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ABSTRACT  

The current study deals with the performance analysis of photovoltaic systems installed on 

selected buildings in the city of Västerås, Sweden. The PV system installed at Mälardalen 

University (MDH) and Bellevue stadium is used for analysis. MDH has a 4.83 kWp roof 

mounted, grid-connected PV system with one year (2014) of data that is used for analysis. A 

50 kW grid-connected PV system is installed at Bellevue Stadium. No sophisticated logging 

system was available at this sports hall and there was a need of installing one for proper 

monitoring of the data. Thus, a logging system was required to be specified and selected. 

Specification and selection of logging system was done but due to some technical issues it was 

not possible to successfully install and commission the logging system. So the analysis for 

Bellevue Stadium is restricted to the simulation results only, contrary to what is done for the 

MDH PV system for which the one year monitored data is chosen for analysis. For simulation 

of both PV systems, PVsyst and PVGIS simulation tools are used and the actual and 

simulated data is then compared to investigate the possible variations in the PV production 

data. Also the self-consumption profile of both the PV systems is studied and for this the 

analysis is carried out hourly using MS Excel and a relationship is established between the 

self-consumption and installed power of the PV systems under consideration. The PV 

electricity generation and the relation of installed power is also studied. Moreover, the 100% 

solar profile of the PV systems installed at both the buildings is investigated to see how much 

PV power must be installed on these buildings to produce as much PV electricity as the entire 

yearly electricity requirements of the buildings. Performance evaluation of both PV systems is 

done by first specifying the important performance indicators and the results are retrieved 

from the simulation done using PVsyst. Consistent simulation results are achieved with slight 

variations from the actual PV production data. Current self-consumption of both the PV 

systems is found to be the hundred percent self-consumption profile. The 100% solar profile 

of MDH and Bellevue Stadium’s PV systems indicates a PV electricity generation of 94.7 % 

and 81 % respectively. The installed capacity of 717 kWp and 707 kWp is found for having a 

100% PV electricity generation share for MDH and Bellevue Stadium’s PV systems 

respectively.  

 

Keywords: Logging system, performance evaluation, performance indicators, PVsyst, 

PVGIS, self-consumption, 100% solar profile 
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SUMMARY 

The current study focused on the evaluation of performance of PV systems on two different 

buildings in the city of Västerås, Sweden. The PV system installed at MDH and Bellevue 

Stadium were chosen for analysis. Both of these buildings comprise a grid-connected PV 

system of 4.83 kWp and 50 kWp respectively. Part of this research work was devoted to the 

installation and commissioning of the logging system for the PV system installed at Bellevue 

Stadium and thereby to monitor the PV data for subsequent analysis and modifications 

required if any. The logging system was installed successfully but due to some technical 

issues discussed in section 3.5.2 (Problems Faced During Installation & Commissioning of 

Logging System) and time constraints it was not possible to gather the monitored data for the 

present study. The analysis for Bellevue Stadium’s PV system was done, therefore, by relying 

on the simulation results. Efforts are still being made for rectifications to be able to make it 

possible for monitoring of PV production. For both of the aforementioned PV systems, the 

analysis of PV production data and energy consumption of the buildings were investigated 

along-with the selection of important performance indicators. The current PV share of the 

buildings and the self-consumption profiles were investigated using MS Excel. The 100% 

solar profile to meet the entire electricity requirement of the buildings was studied along with 

the establishment of relationship between the installed PV power, self-consumption and the 

PV electricity generation. The current share of PV electricity was found for both the PV 

systems and this information was used to find the other PV electricity generation shares. The 

relationship between the installed PV power and the PV electricity generation is used to get 

an insight about the total PV power that is required to meet the entire electricity 

requirements of the buildings. The relation between the installed PV power considering 

different PV electricity generation shares adds to information about the self-consumption of 

the two buildings and thus the installed power indicated the corresponding PV electricity that 

is self-consumed within the buildings with the excess being fed into the grid. Moreover, the 

accuracy of the simulated data obtained from simulations done in PVsyst and PVGIS was 

compared with the actual PV production data and since for Bellevue Stadium, the limited 

actual PV data was available, so the analysis was limited to the simulation results only and 

acceptable results were found when the results of PVsyst and PVGIS simulations were 

compared showing slight deviations on yearly basis.   

The results of the present study showed that the actual and simulated data is much consistent 

and no large deviations are observed. The results obtained for the performance indicators 

give an insight for proper PV plant’s monitoring as they yield the monthly values that are an 

indication of how the PV system should operate without any faults. These results about the 

performance indicators thus serve as an important measure in detecting any unusual 

behavior in system’s performance and thus the timely rectifications of any flaws can be done. 

The PV electricity generation share in both the buildings suggested about the total installed 

power to be used in order to meet the entire electricity requirements of the buildings. The 

self-consumption profiles based on these installed power capacities indicated the percent PV 

electricity that is self-consumed while the rest being fed into the grid.  
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FOREWORD & PREFACE  

The thesis work titled “Evaluation of Performance of PV Systems on Selected Buildings in 

Västerås” is done in conjunction with the partial fulfilment of the Degree of Masters of 

Science in Energy Engineering at Mälardalen University, Västerås, Sweden. The present work 

investigates the performance of two different PV systems installed at Mälardalen University 

and Bellevue Stadium. Part of the work involves the specification, selection and installation 

of logging system at Bellevue Stadium for PV production monitoring. Important performance 

indicators are specified and analysed for both PV systems along-with the consumption 

profiles and PV electricity generation of the aforementioned PV systems using the important 

software tools MS Excel, PVsyst and PVGIS. 
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1 INTRODUCTION  

1.1 Overview and Outlines 

The current study deals with the performance analysis of photovoltaic systems installed on 

selected buildings in the city of Västerås, Sweden. The PV system installed at MDH and 

Bellevue stadium is used for analysis having capacities of 4.83 kWp and 50 kWp respectively. 

At Bellevue Stadium, no sophisticated logging system was available and there was a need of 

installing one for proper monitoring of the data. Thus, a logging system was required to be 

specified and selected. MS Excel, PVsyst and PVGIS are used to carry out the simulations and 

analysis. 

The present work comprises of six chapters which are briefly summarized as follows: 

Chapter 1 provides the background information about the performance analysis of PV 

systems, their importance for PV industry, literature review of PV performance analysis, 

problem statement, scope, objectives, purpose and limitations of the present study. 

The method used to conduct the current study is described in Chapter 2. 

Chapter 3 details the complete procedure of how the entire study is carried out with complete 

information of various software tools and procedures employed.  

Chapter 4 is devoted to the important findings of the present study with important discussion 

on the key results.  

The conclusions are presented in Chapter 5.  

Chapter 6 gives some important insight about the future work that can be carried out in 

conjunction with the present work.  

1.2 Background 

It is important to evaluate critically and consistently the performance of PV systems as it is 

crucial for the development of PV industry. These performance analyses are important 

indication of quality for existing products. Considering the research and development work, 

these analyses can be used to foresee the future needs and thereby making efforts for the 

improvements of the existing products. Also for customers, they are important tools 

regarding product quality and future decision making. Since the industry of PV system is 

growing rapidly, it has created the need of enhanced education and the suitable industry 

standards for PV performance analysis. The performance parameters are helpful in 

determining the various operational problems, facilitating the comparison of different PV 
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systems that are different with respect to the design, technology or geographic location. 

These parameters can also be used to validate the models for system performance during 

design phase. The vast use of standard performance parameters by the industry will facilitate 

the potential investors to correctly evaluate various proposal and technologies and will 

enhance their ability to purchase and maintain reliable and high quality systems. Use of 

standard methods for evaluation of PV performance and rating will also help in determining 

the expected performance that will lead to the development of PV industry and will 

contribute to its future growth. The International Energy Agency (IEA) has established the 

parameters that describe the energy quantities for the PV system and its components. These 

standards are helpful in determining the overall plant performance with focus on energy 

production, solar resource and system losses (Marion, et al., 2005). 

For the performance analysis, several factors such as year to year variations in the solar 

resource, play an important role and it should be considered before making any comparisons 

for the PV system with different design and technologies. It should be considered that the 

year to year variations of the solar resource greatly influence the energy output of the PV 

system. The performance ratio (PR) which is found by dividing the final PV energy output 

and the solar energy resource is a dimensionless parameter that is helpful in determining the 

overall losses. PR also helps in finding when operational problems arise or to highlight the 

long term changes in performance. So, it can be used as an important parameter to identify 

any performance related issues that may exist in any PV system (Ibid., 2). 

It is extremely desirable to use the common design and reporting practices for PV systems as 

it would encourage the growth of PV industry and will facilitate both the buyers and the 

producers. The future activities regarding this should include the standards set by industry 

for performance evaluations and to take into account and verify any empirical factors used 

for performance analysis. Another aspect is to develop a “Buyers Guide” that will explain the 

important parameters regarding performance and system rating and will also help the 

potential investors to identify which aspects of the PV system are the most important ones, 

considering the performance issues which may include the inverter and module efficiencies, 

performance degradation factor, reliability etc. The use of appropriate parameters for 

performance, facilitates comparison between different PV systems that may vary with respect 

to design, technology and geographic locations. These parameters provide an insight for the 

evaluation of the PV system design and performance (Ibid., 6). 

Considering all the above mentioned facts, the current study thus addresses the important 

parameters regarding performance evaluations of PV systems and serves as a case study for 

any other PV system for its performance evaluation.  
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1.3 Purpose 

The purpose of the current study is to evaluate the performance of PV systems installed on 

selected buildings in the city of Västerås, Sweden and thus to facilitate the performance 

analysis of any other PV system. The following key issues were addressed. 

 Analyzing the PV production data and energy consumption from two different 

buildings and PV systems 

 

 Current PV share of both PV systems for the year 2014 and investigation of self-

consumption profile 

 

 Analyzing more PV installation for 100% solar profile and establishing a relationship 

between installed PV power and degree of self-consumption 

 

 To establish a relationship between installed PV power and PV electricity generation 

in the studied buildings  

 

 PV installation on facades is relatively uncommon in Sweden, so it was of interest to 

compare the simulated and real PV production  

 

 To check the accuracy of the simulated data? 

1.4 Scope and Objectives 

This study among other things will address the following: 

 Analysis of building’s energy consumption and PV production data from two different 

buildings and PV systems 

 

 Specification and selection of logging system for Bellevue Stadium including 

measurement of energy from 7 inverters and global irradiance in the module plane 

 

 Selection of parameters to use for the evaluation of system performance 

 

 Installation of logging system including configuring display data at Bellevue stadium 

 

 In the long run the best PV economy will be for systems with near 100% self-

consumption of the PV and a question is how much PV that could be installed on the 

building if close to 100% self-consumption is wanted 
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 How much of the building consumption is covered by PV now and in the future, if 

more PV is installed on the building with the constraint of near 100% self-

consumption 

 

 A relationship should be established between installed PV power and share of PV 

electricity generation in the studied buildings 

 

 It is relatively unusual so far in Sweden with PV installations on facades. Therefore, it 

is of interest to compare real production data with simulated production data  

 

 How accurate is the simulated data? 

 

 How much PV could be installed on the buildings if close to 100% self-consumption is 

wanted? A relationship should be established between installed PV power and degree 

of self-consumption of PV electricity for the studied buildings 

1.5 Limitations 

The following information is relevant to the present work: 

 The weather data needed for simulation in PVsyst was not available for the city of 

Västerås and the data for Stockholm was chosen instead 

 

 Due to the inability of successful installation and commissioning of logging system at 

Bellevue Stadium, the analysis for the concerned PV system was restricted to the 

simulation results only as limited actual data was available for this PV system 

 

 The study is limited to year 2014 only 

 

 Due to the delay in the delivery of a display, the configuring of the display data could 

not be done at Bellevue Stadium 

1.6 Literature review 

1.6.1 Monitoring of PV Systems 

For performance analysis of a PV system, the proper monitoring of the system is really 

important. The main reasons for PV system monitoring is to measure the energy output of 

the system, to analyze the system performance and to quickly check any design flaws and 
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errors or malfunctions. Analytical monitoring is particularly useful to prevent any economic 

losses that may arise due to operational problems. These monitoring systems require an 

automatic data acquisition system with a set of parameters that are to be monitored. A good 

monitoring system will allow the timely identification of any system problems, thus making it 

possible to have a higher energy yield which otherwise is not possible without proper 

monitoring. Also the monitoring guidelines should have clear instructions of how to make 

and analyze the measurements and how to know if the system is performing as expected. The 

IEA has gathered and analyzed the monitoring data from many countries world-wide. The 

realistic PV ratings and improved inverter efficiencies can lead to better energy output of the 

PV system. For monitoring of the PV system, the instruments used and their precision plays 

an important role. For instance, for measuring the irradiation, there are two possibilities i.e., 

a pyranometer and solar cell sensors. The crystalline silicon sensors are the one that provide 

the desired stability. The response time of pyranometers range from 5-30s and so they 

respond much slower to the changing irradiance levels. However for utility scale PV plant, 

this effect is negligible.  Crystalline silicon sensors, on the other hand, are used to measure 

the STC (Standard Test Conditions) power of a PV system and they are calibrated according 

to the STC conditions. The irradiation measured by crystalline silicon sensors is around 2-4% 

less than that measured by a pyranometer and therefore the PR (performance ratio) that is 

determined based on crystalline silicon sensors will be 2-4% higher than that based on the 

pyranometer. So, this factor should be taken into account when making a comparison 

between the PR of PV systems (Woyte, et al., 2014).  

Some of the recommendations for the monitoring systems are: 

 The available monitoring data should be 99% or higher and the periods for which the 

irradiation or production data is not available should be excluded from the analysis. If 

the data availability is less than 95%, it is an indication of a low quality data 

acquisition system (Ibid., 7) 

 

 The sampling of the data should be done every second or even faster. For average 

values, they should be stored for every 5 to 15 minutes as longer averages may lead to 

poor performance analysis while shorter intervals can overload the database (Ibid., 7) 

 

PR is the most important parameter for evaluating the overall performance of the PV system. 

It is an indication of how efficiently and reliably the PV system is operating. PR makes it 

possible to monitor the status of a PV system over a longer period. It facilitates the operator 

to check performance, system output and take into account any seasonal or longer 

degradation. Another important performance indicator is the AC efficiency that gives an 

insight of the overall conversion efficiency of the PV plant. It depends on the array area and 

not on module power rating. The performance of a PV plant depends on many factors and 

some of them include site location, solar irradiation levels, temperature and the loss 

mechanisms such as cabling losses, mismatching among modules, soiling losses, MPPT 

losses, inverter and transformer losses etc. (Ibid., 43).  
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For both local and remote PV system monitoring the following should be kept in mind: 

 A highly reliable hardware should be selected  

 The sensors used should have low uncertainties  

 A system that is simple in design is always better 

 As calibration drift greatly affects the quality of the data so calibrate whenever 

necessary (Emery & Smith, 2011) 

 

For performance analysis, the irradiation data should be recorded in the plane of array of the 

PV system. The in-plane irradiance should be measured in the same plane as that of the 

photovoltaic array by suitable reference devices or pyranometers. And similarly, the ambient 

temperature should be measured at such a location which represents the true array 

conditions. It is important that the accuracy of the temperature sensor is better than 1K. If 

desired, the wind speed should also be measured at a location that is representative of the 

original PV array conditions. The accuracy of the wind sensor should be better than 0.5 m/s 

for wind speeds less than 5 m/s and better than 10% for wind speeds larger than 5 m/s. In the 

same way, the module temperature should be measured at a location that represents the true 

array operating conditions. The temperature sensors should be located at the back surface of 

the modules. It is important to ensure that the temperature of the cell that is directly in front 

of the sensor is not significantly altered due to the existence of the sensor. Similarly, the 

sensors used for measuring the voltage and current either DC or AC should have the accuracy 

that is better than 1%. The electrical power either DC or AC or both need to be measured. The 

DC power can be calculated as the product of voltage and current or by means of a power 

sensor. To calculate the AC power, a proper power sensor should be used that correctly 

accounts for the power factor and any kind of harmonic distortion. The accuracy of the power 

sensors should be better than 2% of the reading. For proper monitoring, an automatic data 

acquisition system is required that is commercially available and documented properly along 

with the user manuals. It is important to select the sampling interval and parameters that 

vary directly with irradiance should have the monitoring interval of 1 minute or preferably 

less than that. Also the time weighted averages should be used for each of the measured 

parameter in the sampled data. The maximum and minimum values or any transients that 

are of interest can be determined wherever deem fit. For each of the parameters, the 

processed values should be recorded hourly and if required more frequent recordings can be 

taken as long as one hour is the integer multiple of the recording interval. It is important to 

note that the time should refer to the local time and not to the day light saving time. It is a 

good way to use the universal time to get rid of any winter/summer time changes. The 

monitoring period should be sufficient enough to give an insight of the operational data 

representing load and ambient conditions (IEC, 1998). 

The measurement of irradiance for outdoor monitoring of PV performance is usually done 

with pyranometers. Sometimes, this is done by using PV reference cells which is not accurate. 

The reason being pyranometers are capable of measuring the actual available solar 

irradiance, however, the reference cells measure that part of the solar radiation which is used 

by cells of similar material and packaging and hence they provide the yield from a certain 
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cell. Thus, this measurement is not suitable for efficiency calculation as it leads to erroneous 

efficiency estimates (Hukseflux, 2016).  

Most of the monitoring systems give a general perspective of the performance monitoring. 

They are not capable of providing the state of the individual PV module. It is not unusual that 

a PV module in a large scale PV plant may produce lower output than expected. In such 

situations the conventional monitoring systems will be able to sense the lower current or 

voltage readings but they cannot determine the source of the problem. The reason being the 

current and voltage sensors are connected at the output of the array which is part of many PV 

modules. Therefore, the maintenance has to be done manually to locate the faulty part. This 

is where the Wireless Sensor Networks come into play. It is a system that consists of radio 

frequency transceivers, sensors, power sources and micro controllers. The purpose of the 

sensors is to measure the important parameters such as temperature, voltage, current, 

pressure and light. These networks have the ability to organize, diagnose and configure 

themselves independently. Thus, they are suitable for applications that the conventional 

technologies cannot offer (Katsioulis, et al., 2011).  

1.6.2 Losses in PV Systems 

The most common losses associated with the PV system are the capture and system losses. 

Capture losses occur due to shading, reflection, temperature dependency, electrical 

mismatching and improper MPPT tracking etc. On the other hand, system losses are caused 

by wiring, inverter, transformer conversion losses etc. While designing a PV system, it is 

crucial to make decisions that will maximize the output from the PV array (Woyte, et al., 

2014).  

The main causes that are responsible for reduced PR are as follows: 

 Temperature 

 Dirt/dust 

 Wiring and mismatch loss 

 DC/AC conversion loss (Ibid., 44-45) 

 

As the temperature of the module increases, the module output decreases. For roof mounted 

applications the temperature of the module can reach up to 800C depending upon if the 

sufficient natural ventilation is ensured or not. Moreover, it is relatively common for 

dirt/dust to collect on the module surface which blocks part of the sunlight thereby reducing 

output of the module. Although this dust can be self-cleaned during raining events but it is a 

good practice to consider the losses caused by dust accumulation. It is worth to mention here 

that the total output of the PV array is less than that of the sum of the individual modules. 

This is due to the fact that slight inconsistencies exist among modules and the mismatching 

can account for about 2% loss of the system power. There is also a loss of power because of 

resistance of the system wiring. Also there is some loss of power when converting the DC 
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power of the modules to the AC current. This is improved with the modern inverters with 

about 98% of conversion efficiency (Ibid., 44-45)  

1.6.3 Use of Simulation Tools 

The performance of PV system is dependent both on the individual components’ properties 

and design decisions. The design decisions play an important role and their merits and 

demerits must be determined in advance by using the appropriate simulation tools. 

Simulations are able to distinguish loss mechanisms that are otherwise difficult to 

manipulate. The full year’s performance of a component can be predicted from components’ 

properties and meteorological data at the system’s site. This approach is called Energy Rating 

(ER) for PV modules. There exist no simple way of direct measurement of shading losses but 

they still can be estimated using the profile angle and the simulations. Profile angle can be 

defined as the projection of sun’s elevation onto a plane that is orthogonal to the azimuth 

orientation of the PV modules. To quantify the shading losses, numerous average PR values 

are calculated considering when the profile angel is greater or smaller (due to shading). The 

difference between these PR values will give an insight of the shading losses although it will 

account for other losses as well but still it can be useful for the estimation. The PV systems 

used nowadays show an inverter that is underrated with respect to the installed power of the 

modules. This is chosen intentionally as a PV system rarely operates at the nominal power, 

however under some cold and sunny conditions the system output power might be limited by 

the inverter. This loss cannot be measured directly but it can be measured using some 

indirect techniques such as the PR extrapolation technique (Ibid., 49-54). 

1.6.4 Performance Improvement Recommendation for PV Systems 

The performance of a PV system is not dependent on a single factor but instead depends on 

several factors, some of them are controllable and some are not. These factors can be further 

sub-divided into ones that are related to the design phase and some are related to the 

operation and maintenance (O&M) phase. The optimal performance is not possible to 

achieve if no monitoring is done regarding the efficiency or PR of the PV system. Only with 

monitoring, it is possible to make sure that all components are working as expected. When 

the drop in PR is observed, the operator must ensure the cause of the drop to ascertain 

improved performance. When discussing the performance improvement, it is important to 

differentiate between the factors that are controllable from them that are not controllable 

(Ibid., 58-59).  

The factors that are beyond human control include the following: 

 Ambient temperature 

 Irradiation levels 

 Wind speed & direction 

 Wildlife (Ibid., 58-59) 
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The factors that can be controlled include: 

 Dirt/dust accumulation 

 DC/AC cabling connections 

 Shading caused by vegetation 

 Inverter monitoring etc. (Ibid., 58-59) 

 

The three of the performance parameters defined in the IEC (International Electro Technical 

Commission) standard 61724 can be used to define the overall system performance taking 

into account the energy produced, solar irradiation and the system losses. These three 

parameters are the final yield of the PV system, reference yield and performance ratio. The 

final PV system yield is defined as the net AC energy output divided by the DC power peak of 

the PV system installed. Its units are kWh/kWp or hours and it represents the number of 

hours the PV array should operate at its rated power to provide the same amount of energy 

(Marion, et al., 2005). 

𝑌𝑓 =
𝐸

𝑃
      Equation 1 

Similarly, reference yield is defined as the total irradiation in module plane (kWh/m2) 

divided by the reference irradiance (1 kW/m2) of the PV system and it is an indication of the 

number of peak sun hours at the reference irradiance (Ibid., 1).  

𝑌𝑟 =
𝐻

𝐺𝑟𝑒𝑓
      Equation 2 

It can also be defined as the ideal array yield without any loss according to nominal power as 

indicated by the manufacturer. It can be easily understood as each incident kWh should 

ideally produce the array nominal power during one hour. Numerically, it is equal to the 

incident energy in array plane expressed as kWh/m2/day. There is usually a unit’s confusion 

with Yr which can be understood either as the incident energy with units of hours at 1 

kWh/m2/day or kWh/m2/day or as the ideal array yield according to nominal power 

expressed as kWh/kWp/day. This numerical identity is the result of the STC definition that 

one kWh/m2 of irradiance should produce one kWh/kWp of electricity (PVsyst Help, 2016).  

And finally PR is defined as the ratio of final PV system yield to that of the reference yield 

(Marion, et al., 2005).  

𝑃𝑅 =
𝑌𝑓

𝑌𝑟
      Equation 3 

1.6.5 Research Studies Targeting Performance Analysis  

(So, et al., 2006) analyzed the performance and monitoring of large scale PV system installed 

at Daegu city, South Korea with a capacity of 479 kW. The evaluation and analysis was done 

for the early installed 80 kW PV system. The purpose was to study the effect of 

environmental conditions on the operational characteristics of the system. The monitoring 
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period was selected to be from September 2005 to March 2006 and it was found that the 

conversion efficiency of the PV array varies from 10.9 % to 10.8 % with irradiance ranging 

from 30 W/m2 to 1000 W/m2 and the system operated in a stable manner without any 

noticeable faults during the monitoring period.  

(Singh, et al., 2014) analyzed the performance of a 43 kW grid-connected amorphous silicon 

and 58 kW multi-crystalline silicon PV systems installed at Indian Institute of Technology, 

Jodhpur, India. The monitoring period was from July 2011 to July 2014 and keeping in view 

all the important performance indicators such as PR, reference yield, specific yield etc. A 

modified PVUSA based performance indicator was proposed to take into account the 

measured module temperature in order to calculate the AC/DC power. The PR was observed 

to vary form 0.16-0.98. The low PR is, however, an indication of the faults in the system that 

was observed during the monitoring period like inverter tripping, burnt connections etc. It 

was suggested that the normalized performance indicators can be used to compare the plant’s 

performance with other plants of varying size and geographical locations.  

(Roopa, et al., 2011) investigated the I-V and PV characteristics of various configurations 

such as series/parallel/series-parallel of PV modules. The performance analysis was done 

under uniform and non-uniform conditions, considering change of irradiance, temperature, 

wind and accumulation of dust, using MATLAB Simulink. It was concluded that even under 

non-uniform conditions, PV modules correspond to maximum output power with parallel 

arrangement, and this arrangement was suggested for portable applications.  

(So, et al., 2007) studied the effect of meteorological conditions on the performance of a 

middle scale grid-connected PV system with the objective of developing suitable evaluation 

method to maximize the output of a PV system keeping in view the lifetime of the system and 

performance improvement and it was concluded that for reliable and good performance of 

PV system, a quantitative analysis indicating evaluation method and losses should be 

established.  

(Aste, et al., 2009) performed a comparative analysis for the performance of ground mounted 

PV systems, considering different mounting options such as fixed and tracking under Italian 

climatic conditions, using computer simulations and concluded that the climate is not the 

only factor than influence the most on profitability of the plant and other factors such as 

shading influence and analysis of different technological components should be taken into 

account and that, their work is just a first step considering the designing of PV plants.  

(Townsend, et al., 1994) introduced a term known as Performance Index (PI) for 

performance analysis of photovoltaic systems. PI is the dimensionless parameter and is the 

ratio of actual to expected energy generation over a specified time interval.  

(Milosavljević, et al., 2015) investigated the performance of a 2 kW roof-top PV system under 

climatic conditions of Republic of Serbia. The data was monitored for a period of one year 

from January 2013 to January 2014. The parameters such as global solar energy, wind speed, 

ambient temperature and generated electricity were studied among other things and it was 
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concluded that efficiency of the PV system was 10.07% in 2013 which decreased with 

increasing ambient temperature. The PR value was found to be around 93%. The study was 

suggested to be used for systems under similar climatic conditions.  

(Ma, et al., 2016) studied the performance of a roof PV solar system and used the morphing 

method, a method for producing design weather data that takes into account the future 

climatic changes, to predict the future global solar irradiation data for the years 2030, 2050 

and 2070. The data was used to build the simulation model of the PV system to see the 

performance of such systems in the longer run, for the capital cities of Australian states. The 

solutions were compared among different climatic conditions of the cities considered. It was 

found that for most of the cities, the highest performance was seen for the year 2030 and the 

least performance was observed for the year 2070 considering the climatic conditions. They 

concluded that such PV systems will perform the best economically, technologically and 

environmentally in 2030 and then the performance would decrease until 2070 because of the 

climatic conditions.  

(Sharma & Chandel, 2013) reviewed the performance and degradation of photovoltaic 

systems considering long term reliability and concluded that the output power of PV array 

degrades continuously due to aging when exposed to outdoor conditions and it exhibits a 

linear relationship with time. Moreover, the exposure of PV modules to different climatic 

conditions and geographical locations can help in establishing a correlation between the 

controlled laboratory conditions and the real outdoor conditions, thereby helping in making 

better performance standards.  

(Farhoodnea, et al., 2015) investigated the performance of a 3 kW grid-connected mono-

crystalline PV system installed at Universiti Kebangsaan, Malaysia campus. Six months 

performance data was used for analysis and the experimental results showed the inverter 

efficiency of around 95% and PV module efficiency of around 10% with the monthly PR of 

around 77%.  

(Ueda, et al., 2009) studied the performance and loss analysis of PV residential systems 

installed in Ota, Japan and analyzed quantitatively the performance of different 

configurations. It was concluded that the system oriented towards south showed 

approximately 22% more reference yield than the other systems not oriented towards south. 

Moreover, the difference of module manufacturers corresponds to 10% difference of PR while 

the configuration of array shows less difference.  

(Touati, et al., 2016) investigated the PV performance under Doha’s climatic conditions and 

based on the monitored data, it was concluded that the dust exposure caused the output 

power of the polycrystalline module to decrease by 30% over a five months period and 

thereby it was suggested to have appropriate cleaning of the modules to avoid power loss. 

(Spertino & Corona, 2013) analyzed the one year monitored data for thirteen PV systems 

installed in the province of Turin, Italy, considering design, installation and maintenance of 

grid-connected PV systems. It was found that three of the PV plants behaved efficiently with 
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PR ranging within 0.8-0.83 while the five PV plants showed poor performance with PR 

ranging between 0.41-0.55 and the rest exhibiting average behaviors. Moreover, considering 

design aspects, the array/inverter, coupling and associated protection was discussed. 

Regarding, installation, the cooling of PV module and inverter and electric cables were 

focused. For maintenance, the main parameters studied are the assessment of the energy 

production, checking of dirt, and the motor maintenance used for sun trackers.  

(Bizzarri, et al., 2015) suggested the approach for efficiency both at the string and overall 

large scale grid-connected PV system level to ensure whether the whole system or a single PV 

component is not functioning properly. The approach was to scale out the difference between 

the simulated and real power based on the solar irradiance.  

(Gxasheka, et al., 2005) evaluated the performance parameters of five PV modules consisting 

of crystalline, multi-crystalline and edge defined film-fed growth silicon technologies at 

University of Port Elizabeth, South Africa. The monitored period was 17 months. The effect of 

temperature and irradiance was investigated on the performance parameters. Results showed 

that the edge defined film silicon PV module, accumulated moisture resulting in 14% 

performance degradation as the moisture reduced the active area of module thereby reducing 

photon absorption while the other modules performed relatively stable.  

2 METHOD 

The method of current study is based on monitoring and analysing the data for performance 

analysis of selected buildings in the city of Västerås, Sweden as described in section 1.1 

(Overview and Outlines). Important performance indicators are selected for performance 

analysis. Part of the work involves, specifying and selection of logging system for the PV 

system installed at Bellevue stadium as no sophisticated logging system existed. The budget 

available for the logging system was 40,000 SEK which is funded by the management of 

Bellevue stadium.  

For the PV system installed at MDH, the available monitored data was used for analysis. The 

actual production data is then compared with the simulated data obtained by doing the 

simulation of both the PV systems using PVsyst and PVGIS. 
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3 DESCRIPTION OF CURRENT STUDY 

For the performance analysis of PV systems, it is important to first specify the important 

performance parameters. 

3.1 Selection of Parameters 

The important performance parameters needed for analysis are as follows, however, the in-

plane irradiance ‘G’, the ambient temperature ‘Tamb’ and wind speed ‘v’ are regarded as 

environmental parameters (Woyte, et al., 2014) & (Marion, et al., 2005). 

 In-plane Irradiance, G (W/m2) 

 Ambient Temperature, Tamb (0C) 

 Module Temperature, Tm (0C) 

 Wind Speed, v (m/s) 

 Final PV system Yield, Yf (kWh/kWp)  

 Reference Yield, Yr  (kWh/kWp) 

 Performance Ratio, PR 

 

Figure 1 explains the flow of energy in a grid-connected PV system.  
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Figure 1: Flow of Energy for a Grid-Connected PV System (Woyte, et al., 2014).  
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3.2 PVsyst Simulations 

PVsyst is a software package that is intended for the study, sizing and data analysis of PV 

systems. It has the options for grid-connected, stand alone, pumping and DC-grid PV 

systems. PVsyst uses Shockley’s simple “one diode” model which is basically designed for a 

single cell. The generalization of this is that all cells of the PV panel are considered identical. 

This model is particularly suitable for the silicon crystalline technologies but needs some 

changes to adapt to thin film cell behavior. The equation used for one diode model is 

described below (PVsyst, 2016). 

𝐼 = 𝐼𝑝ℎ − 𝐼𝑜 [𝑒
𝑞.

𝑉+𝐼𝑅𝑠
𝑁𝑐𝑠.𝐺𝑎𝑚𝑚𝑎.𝑘.𝑇𝑐 − 1] −

𝑉+𝐼𝑅𝑠

𝑅𝑠ℎ
     Equation 4 

Where, 

I=current supplied by the module (A) 

V=voltage at the terminals of the module (V) 

Iph=photocurrent proportional to irradiance ‘G’ and correction as function of cell temperature 

‘Tc’ 

Id=diode current= 𝐼𝑜 [𝑒
𝑞.

𝑉+I𝑅𝑠
𝑁𝑐𝑠.𝐺𝑎𝑚𝑚𝑎.𝑘.𝑇𝑐 − 1] (A) 

Io=inverse saturation current and depends on temperature (A) 

Rs=series resistance (ohm) 

Rsh=shunt resistance (ohm) 

q=charge of the electron, 1.6x10-19 C 

k=Boltzman constant, 1.381x10-23 J/K 

Gamma=diode quality factor ranging from 1 to 2 

Ncs=number of cells in series 

Tc=effective temperature of the cells (K) 

The photocurrent varies with irradiance and temperature and the one diode model assumes 

that it is proportional to the irradiance. The ‘Iph’ is determined as follows: 

𝐼𝑝ℎ =
𝐺

𝐺𝑟𝑒𝑓[𝐼𝑝ℎ(𝑟𝑒𝑓)+𝑀𝑠𝑐(𝑇𝑐−𝑇𝑐(𝑟𝑒𝑓))]
     Equation 5 

Where, 

G & Gref=effective and reference irradiance (W/m2) 

Tc & Tc (ref) =effective and reference cell temperature (K) 
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Msc=temperature coefficient of photocurrent or short circuit current 

The reverse saturation current of the diode varies with the temperature according to: 

𝐼𝑜 = 𝐼𝑜(𝑟𝑒𝑓)(𝑇𝑐 − 𝑇𝑐(𝑟𝑒𝑓))
3 [𝑒𝑞.

𝐸𝑔𝑎𝑝(
1

𝑇𝑐(𝑟𝑒𝑓)
−
1
𝑇𝑐

)

𝐺𝑎𝑚𝑚𝑎.𝑘 ]     Equation 6 

Where, 

Egap=Gap’s energy of the material, 1.12 eV for crystalline silicon 

In the current study, PVsyst’s version 6.26 is used for performing the simulation for the PV 

systems installed at MDH and Bellevue stadium. The simulation results are used to compare 

the actual PV production data and also to have the performance evaluation of both the PV 

systems keeping in view the parameters defined in section 3.1 (Selection of Parameters) of 

this report.  

3.3 PVGIS Simulations 

PVGIS is a free online tool that is used to estimate the solar electricity production of a 

photovoltaic system. It shows the monthly and annual electricity generation of solar PV 

panels with the required tilt and orientation. It comprises a google map application which 

make it easier to use. The regions covered are Asia, Europe and Africa (PVGIS, 2016). 

PVGIS uses the ‘r.sun’ model for solar radiation estimation (Institute for Energy and 

Transport, 2016).  

The efficiency of the modules relative to STC is estimated as, 

ƞ𝑟𝑒𝑙 =
𝐼𝑚𝑉𝑚

𝐼𝑚,𝑆𝑇𝐶.𝑉𝑚,𝑆𝑇𝐶
     Equation 7 

 

Where, ‘Im’, ‘Vm’ are the actual values of current and voltage at maximum power point, in-

plane irradiance and module temperature. (Huld, et al., 2005) 

The power output of the given system with nominal peak power ‘Pnom’ is estimated as 

(Ibid.,1),  

𝑃(𝐺, 𝑇𝑚) = 𝑃𝑛𝑜𝑚.
ƞ𝑟𝑒𝑙(𝐺,𝑇𝑎𝑚𝑏)𝐺

𝐺𝑟𝑒𝑓
     Equation 8 

In the current study, this software is used for performing the simulation for the PV systems 

installed at MDH and Bellevue stadium. The simulation results are used to compare the 

actual PV production data and also to compare the simulation results of PVsyst. 
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3.4 MDH PV System 

The PV system installed at the roof of MDH is a grid-connected 4.83 kWp system tilted 700 

and directed towards south. The system has 3 strings with 7 modules connected in series per 

string and one single phase inverter per string. The specifications of the PV modules and 

inverters can be seen in Table 1 and Table 2 respectively.  

 

Table 1: Module Characteristics. 

Module Manufacturer CNBM Solar 

Type Polycrystalline series II 

Module dimensions 1655 x 992 x 40 mm 

No. of Modules 21 

Maximum power Pmax  230 Wp 

Open-circuit voltage Voc  36.9 V 

Short-circuit current Isc  8.31 A 

Voltage at point of maximum power Vm 30.2 V 

Current at point of maximum power Im  7.62 A 

Module efficiency at STC 14% 

 

 

Table 2: Inverter Characteristics. 

Manufacturer StecaGrid 2000+ 

Type 1 no, 2000+ master  
2 no, 2000+ slave 

Input voltage, working range 80 V- 400 V DC 

Nominal AC power  2 kW 

Maximum AC current 10 A 

Efficiency 95% 
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The schematic of the MDH PV system is shown in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: MDH PV System Schematic. 

The actual PV system installed at MDH can be seen in Figure 3.  

 

 

Figure 3: Actual PV System at the Roof of MDH. 
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3.4.1 Simulated and Actual Data Comparison 

The actual PV production data of 2014 is taken for MDH PV system. The simulations are 

done in PVsyst and PVGIS by defining the specifications described in section 3.4 (MDH PV 

System). The detail of parameters used for simulations in PVsyst and PVGIS can be seen in 

Appendix 1 and Appendix 2 respectively. Since there is no considerable shading at the actual 

PV system location, so no shading scene has been defined for the simulation in PVsyst. The 

hourly “csv.” files are created for PVsyst simulation. The consumption profile for the system 

is defined as an external hourly ‘csv.’ file which is imported to PVsyst. For PVGIS simulation, 

the software does not calculate the hourly simulation and the monthly values are used 

instead. The analysis is done on hourly basis but for the sake of convenience of presentation, 

the values are presented on monthly basis which can be seen in Table 8: Actual (2014) & 

Simulated Data Comparison) in section 4.1 (Results for MDH PV System).  

The simulations are for an average year considering the variations of irradiation. The 

irradiation variation for the years 2002-2015 can be seen in Figure 4 (SMHI, 2016).  

 

Figure 4: Global Irradiation Variations for Stockholm (years 2002-2015). 

The minimum and maximum values of irradiation are found to be 958.4 kWh/m2 and 1061.5 

kWh/m2 for years 2012 and 2013 respectively. The average value of irradiation for the years 

2002-2015 is observed to be 1005.2 kWh/m2 which is about 2% higher than the irradiation 

value of 985.8 kWh/m2 for year 2014.  

3.4.2 Self-Consumption 

Self-consumption can be defined as the proportion of solar energy which is used directly in 

the building where the PV system is installed. The energy needed for internal use should 

neither fed into nor drawn from the grid. Self-consumption is important in a way that it pays 

off twice. Firstly, the amount of energy consumed in the building is subsidized by the state, in 
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most cases, and secondly the energy generated reduces the amount of energy needed to buy 

from the grid (Bosch Solar Energy , 2016). Figure 5 explains the concept of self-consumption.  

 

Figure 5: Self-Consumption (SolarEdge, 2016). 

In Figure 5, the blue region shows the self-consumption while the green and red regions show 

the solar electricity production and electricity consumption of the building. The solar 

production is relatively higher on May, 12 because of the sunny day. May, 13 shows a day with 

variable solar irradiation and thereby comparatively lower solar electricity production. May, 

14 shows a cloudy day with very little solar electricity production.   

3.4.3 100% Self Consumption Profile 

The 100% self-consumption profile is to ensure that all the PV electricity production should 

be used within the building with no excess fed into the grid. For this, the hourly electricity 

consumption values are first taken from the local electricity supply company in Västerås, 

Mälarenergi (Mälarenergi, 2016). The electricity consumption values at MDH are divided 

into two different categories, one for the class rooms/offices and the rest being the ones that 



 

21 

 

are for other building services such as ventilation, elevators etc. The electricity consumption 

values are summed up to get the total electricity consumption of the building.  

The analysis is then carried out on hourly basis to see how much electricity is consumed 

within the building and how much is fed into the grid. But for the sake of convenience of 

presentation, the values in Table 9 (Table 9: Self-Consumption Profile (2014) of Existing PV 

System at MDH) are shown on monthly basis in section 4.1 (Results for MDH PV System). 

The current solar profile of MDH is a 100% self-consumption profile. 

3.4.4 100% Solar Profile 

The 100% solar profile is to have a PV system that will produce as much PV electricity as the 

annual electricity requirement of the building. The total annual electricity requirement of the 

building is found to be 601.5 MWh for the year 2014 (Mälarenergi, 2016). It can be seen in 

Figure 6.  

 

 

Figure 6: Consumption profile of MDH per Month for Year 2014. 

The simulation of the system is run using PVsyst to calculate the required PV system size, 

keeping in view the yearly electricity requirement and the results are presented in section 4.1 

(Results for MDH PV System) of this report. The detail of parameters used for simulation in 

PVsyst can be seen in Appendix 3.   

3.4.5 Current PV Share, PV Electricity Generation and Installed Power 

The current PV share in the building is calculated by analyzing the electricity consumption in 

the building and PV production of the system. Table 3 illustrates the concept. 
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Table 3: PV Share of MDH Electricity Consumption in 2014. 

 
Month 

Electricity 
Consumption 

Actual PV 
Production 

kWh kWh 

JAN 63419 36 

FEB 62115 65 

MAR 56518 454 

APR 50777 625 

MAY 48446 489 

JUN 35176 498 

JUL 21112 622 

AUG 32802 483 

SEPT 50960 521 

OCT 58617 129 

NOV 61733 26 

DEC 59824 108 

TOTAL  601 497  4 057 

PV Share (%) 0.7 
 

The relation between the installed power and PV electricity generation is then calculated for 

different PV electricity generation shares and can be viewed in Table 11 (Table 11: PV 

Electricity Generation and Required Installed Power) in section 4.1 (Results for MDH PV 

System).  

3.4.6 Self-Consumption and Installed Power 

As discussed in section 3.4.3 (100% Self Consumption Profile), the current profile of MDH is 

a 100% self-consumption profile. Keeping in view this fact, the other consumption profiles 

based on the installed power calculated in Table 11 are shown in Table 12 in section 4.1 

(Results for MDH PV System).  

3.4.7 Performance Evaluation of MDH PV System 

For the performance evaluation of the PV system at MDH, the parameters described in 

section 3.1 (Selection of Parameters) are considered for analysis. The results retrieved from 

the simulation of MDH PV system, using PVsyst are presented in section 4.1 (Results for 

MDH PV System).  
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3.5 Bellevue Stadium’s PV System  

The PV system installed at Bellevue Stadium is a grid-connected 50 kWp system. The plant 

consists of two PV arrays of which one PV array comprising of 2 strings with 21 panels each 

and 4 strings with 18 panels each, connected in series, is facing south and tilted 700.The other 

array consisting of 4 strings with 17 panels each and 1 string with 18 panels, connected in 

series, is facing west and tilted 700. The south facing PV array comprises a 28.5 kWp system 

and the west facing array comprises a 21.5 kWp system. The system has 7 single phase 

inverters, each having a capacity of 8 kW. Four of the inverters are connected to the south 

facing PV array while the rest are connected to the west facing PV array.  

The specifications of the PV modules and inverters can be seen in Table 4 and Table 5 

respectively.  

Table 4: Module Characteristics. 

Module Manufacturer Canadian Solar 

Type Polycrystalline  
CS6P 250P 

Module dimensions 1638 x 982 x 40 mm 

No. Of Modules 200 

Maximum power Pmax  250 Wp 

Open-circuit voltage Voc  37.2 V 

Short-circuit current Isc  8.87 A 

Voltage at point of maximum power Vm 30.1 V 

Current at point of maximum power Im 8.3 A 

Module efficiency at STC 15.54% 
 

Table 5: Inverter Characteristics. 

Manufacturer ABB 

Type PVS 300 

Input voltage, working range 335 V- 800 V DC 

Nominal AC power  8 kW, 7 inverters 

Maximum AC current 34.8 A 

Efficiency 97.1% 
 

The schematic of the Bellevue Stadium’s PV system is shown in Figure 7.  
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Figure 7: Bellevue Stadium’s PV System Schematic. 

 

The actual PV system installed at Bellevue Stadium can be seen in Figure 8 and Figure 9. 
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Figure 8: Actual Plant’s Site at Bellevue Stadium (West Facing, The Seven Inverters Can Be Seen). 

 

 

Figure 9: Actual Plant’s Site at Bellevue Stadium (South Facing). 
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3.5.1 Specification & Selection of Logging System 

The logging system selected for Bellevue stadium is the one provided by the German 

manufacturer Solar-Log. The Solar-Log logging system is made complete with the following 

components.  

3.5.1.1 Solar-Log 1200 

It is a mid-range device used for small to medium sized PV plants. It is useful for failure and 

yield monitoring having a small touch screen display. Solar-Log 1200 is compatible with all 

current inverters. Several inverters of maximum two manufacturers can be connected with a 

total plant power of 100 kWp (Solar-Log, 2016). The device is shown in Figure 10.  

 

 

 

 

Figure 10: Solar Log 1200. 

3.5.1.2 Sensor Box Professional Plus with Ambient Temperature Sensor 

The purpose of sensors is to accurately record the deviations between the actual and possible 

power production and provide with important data regarding the plant’s performance. When 

a deviation is detected, an error message is generated. One of the most important element of 

the sensor box is the irradiation sensor. It gives a reference value for the solar irradiation that 
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is used to evaluate the power production potential. There is also an internal module 

temperature sensor in the sensor box by which the reduction in power productions are easier 

to investigate. These sensor evaluations provide an insight for the cause of the fault. The 

ambient temperature sensor gives additional information about reduced power generation 

(Solar-Log, 2016). The sensor box is shown in Figure 11. 

 

 

 

 

Figure 11: Sensor Box with Added Ambient Temperature Sensor (black cable).  

 

3.5.1.3 Solar-Log Pro 380 Meter 

A separate power meter Solar-Log Pro 380 gives the measured amount of power to Solar-Log 

1200 for analysis. If the user wish to consume the power that is produced from a PV plant, 

the meter serves as a consumption meter with a display showing the power produced and 

consumed. The measuring range of the power meter is 20 mA -100 A. In general, a separate 

power meter gives a better accuracy than the data supplied by the inverters. The meter can be 

configured to work with Solar-Log 1200 in three different modes.  

 Measuring the power consumption for the optimum utilization of the produced power 

 Measuring the total power that is injected into the grid 
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 Measuring the power production from the inverters that are not supported by Solar-

Log 1200 directly (Solar-Log, 2016) 

 

 

3.5.1.4 Display 

A display was also required at Bellevue stadium that would show the important PV 

production data at the entrance of the building for the visitors. For this the “Solar-Fox 32 

inch” display was selected.  

The breakdown of the costs associated with the above mentioned items and other 

miscellaneous costs are listed in Table 6. 

 

Table 6: Cost Breakdown. 

Component Supplier Price (€) 
 

Solar-Log 1200  Solar-Log 429   

Sensor Box Professional Plus Solar-Log 242   

Ambient Temperature Sensor Solar-Log 80   

Solar-Log Pro 380 Meter Solar-Log 173   

Shipping Solar-Log 50   

Solar-Log Web Commercial 50 kW Plant Yearly 
Fee 

Solar-Log 85   

Display 32” Solar-Fox 1850   

Display Shipping Solar-Fox 39   

Electric Installation Work, Including Installation 
Material 

Local 
installer 

500   

Sum   3448 Euro 

    
 

  

Exchange rate   9.28 SEK/Euro 

Total Cost   31,997 SEK 

Maximum budget   40,000 SEK 
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3.5.2 Problems Faced During Installation & Commissioning of Logging 

System 

Several problems were faced during the installation and commissioning of the logging system 

at Bellevue Stadium which ultimately resulted in not being able to successfully install and 

commission the logging system and thereby retrieving the actual production data from the 

PV system. Due to this, the analysis is restricted only to the results obtained from the 

simulations as limited actual PV production data was available. Some of the problems faced 

are listed below. 

 During the very first installation of the logging system, it took around 12 hours of 

continuous work to successfully install the logging system. All the inverters were 

behaving normally and were detected with no error message. Also the power meter 

values were detected. And then after the system was allowed to work for a few days, 

several issues were found such as some of the inverters were not showing any power 

at all. The unfeasible power values were detected which resulted in considering the 

reinstallation of the logging system although the power meter showed that all 

inverters were in operation.  

 

 The inverters were then planned to be detected one by one to make sure which 

inverter is causing the faulty behavior. It was found that some of the fuses were 

broken so they were replaced with new fuses.  It was done with success but again after 

a few days of working, the same issues were found as listed above. 

 

 Then it was decided to write to the Solar-Log support team for any rectification 

needed for this. And it was found that the existing cables used were unshielded and 

that could cause signal disturbances resulting in faulty behavior. The cables were 

replaced with shielded cables to avoid this and that result in correct behavior of the 

logging system. But again, after a few days of working, the same issues were found as 

described above. 

 

 The previously recorded power values were also lost after a factory reset of the logger 

as recommended by Solar-Log, and there was no data available showing the actual 

production from the plant.  

 

 Efforts are still being made to correct this issue by installing a firmware update in the 

inverters but due to restriction of time limits, the current report deals only with the 

simulation data of this PV plant as only a few days (22 April-10 May, 2016) data was 

available.  
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3.5.3 Simulated and Actual Data Comparison 

The actual PV production data for Bellevue Stadium was available for only a few days (22 

April-10 May, 2016) due to the inability of the successful installation and commissioning of 

the logging system. The analysis is therefore only restricted to the simulation results and the 

comparison is instead made with the simulations done in PVsyst and PVGIS. The simulations 

are done in PVsyst and PVGIS by defining the specifications described in section 3.5 

(Bellevue Stadium’s PV System). Since the PV system at Bellevue Stadium consists of two PV 

arrays of 28.5 kWp and 21.5 kWp, that are facing south and west respectively, therefore, the 

simulations are done individually for both of these PV arrays and then the results are 

combined to represent a 50 kW PV system. For the 21.5 kWp PV system, the information 

about the number of modules and strings did not fit the software inputs as it requires to have 

the same number of panels per string and therefore the simulation is done with 85 modules 

instead of the originally installed 86 modules and thus, this PV array only represent the 21.25 

kWp system and not the original 21.5 kWp PV system. The detail of parameters used for 

simulations in PVsyst and PVGIS can be seen in Appendix 4, Appendix 5 and Appendix 6 and 

Appendix 7 respectively. Since there is no considerable shading at the actual PV system 

location, so no shading scene has been defined for the simulation in PVsyst. The hourly “csv.” 

files of PV production are created for PVsyst simulation. The consumption profile for the 

system is defined as an external hourly ‘csv.’ file which is imported to PVsyst. For PVGIS 

simulation, the software does not calculate the hourly simulation and the monthly values are 

used instead. The analysis is done on hourly basis but for the sake of convenience of 

presentation, the values in Table 14 are presented on monthly basis in section 4.2 (Results for 

Bellevue Stadium’s PV System).  

3.5.4 100% Self Consumption Profile 

The 100% self-consumption profile is to ensure that all the PV electricity production should 

be used within the building with no excess to the grid. For this, the hourly electricity 

consumption values are first taken from the local electricity supply company in Västerås, 

Mälarenergi for the year 2014 (Mälarenergi, 2016).  

The analysis is then carried out on hourly basis to see how much electricity is consumed 

within the building and how much is fed into the grid. But for the sake of convenience of 

presentation, the values in Table 15 (Table 15: Simulated Self-Consumption Profile of 

Bellevue Stadium) in section 4.2 (Results for Bellevue Stadium’s PV System) are shown on 

monthly basis. Since, limited actual PV production data was available for Bellevue stadium, 

therefore, the analysis is restricted to the hourly production values retrieved from the 

simulation done in PVsyst. The values were stored as an external hourly ’csv.’ file. The 

current solar profile of Bellevue Stadium is a 100% self-consumption profile. 
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3.5.5 100% Solar Profile 

The 100% solar profile is to have a PV system that will produce as much PV electricity as the 

annual electricity requirement of the building. The annual electricity requirement of the 

building is found to be 603.8 MWh in year 2014 (Mälarenergi, 2016). It can be seen in Figure 

12.  

 

Figure 12: Consumption Profile of Bellevue Stadium in Year 2014. 

The simulation of the system is run using PVsyst to calculate the required PV system size, 

keeping in view the yearly electricity requirement and the results are presented in section 4.2 

(Results for Bellevue Stadium’s PV System) of this report. The detail of parameters used for 

simulations in PVsyst can be seen in Appendix 8.  

3.5.6 Current PV Share, PV Electricity Generation and Installed Power 

The current PV share in the building is calculated by analyzing the electricity consumption in 

the building and PV production of the system. Since the limited actual PV production data is 

available for Bellevue Stadium, so the PVsyst simulated PV production data is used instead to 

see the share of PV electricity. Table 7 illustrates the concept.  
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Table 7: Simulated PV Share of Bellevue Stadium’s PV System in Year 2014. 

Month 

Electricity 
Consumption 

PVsyst PV 
Production 

kWh kWh 

JAN 59237 809 

FEB 59817 2472 

MAR 56517 3982 

APR 51066 5278 

MAY 46424 5926 

JUN 36207 5988 

JUL 36110 5550 

AUG 43402 4751 

SEPT 49338 4323 

OCT 54077 2115 

NOV 57668 998 

DEC 54036 540 

TOTAL  603 897  42 730 

PV Share (%) 7.1 
 

The relation between the installed power and PV electricity generation is then calculated for 

different PV electricity generation shares and can be viewed in Table 17 in section 4.2 

(Results for Bellevue Stadium’s PV System).  

3.5.7 Self-Consumption and Installed Power 

As discussed in section 3.5.4 (100% Self Consumption Profile), the current profile of Bellevue 

Stadium is a 100% self-consumption profile. Keeping in view this fact, the other consumption 

profiles based on the installed power calculated in Table 17 are shown in Table 18 in section 

4.2 (Results for Bellevue Stadium’s PV System).  

3.5.8 Performance Evaluation of Bellevue Stadium’s PV System 

For the performance evaluation of the PV system at Bellevue Stadium, the parameters 

described in section 3.1 (Selection of Parameters) are considered for analysis. The results 

retrieved from the simulation of Bellevue Stadium’s PV system, using PVsyst are presented in 

section 4.2 (Results for Bellevue Stadium’s PV System).  
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4 RESULTS & DISCUSSION 

4.1 Results for MDH PV System 

The actual and simulated PV production data and the simulation difference is presented in 

Table 8 and graphically in Figure 13 and Figure 14 respectively.  

 

Table 8: Actual (2014) & Simulated Data Comparison. 

Month 

PVsyst 
Simulated  

PVGIS 
Simulated  

Actual 
Production 

Difference 
PVsyst 

Difference 
PVGIS 

Values 
(kWh) 

Values 
(kWh) 

Values 
(kWh) 

Simulation 
(kWh) 

Simulation 
(kWh) 

JAN 101 139 36 64% 74% 

FEB 296 215 65 78% 70% 

MAR 432 516 454 5% 12% 

APR 524 546 625 19% 15% 

MAY 552 561 489 11% 13% 

JUN 541 522 498 8% 5% 

JUL 506 501 622 23% 24% 

AUG 471 480 483 3% 1% 

SEPT 463 425 521 13% 23% 

OCT 241 283 129 47% 54% 

NOV 119 138 26 78% 81% 

DEC 70 96 108 54% 12% 

TOTAL 4316 4422 4057 6.0% 8.3% 

Yield (kWh/kWp) 894 916 840 6.0% 8.3% 
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Figure 13: Simulated & Actual PV Production Comparison of MDH PV System. 

 

 

Figure 14: Simulation Difference. 

From Figure 13 and Figure 14, it is clear that the relative difference in the actual and 

simulated data is large in the beginning of the months of the year and reduces as it proceeds 

towards the end of the year with an increase again at the end of the year. The relative 

difference is calculated by taking the absolute value of the difference between the actual and 

simulated values and then dividing the results by the simulated values. For PVsyst 

simulation, the largest difference is observed to be 78% during February and November while 

the minimum difference is found during August to be 3%. Similarly, for PVGIS simulation, 

the largest difference is observed to be 81% during November while the minimum difference 

is found during August to be 1%. So, it can be said that the simulated data of PVsyst and 
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PVGIS shows much consistency. On annual basis, there is only a difference of 6% and 8.3% 

from the actual values for PVsyst and PVGIS simulations respectively. Part of this difference 

is due to the fact that the solar irradiation was about 2% lower in 2014 compared to the years 

2002-2015 as discussed in section 3.4.1 (Simulated and Actual Data Comparison) and also 

the snow coverage during the winter is not taken into account during the simulations.   

The self-consumption profile is shown in Table 9 and graphically in Figure 15. 

Table 9: Self-Consumption Profile (2014) of Existing PV System at MDH. 

Month 

Actual 
Production Self-Consumed To Grid 

(kWh) (kWh) (kWh) 

JAN 36 36 0 

FEB 65 65 0 

MAR 454 453 1 

APR 625 625 0 

MAY 489 489 0 

JUN 498 498 0 

JUL 622 622 0 

AUG 483 483 0 

SEPT 521 521 0 

OCT 129 129 0 

NOV 26 26 0 

DEC 108 108 0 

TOTAL 4057 4056 1 

Self-Consumption 99.98% 
 

 

Figure 15: Self-Consumption Profile of Existing MDH PV System for Year 2014. 
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For the current installed PV power at MDH, the system corresponds to 99.98% self-

consumption profile. Of the actual PV production of 4057 kWh, it was only 1 kWh in March 

that was not used in the building during the whole year 2014.  

The results for 100% solar profile are shown in Table 10.  

Table 10: 100% Solar Profile of MDH PV System. 

100% Solar Profile 

Parameter Description 

Annual Required Electricity 602 MWh/year 

Required Array Global Power 638 kWp 

Annual Produced Electricity 600 MWh/year 

Proposed PV Electricity Generation 99.7% 

PV Module Nominal Power 230 Wp 

Required Module Area 4537 m2 

Required No. of Modules  2772 

Proposed Connection 
132 strings in parallel  

21 modules in series 

Inverter Nominal Power 100 kWac 

Required No. of Inverters 6 

Required Roof Area 14012 m2 

Available Roof Area 13316 m2 

Possible PV Power that Can Be Installed 606 kWp 

Annual Possible PV Electricity Generation 570 MWh 

Annual Possible PV Electricity Generation 94.7% 
 

The required roof area in Table 10 is calculated based on 18o solar altitude angle, 30o module 

tilt and 5 m pitch of the panels (Stridh, 2016). The annual electricity requirement is 601.5 

MWh and considering 100% solar profile, it is only possible to achieve the PV electricity 

generation share of 94.7% due to the limitation of the area available for PV installation. The 

available roof area in Table 10 is a rough estimation of the actual available area and this 

information is extracted from the layout drawings of MDH. From the available area, it follows 

that about 22 m2 area is required per installed kWp.  

The current electricity generation share of MDH PV system is found to be 0.7% (Current PV 

Share, PV Electricity Generation and Installed Power). Based on this information, the other 

percent electricity generation shares are represented in Table 11 and graphically in Figure 16. 
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Table 11: PV Electricity Generation and Required Installed Power.  

PV Electricity Generation (%) Required Installed Power (kWp) 

0.7 4.83 

10 72 

20 143 

30 215 

40 287 

50 358 

60 430 

70 502 

80 573 

90 645 

100 717 
 

 

Figure 16: PV Electricity Generation (%) and Required Installed Power of MDH PV System. 

 

The percent PV electricity generation share and installed power exhibits a linear relationship 

with the installed power to be 717 kWp for having a PV production corresponding to 100% of 

the electricity consumption in the building.   

The current self-consumption profile of the PV system at MDH shows that it corresponds to 

100% self-consumption with only 1 kWh of PV electricity being fed into the grid during the 

whole year 2014 (Table 9: Self-Consumption Profile (2014) of Existing PV System at MDH.). 

Keeping in view this fact, the other consumption profiles based on the installed power 

calculated in Table 11 are shown in Table 12 and graphically in Figure 17. 
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Table 12: Self Consumption and Installed Power. 

Installed Power (kWp) Self Consumption (%) 

4.83 100 

72 92 

143 71 

215 57 

287 48 

358 41 

430 36 

502 32 

573 29 

645 27 

717 25 
 

 

Figure 17: Self Consumption and Installed Power of MDH PV System. 

As can be seen in Figure 17, for 100% PV electricity generation, the self-consumption will be 

only 25%. The percent self-consumption and installed power shows a non-linear relationship 

with an increasing self-consumption when lowering the installed PV power.  

Performance evaluation of MDH PV system is done using the following graphs and keeping 

in view the parameters defined in section 3.1 (Selection of Parameters). The important 

performance indicators retrieved from the simulation done in PVsyst are listed in Table 13. 
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Table 13: Performance Indicators. 

Month 
Tamb v G EArrRef TArray EOutInv Yr Yf PR 

°C m/s kWh/m² kWh °C kWh kWh/m²/d kWh/kWp/d 

Jan -1.6 3.3 26.4 127.6 6.6 109.1 0.85 0.73 0.86 

Feb -1.7 3.5 61.5 297.3 9.4 262.7 2.20 1.94 0.88 

Mar 0.9 3.3 108.6 524.3 14.8 452.7 3.50 3.02 0.86 

Apr 6.1 3.5 123.2 594.9 19.2 491.1 4.11 3.39 0.83 

May 11.1 3.4 147.1 710.6 23.4 571.6 4.75 3.82 0.80 

Jun 15.7 3.3 140.0 676.0 26.8 530.6 4.67 3.66 0.79 

Jul 18.7 3.0 137.9 666.2 29.9 511.7 4.45 3.42 0.77 

Aug 18.1 2.9 130.9 632.4 30.6 492.2 4.22 3.29 0.78 

Sep 13.1 3.0 111.1 536.4 27.1 435.2 3.70 3.00 0.81 

Oct 7.3 3.2 67.9 327.9 18.7 269.8 2.19 1.80 0.82 

Nov 3.0 3.2 27.2 131.4 10.3 107.4 0.91 0.74 0.82 

Dec -0.6 3.4 19.9 96.0 8.9 81.4 0.64 0.54 0.85 

Year 7.5 3.2 1101.7 5321.0 21.9 4315.6 3.02 2.45 0.81 

 

It is worth to mention here that the ambient temperature ’Tamb’, velocity ’v’, and irradiation 

’G’ in Table 13 are the environmental parameters and not the true performance indicators. 

From the results, it can be seen that the PV system at MDH shows consistent performance 

having an average performance ratio of 81%. Uneven variations in above values, if any, could 

lead to poor system performance and therefore, the real time monitoring of these parameters 

is essential for reliable system performance.  

The reference incident energy in collector plane needed for evaluation of performance ratio is 

shown in Figure 18. 

 

Figure 18: Reference Incident Energy in Collector Plane. 
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The average value is found to be 3.02 kWh/m2/day as can be seen in Table 13. The maximum 

value is observed in May which gradually reduces till December.  

The normalized productions per installed kWp are shown in Figure 19.  

 

Figure 19: Normalized Production per Installed kWp. 

. 

The average value of the available energy at inverter output or the produced useful energy ‘Yf’ 

is found to be 2.45 kWh/kWp/day. The yearly values are shown in Table 13. The performance 

ratio can then be defined as the quotient of ‘Yf’ and ‘Yr’.  

The monthly ‘PR’ of the system can be found in Figure 20. 

 

Figure 20: Performance Ratio of MDH PV System. 
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The average value of the PR is found to be 81% with the maximum value observed during 

February. These values can be seen in Table 13.  

The yearly loss diagram for the MDH PV system can be seen in Figure 21. 

 

 

Figure 21: Loss Diagram of MDH PV System (PVsyst 6.26, 2016). 

 

The loss diagram shows that on an annual basis, the existing PV system produced about 4316 

kWh of electricity which is entirely self-consumed and since the electricity consumption i.e., 

601.5 MWh is much higher than what is generated, so annually a total of 597.2 MWh of 

electricity is bought from the grid to meet the entire electricity requirement of the building.  
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4.2 Results for Bellevue Stadium’s PV System 

The simulated PV production data is presented in Table 14 and graphically in Figure 22. 

Table 14: PVsyst & PVGIS Simulated Data Comparison. 

Month 

PVsyst 
Simulated  

PVGIS 
Simulated  Difference 

Values 
(kWh) 

Values 
(kWh) 

Simulation 
(kWh) 

JAN 809 992 23% 

FEB 2472 1686 32% 

MAR 3982 4340 9% 

APR 5278 5030 5% 

MAY 5926 5550 6% 

JUN 5988 5380 10% 

JUL 5550 5080 8% 

AUG 4751 4590 3% 

SEPT 4323 3710 14% 

OCT 2115 2302 9% 

NOV 998 1054 6% 

DEC 540 703 30% 

TOTAL 42730 40417 5.4% 
 

 

 

Figure 22: Simulated PV Production Comparison of Bellevue Stadium’s PV System. 
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observed to be 32% during February and the minimum difference is found during August to 

be 3%. So, it can be said that the simulated data of PVsyst and PVGIS shows much 

consistency. On annual basis, there is a difference of only 5.4%. Part of this difference is due 

to the fact that the solar irradiation was about 2% lower in 2014 compared to the years 2002-

2015 as discussed in section 3.4.1 (Simulated and Actual Data Comparison) and also the snow 

coverage during the winter is not taken into account during the simulations.   

The 100% self-consumption profile is shown in Table 15 and graphically in Figure 23. 

Table 15: Simulated Self-Consumption Profile of Bellevue Stadium in Year 2014. 

Month 

PVsyst 
Production Self-Consumed To Grid 

(kWh) (kWh) (kWh) 

JAN 809 809 0 

FEB 2472 2472 0 

MAR 3982 3982 0 

APR 5278 5278 0 

MAY 5926 5926 0 

JUN 5988 5966 22 

JUL 5550 5550 0 

AUG 4751 4751 0 

SEPT 4323 4323 0 

OCT 2115 2115 0 

NOV 998 998 0 

DEC 540 540 0 

TOTAL 42730 42709 22 

Self-Consumption 99.95% 
 

 

Figure 23: 100% Self-Consumption Profile of Bellevue Stadium’s PV System. 
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For the current installed PV power at Bellevue Stadium, the system corresponds to 100% self-

consumption profile with only 22 kWh of electricity injected into the grid during the whole 

year 2014. It can be seen in Table 15 that the current PV generation of the system 

corresponds to 99.95% of the self-consumption.  

The results for 100% solar profile are shown in Table 16. 

Table 16: 100% Solar Profile of Bellevue Stadium’s PV System. 

100% Solar Profile 

Parameter Description 

Annual Required Electricity 604 MWh/year 

Required Array Global Power 614 kWp 

Annual Produced Electricity 601 MWh/year 

Proposed PV Electricity Generation 99.9% 

PV Module Nominal Power 250 Wp 

Required Module Area 3952 m2 

Required No. of Modules  2457 

Proposed Connection 
117 strings in parallel  

21 modules in series 

Inverter Nominal Power 250 kWac 

Required No. of Inverters 3 

Required Roof Area 12284 m2 

Available Roof Area 10000 m2 

Possible PV Power that Can Be Installed 500 kWp 

Annual Possible PV Electricity Generation 490 MWh 

Annual Possible PV Electricity Generation 81.03% 
 

The required roof area in Table 16 is calculated based on 18o solar altitude angle, 30o module 

tilt and 5 m pitch of the panels (Stridh, 2016). The annual electricity requirement is 604 

MWh and considering 100% solar profile, it is only possible to achieve the PV electricity 

generation of 81.03 % due to the limitation of the area available for PV installation. The 

available roof area in Table 16 is a rough estimation of the actual available area and this 

information is provided by the officials of Bellevue Stadium.  

The current PV electricity generation share of Bellevue Stadium’s PV system is found to be 

7.1% (Table 7: Simulated PV Share of Bellevue Stadium’s PV System). Based on this 

information, the other percent electricity generation shares are represented in Table 17 and 

graphically in Figure 24. 
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Table 17:  PV Electricity Generation and Required Installed Power. 

PV Electricity Generation (%) Required Installed Power (kWp) 

7.1 50 

10 71 

20 141 

30 212 

40 283 

50 353 

60 424 

70 495 

80 565 

90 636 

100 707 
 

 

Figure 24: PV Electricity Generation (%) and Required Installed Power of Bellevue Stadium’s PV 
System. 

The percent PV electricity generation and installed power exhibits a linear relationship with 

the installed power to be 707 kWp for having a 100% PV electricity generation share.  

The current self-consumption profile of the PV system at Bellevue Stadium shows that it 

corresponds to 100% self-consumption with only 22 kWh of PV electricity being fed into the 

grid during the whole year 2014 (Table 15: Simulated Self-Consumption Profile of Bellevue 

Stadium in Year 2014). Keeping in view this fact, the other consumption profiles based on the 

installed power calculated in Table 17 are shown in Table 18 and graphically in Figure 25. 
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Table 18: Self Consumption and Installed Power. 

Installed Power (kWp) Self Consumption (%) 

50 100 

71 100 

141 97 

212 88 

283 78 

353 69 

424 61 

495 54 

565 49 

636 45 

707 41 
 

 

 

Figure 25: Self Consumption and Installed Power of Bellevue Stadium’s PV System. 

 

As can be seen in Figure 25, for 100% PV electricity generation, the self-consumption will be 

only 41%. The percent self-consumption and installed power shows a non-linear relationship 

with an increasing self-consumption when lowering the installed PV power.  

Performance evaluation of Bellevue Stadium’s PV system is done using the following graphs 

and keeping in view the parameters defined in section 3.1 (Selection of Parameters). As 

discussed is section 3.5 (Bellevue Stadium’s PV System), the PV system at Bellevue stadium 

consists of two PV arrays with a capacity of 28.5 kWp and 21.5 kWp and facing south and west 

respectively. So, the performance evaluation of these PV arrays is carried out individually to 

represent the whole PV system of 50 kWp.  
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The important performance indicators retrieved from the simulation done in PVsyst for the 

28.5 kWp PV array are listed in Table 19. 

Table 19: Performance Indicators. 

Month 
TAmb v G EArrRef TArray EOutInv Yr Yf PR 

°C m/s kWh/m² kWh °C kWh kWh/m²/d kWh/kWp/d   

Jan -1.6 3.3 26.4 753 6.5 709 0.85 0.80 0.94 

Feb -1.7 3.5 61.5 1754 9.3 1672 2.20 2.10 0.95 

Mar 0.9 3.3 108.6 3094 14.8 2865 3.50 3.24 0.93 

Apr 6.1 3.5 123.2 3510 19.2 3132 4.11 3.66 0.89 

May 11.1 3.4 147.1 4193 23.4 3659 4.75 4.14 0.87 

Jun 15.7 3.3 140.0 3989 26.8 3422 4.67 4.00 0.86 

Jul 18.7 3.0 137.9 3931 29.9 3311 4.45 3.75 0.84 

Aug 18.1 2.9 130.9 3732 30.6 3161 4.22 3.58 0.85 

Sep 13.1 3.0 111.1 3165 27.0 2771 3.70 3.24 0.88 

Oct 7.3 3.2 67.9 1935 18.5 1729 2.19 1.96 0.89 

Nov 3.0 3.2 27.2 776 10.3 704 0.91 0.82 0.91 

Dec -0.6 3.4 19.9 567 8.7 522 0.64 0.59 0.92 

Year 7.5 3.2 1101.7 31397 21.9 27658 3.02 2.66 0.88 
 

It is worth to mention here that the ambient temperature ’Tamb’, velocity ’v’, and irradiation 

’G’ in Table 19 are the environmental parameters and not the true performance indicators. 

From the results, it can be seen that the 28.5 kWp PV array at Bellevue Stadium shows 

consistent performance having an average performance ratio of 88%. Uneven variations in 

above values, if any, could lead to poor system performance and therefore, the real time 

monitoring of these parameters is essential for reliable system performance.  

The reference incident energy in collector plane for the south facing 28.5 kWp PV array, 

needed for evaluation of performance ratio is shown in Figure 26. 
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Figure 26: Reference Incident Energy in Collector Plane for 28.5 kWp PV Array. 

The average value is found to be 3.02 kWh/m2/day as can be seen in Table 19. The maximum 

value is observed in May which gradually reduces till December.   

The normalized productions per installed kWp of the 28.5 kWp array are shown in Figure 27. 

 

Figure 27: Normalized Production per Installed kWp of the 28.5 kWp Array. 

The average value of the available energy at inverter output or the produced useful energy ‘Yf’ 

is found to be 2.66 kWh/kWp/day. The yearly values are shown in Table 19. The performance 

ratio can then be defined as the quotient of ‘Yf’ and ‘Yr’.  

The monthly PR of the 28.5 kWp PV array can be found in Figure 28. 

0

1

2

3

4

5

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Y
r

(k
W

h
/m

2 /
d

ay
)

Month

Reference Incident Energy in Collector Plane 
(Yr)

0

1

2

3

4

5

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Y
f
(k

W
h

/k
W

p
/d

ay
)

Month

Normalized Production per Installed kWp 

(Yf)



 

49 

 

 

Figure 28: Performance Ratio of 28.5 kWp Array. 

The average value of the ‘PR” is found to be 88% with the maximum value observed during 

February. These values can be seen in Table 19. 

The yearly loss diagram for the 28.5 kWp PV array can be seen in Figure 29. 

 

 

Figure 29: Loss Diagram of 28.5 kWp PV Array (PVsyst 6.26, 2016). 
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The loss diagram shows that on an annual basis, the 28.5 kWp PV array produced about 27.6 

MWh of electricity which is entirely self-consumed.   

Similarly, the important performance indicators retrieved from the simulation done in 

PVsyst for the 21.5 kWp PV array are listed in Table 20.  

Table 20: Performance Indicators. 

Month 
TAmb v G EArrRef TArray EOutInv Yr Yf PR 

°C m/s kWh/m² kWh °C kWh kWh/m²/d kWh/kWp/d   

Jan -1.6 3.3 9.2 195 2.2 161 0.30 0.24 0.83 

Feb -1.7 3.5 26.5 563 3.9 521 0.95 0.88 0.93 

Mar 0.9 3.3 65.3 1388 9.8 1285 2.11 1.95 0.93 

Apr 6.1 3.5 94.9 2017 16.5 1814 3.16 2.85 0.90 

May 11.1 3.4 133.5 2838 22.4 2497 4.31 3.79 0.88 

Jun 15.7 3.3 134.6 2861 26.4 2480 4.49 3.89 0.87 

Jul 18.7 3.0 122.9 2612 28.9 2226 3.97 3.38 0.85 

Aug 18.1 2.9 100.5 2137 28.0 1829 3.24 2.78 0.86 

Sep 13.1 3.0 70.8 1505 22.4 1323 2.36 2.07 0.88 

Oct 7.3 3.2 33.4 709 13.2 625 1.08 0.95 0.88 

Nov 3.0 3.2 11.9 252 6.5 212 0.40 0.33 0.84 

Dec -0.6 3.4 6.1 130 3.4 100 0.20 0.15 0.77 

Year 7.5 3.2 809.7 17206 19.0 15072 2.22 1.94 0.88 
 

It is worth to mention here that the ambient temperature ’Tamb’, velocity ’v’, and irradiation 

’G’ in Table 20 are the environmental parameters and not the true performance indicators. 

From the results, it can be seen that the 21.5 kWp PV array at Bellevue Stadium shows 

consistent performance having an average performance ratio of 88%. Uneven variations in 

above values, if any, could lead to poor system performance and therefore, the real time 

monitoring of these parameters is essential for reliable system performance.  

The reference incident energy in collector plane for the west facing 21.5 kWp PV array, needed 

for evaluation of performance ratio is shown in Figure 30. 
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Figure 30: Reference Incident Energy in Collector Plane for 21.5 kWp PV Array. 

The average value is found to be 2.22 kWh/m2/day as can be seen in Table 20 and the 

maximum value is observed in June which gradually reduces till December.  

The normalized productions per installed kWp of the 21.5 kWp array are shown in Figure 31. 

 

 

Figure 31: Normalized Production per Installed kWp of the 21.5 kWp Array. 

The average value of the available energy at inverter output or the produced useful energy ‘Yf’ 

is found to be 1.94 kWh/kWp/day. The yearly values can be seen in Table 20. The 

performance ratio can then be defined as the quotient of ‘Yf’ and ‘Yr’.  

The monthly PR of the 21.5 kWp PV array can be found in Figure 32. 
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Figure 32: Performance Ratio of 21.5 kWp Array. 

The average value of the ‘PR” is found to be 88% with the maximum value observed during 

February and March. These values can be seen in Table 20.  

The yearly loss diagram for the 21.5 kWp PV array can be seen in Figure 33. 

 

 

Figure 33: Loss Diagram of 21.5 kWp PV Array (PVsyst 6.26, 2016). 
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The loss diagram shows that on an annual basis, the 21.5 kWp PV array produced about 15.1 

MWh of electricity which is entirely self-consumed.  

So, combining the outputs of both the south facing 28.5 kWp PV array and the west facing 

21.5 kWp PV array, it can be said that the overall 50 kWp PV system at Bellevue Stadium 

generated about 42.7 MWh of electricity during the whole year and since the electricity 

requirement i.e., 603.8 MWh is much higher than what is generated, so annually, a total of 

561.1 MWh of electricity is bought from the grid to meet the entire electricity requirement of 

the building.  
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5 CONCLUSIONS 

The current study focused on the evaluation of performance of PV system on two different 

buildings in the city of Västerås, Sweden. The PV system installed at MDH and Bellevue 

Stadium were chosen for analysis. For both of the aforementioned PV systems, the analysis of 

PV production data and energy consumption of the buildings were investigated along-with 

the selection of important performance indicators. The current PV share of the buildings and 

the self-consumption profiles were investigated using MS Excel. The 100% solar profile to 

meet the entire electricity requirement of the buildings was studied along with the 

establishment of relationship between the installed PV power, self-consumption and the PV 

electricity generation. Moreover, the accuracy of the simulated data obtained from 

simulations done in PVsyst and PVGIS was compared with the actual PV production data. 

The following are the key findings from the present work.  

 The simulated and actual data showed much consistency for the PV system installed 

at MDH and the variation from the yearly actual PV production was found to be 6% 

and 8.3% for PVsyst and PVGIS simulations respectively. For Bellevue Stadium, the 

simulation results of PVsyst and PVGIS showed a variation of 5.4%.  

 

 The current profile of MDH and Bellevue Stadium’s PV system was found to be a 

100% self-consumption profile with only 1 kWh (measured) and 22 kWh (calculated) 

of electricity being fed into the grid during the whole year respectively. A non-linear 

relationship was developed between the installed power and degree of self-

consumption.  

 

 The calculated 100% solar profile of the MDH and Bellevue Stadium’s PV system 

suggested that the percent PV electricity generation of 94.7 % and 81.0% respectively 

can be achieved instead of the proposed 100% because of the limitations imposed by 

the available area for PV installation. 

 

 The current PV electricity generation share of MDH and Bellevue Stadium’s PV 

system was found to be 0.7% and 7.1% respectively. The calculated relation between 

the installed PV power and percent PV electricity generation suggested for a 717 kWp 

and 707 kWp PV system respectively for 100% PV electricity generation. 

 

 MDH PV system showed a calculated yearly average performance ratio of 81%. The 

calculated average values for the reference incident energy in collector plane and the 

normalized production per installed kWp were found to be 3.02 kWh/m2/day and 

2.45 kWh/kWp/day respectively. 

 

 Bellevue Stadium’s 28.5 kWp and 21.5 kWp PV arrays showed a calculated yearly 

average performance ratio of 88%. Thus, the whole PV system of 50 kWp exhibit the 

same performance. The calculated average values for the reference incident energy in 
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collector plane and the normalized production per installed kWp for the 28.5 kWp and 

the 21.5 kWp PV arrays were found to be 3.02 kWh/m2/day, 2.66 kWh/kWp/day and 

2.22 kWh/m2/day, 1.94 kWh/kWp/day respectively. 

 

 The calculated yearly loss diagram of MDH and Bellevue Stadium’s PV system 

indicated that in total about 597.2 MWh and 561.1 MWh of electricity respectively was 

bought from the grid for the year 2014 to cope with the entire electricity requirements 

of the buildings. 

 

The conclusions drawn above are useful for any other PV system for its performance 

evaluation and the associated analysis carried out in this report. For instance, the actual and 

simulated data comparison presented for the PV system installed at MDH can give an insight 

of how the actual PV plant will operate based on the same module technology and similar 

climatic conditions. So, the expected PV system performance can be proposed and thereby 

helping in the selection of PV system based on the specific needs. It can also aid potential 

investors in selecting various proposals differing in design, technology and geographic 

locations. Also, the logging system installed at Bellevue Stadium in an important source of 

information for PV plant monitoring that is essential in investigating PV plant’s expected 

performance.   
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6 SUGGESTIONS FOR FURTHER WORK 

As the present study can serve as a case study for any other PV system for its performance 

evaluation and associated analysis done in this report, it will be of interest to conduct an 

optimization study of the PV systems discussed in this report for improved performance. 

Also, it is of utmost importance to gather the yearly monitored data of the logging system 

installed at Bellevue Stadium and thereby, investigating any system faults and flaws by 

analyzing the monitored data. 
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APPENDICES 

Appendix 1: MDH 4.83 kW PVsyst Simulation Parameters 
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Appendix 2: MDH 4.83 kW PVGIS Simulation Parameters 
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Appendix 3: MDH 100% Solar Profile PVsyst Simulation Parameters 
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Appendix 4: Bellevue 28.5 kW PVsyst Simulation Parameters 
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Appendix 5: Bellevue 28.5 kW PVGIS Simulation Parameters 
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Appendix 6: Bellevue 21.5 kW PVsyst Simulation Parameters 
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Appendix 7: Bellevue 21.5 kW PVGIS Simulation Parameters 
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Appendix 8: Bellevue 100% Solar Profile PVsyst Simulation Parameters 
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