HIT 

ISC 9.000 A 9.360 A 8.687 A 9.550 A 8.870 A 

IMPP 8.300 A 8.200 A 7.266 A 8.430 A 7.470 A 

Temp. 
coefficient  

2.8 mA/C 2.8 mA/C 2.8 mA/C 2.8 mA/C 2.8 mA/C 

VOC 51.50 V 51.2 V 51.20 V 42.84 V 42.84 V 

VMPP 40.90 V 40.94 V 42.05 V 34.00 V 34.90 V 

Size 
1959x990 

x6mm 
1959x990 

x6mm 
1959x990 

x6mm 
1663x990 

x6mm 
1663x990 

x6mm 

RShunt  300 164 164 99 99 

RSeries 0.297 0.5 0.5 0.480 0.480 
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Appendix E – Orientation parameter values  
Figure E - 1, Figure E - 2, Figure E - 3, Figure E - 4, Figure E - 5 and Figure E - 6 shows the 

parameters for the YF diagram. The points with the red dots and the linear line between are 

the values that will be used in the batch simulations in the YF diagram and the values 

between these will be interpolated values. 

 

Figure E - 1: The graph shows how the specific yield change when the pitch is changing. The pitch values of 1, 2.5, 4.5 and 10 
m will be used in the batch simulations 

 

Figure E - 2: The graph shows how the specific yield change when then elevation from the ground are changing. 0 m, 0.4 m, 
1.2 m and 2 meters is the values that will be used for the batch simulations. 
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Figure E - 3: The graph shows the change in specific yield with different number of rows. 1 row, 2 rows, 5 rows and 18 rows 
will be simulated in the batch simulations. 

 

Figure E - 4: The graph shows the change in specific yield per year when the albedo is changing. The simulations are done on 
3 rows with 5 modules in each row. The 90% albedo was chosen instead of the 95% albedo value because the 95% value 

could not be used in the multiple batch simulations. 
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Figure E - 5: The graph shows the change in specific yield when the tilt of the module varies between 0° to 90°. 

 

Figure E - 6: The graph shows the change in specific yield when the azimuth of the module changes from -180° to 180°. 
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