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Summary 
This document describes a first prototype designed to extend the BIMsolar® [1] software in order to optimize 
the end-user cost of the system and the electricity cost in the long term. This first approach deals with 
simulation process and an optimization process. The simulation is based on a virtual model in the form of the 
BIMsolar® software and a Python script. The goal is to build a first prototype of the simulation and 
optimization in order to show the capabilities of such an optimization process. In a later stage, during the 
BIPVBOOST project, this optimization prototype will be transformed into an industrial tool and will be 
integrated into the BIMsolar® software. 

This python script is able to read a file containing the production figures of BIPV layouts provided by the 
BIMsolar® software developed by ENERBIM.  From these production data and another file containing load 
profile data, the simulation model is able to compute the difference between production and load per hour 
of the year. The test case of a residential house with self-consumption strategy and storage with batteries 
was selected. This difference is then used to carry out the charging and discharging process of the battery.  
The remaining amount of electricity will then be used to develop the electricity cost model over a number of 
years that corresponds to the first objective to minimize. A set up cost model is also developed in the 
simulation model and corresponds to the second objective to be minimized.  

The optimization process is performed by the XTREME [7] software developed by Optimal Computing, based 
on PARETO frontier methodologies. The optimizer actually searches for a number of design variables in order 
to obtain the most optimized solutions, i.e. those where both objectives are minimized. To do this, the 
optimizer will vary two types of variables. The first type of design variable is the number of BIPV modules on 
the building surfaces. The second type of design variable is the maximum capacity of the battery. The 
optimization software will therefore vary these design variables from 0 to their maximum in order to find the 
combinations that will give the most optimized results.  

An existing residential house project was selected from the cases already available and provided by 
BIMsolar®. The results obtained after optimization show that this first prototype is rather reliable since the 
results obtained seem consistent. Once analysed, they allow to identify the parts of the simulation model 
that need to be improved and the assumptions that need to be raised in order to obtain a simulation model 
as close as possible to reality. 
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1 EXECUTIVE SUMMARY 

1.1 Description of the deliverable content and purpose 

This document describes a first optimization prototype designed to be added to the BIMsolar® [1] software. 
The goal of this optimizer is to achieve BIPV cost optimization, by performing a multi-objective optimization 
of both the BIPV end-user cost and the electricity cost over a period of time.  

First, this document contains an introduction describing the main hypotheses and objectives of this first 
prototype. Then the methodology used is presented and divided into two parts: the simulation process and 
the optimization process. The building selected to test this first prototype is also presented. The simulation 
model describing the necessary input files, the cost models used and other assumptions are presented. A 
summary table containing all the constant values, formulas and assumptions is then produced in the 
following section. Finally, the results of the optimization of the first test case are presented and analyzed. A 
sensitivity analysis was carried out to study the influence of some cost parameters such as the total cost of a 
BIPV installation or the cost of energy. These will highlight the objectives of reducing the cost of BIPV 
solutions to be achieved.  

Finally, the document is concluded with a brief discussion to identify the main observations made after this 
first prototype and the points for improvement for the rest of the project. 

1.2 Relation with other activities in the project  

Table 1-1 depicts the main links of this deliverable to other activities (work packages, tasks, deliverables, etc.) 
within PVSITES project. The table should be considered along with the current document for further 
understanding of the deliverable contents and purpose. 

Table 1-1 Relation between current deliverable and other activities in the project 

Project 
activity  

Relation with current deliverable 

D1.1 Data on valuation of the end-user cost of different reference cases  

1.3 Reference material 

Not applicable. 

1.4 Abbreviation list  

EB – Educational building 

BIPV – Building Integrated Photovoltaics  

SFH – Single-family house   
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2 INTRODUCTION 

 

This report presents a first prototype to extend the existing BIMsolar® [1] software to optimize the cost of 
BIPV setup based on a virtual model. The goal is to provide a tool that would help architects and BIPV 
designers. 

For this purpose, the simulation and optimization processes are first presented. The simulation process 
involves the use of the BIMsolar® software developed by ENERBIM and the XTREME [7] software (optimizer) 
developed by Optimal Computing. A first cost model simulation in the form of a Python script was developed 
and is presented in this report. All simplifying assumptions are presented. The simulation model is then 
detailed, including a description of the different cost components used as well as the constant values chosen. 

In order to demonstrate the principle and efficiency of this procedure, a first test case is evaluated and 
presented in this report. The results were analysed and allowed to identify the parts of the simulation model 
that require improvement.  

This first step allowed the consortium to carry out a first approach to the problem in order to identify the 
items to be modified and the hypotheses to be raised, the aim being that the simulation model should 
provide the results as close to reality as possible and, therefore, as reliable as possible. 
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3 METHODOLOGY 

This numerical optimization procedure is based on a simulation process to compute the electricity production 
and the cost, and an optimization process to search for the best possible BIPV setup. As a starting point, the 
simulation and optimization processes are presented. Figure 3-1 shows the method used and is further 
described and explained in the following sections. 

 

Figure 3-1 : Diagram of the optimization process 

3.1 The simulation process 

To illustrate and develop this first prototype, an existing building from the BIMsolar® [1] database was 
selected. The simulation process is composed of 3 main blocks: the BIMsolar® software, the load profile and 
the cost model. These 3 blocks are launched using a Python script to automate the simulation process. The 
cost model is also written inside the python script for this first prototype. 

3.1.1 BIMSolar® 

All building surfaces can be filled with a maximum number of photovoltaic modules. In this project, Building 
Integrated Photovoltaics (BIPV) are preferred. Once all surfaces have been covered with modules, it is 
possible to choose the inverter(s) and wiring of the installation. Then, the BIMsolar® software allows to 
calculate the electricity production by surfaces. A .csv file is exported from BIMsolar® software, containing 
the electricity production for every hour and for each surface for a period of 1 year. 
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From the selected building, it is also possible to obtain a load profile. For the first test case, a load profile 
provided as an excel file was used. This file was sent to us directly by email and probably comes from CREST 
Demand Model [2] but without certainty. It makes possible to produce the first prototype but will have to be 
changed for the rest of the project. The Python script therefore uses a .csv file that contains the building's 
load request per hour over a one-year period. Once the two .csv files (production and load) are recovered, 
the Python script calculates the difference per hour of the year between the electricity production from the 
BIPV installation and the load profile of the building. 

This difference is then used in the part of the script about charging and discharging the battery. Figure 3-2 
helps to understand how it works. If the difference between the load and the production is positive, it means 
that more electricity is consumed than is produced by the modules instantly. In this case, if the battery is not 
empty, the stored electricity can be recovered, and the battery is discharged. However, if the battery is 
empty, the electricity required for consumption is taken directly from the public grid. On the other hand, if 
the difference between the load and the production is negative, it means that not all the electricity produced 
by the modules is consumed instantly. Therefore, if the battery is full or not is verified. If it is filled, the excess 
electricity is then returned to the public grid and if the battery is not at its maximum capacity, the excess 
electricity is used to charge the battery.  

 

 

Figure 3-2 : Battery charging and discharging process 

From a cost model using purchase and resale prices of electricity at different times of the day, it is possible 
to calculate the amount of the electricity bill over 1 year. For the first simulation model, the hypothesis of 
using a constant real value for the cost of retail electricity was assumed. Later, a factor of variation in the 
price of electricity will be applied. However, this is not a linear and constant variation in electricity prices, but 
a random variation. For this purpose, in deliverable D1.1 [3], they apply a normal distribution law to perform 
the various analyses. The same law will probably be applied to the next simulation model in order to obtain 
more realistic results. In this report, only the inflation rate will be applied to each cost calculated over the 
long term. 

Therefore considering the inflation rate, the calculation of the cost of electricity over 25 years can easily be 
determined. This cost corresponds to the first objective that will be minimized with XTREME [7]. The 
hypothesis of 25 years is taken following the base case value taken in the D1.2. 

The second objective to be minimized is the send-user cost of the BIPV system. To determine this, a cost 
model was created in the script. It therefore allows to calculate the financial investment of the installation 
from the number of modules chosen per surface taking into account the type of surface as well as the capacity 
of the battery chosen. 
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The design variables are therefore the number of modules on each surface of the building. These parameters 
can therefore vary from 0 (no module on the surface) to MaxN (the surface is completely filled with modules). 
Another type of parameter has been added. This is the charging capacity of the battery. This additional design 
variable can therefore vary from 0 (no battery) to MaxB (the maximum battery capacity). These variables and 
their range of variation will be presented later. 

To be able to use the data from this production file and perform the following steps, a Python script has been 
created. It is therefore this script that will be called by the XTREME optimization software [7]. The python 
script performs the following steps: 

1. The first step of this script is to read the design variables. 

2. Apply the design variables to the csv file of the electricity production provided by the initial 
BIMsolar® software 

3. Read the load profile 

4. Subtract for every hour the load profile from the production profile 

5. Apply the battery and cost models to the excess or missing electricity per hour 

3.2 Optimization process 

The principle of the XTREME optimization software is therefore to give different values to the design variables 
in order to minimize the two objectives: the setup cost and the energy cost over 25 years. It is therefore a 
Multi-Objective Optimization that provides the best combinations of variables in the form of a Pareto front.  

The Pareto front gathers all the Pareto optimal solutions. Figure 3-3 explains this principle. In this example, 
the aim is to minimize f1 and f2. For this purpose, several solutions are computed and the points are 
graphically represented according to f1 and f2. Since the optimal points are those when f1 and f2 are the 
smallest possible, it is easy to understand that: 

• B is a Pareto point because it is not possible to find a point having both f1 and f2 values better 
than the B point. 

• C is not a Pareto point because the point B has both a better value for f1 and f2. 

Therefore, the Pareto front will be the curve passing through the lowest and leftmost points in the graph.  

 

Figure 3-3 : Example of Pareto front [4] 
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4 TEST CASE AND ASSUMPTIONS 

In order to develop the procedure and demonstrate the performance of the first prototype procedure, a test 
case was selected and is further described hereafter.  

4.1 Test case description 

For the first test case, the residential building shown in Figure 4-1 was used. The geographical location 
chosen for the solar radiation is the city of Brussels in Belgium. This figure also shows the orientation of the 
building and its exposure to the sun during the day. The six building surfaces chosen to be potentially covered 
with modules are shown in Figure 4-2. The maximum number of panels per surface is also indicated.  

 

Figure 4-1 : Selected building  

 

Figure 4-2 : Surfaces and maximum number of modules 
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The list of surfaces, their characteristics and maximum number of panels are summarized hereafter: 

• Surface 1: south-west facing façade with a maximum of 8 modules 

• Surface 2: south-east facing façade with a maximum of 14 modules 

• Surface 3: roofing with a maximum of 8 modules  

• Surface 4: roofing with a maximum of 4 modules 

• Surface 5: roofing with a maximum of 4 modules 

• Surface 6: façade facing northwest with a maximum of 7 modules 

Figure 3-3 and Figure 4-4 show the average annual irradiance and shading on the building respectively. It can 
be noted that on surfaces 3 and 5 (roof surfaces), the irradiance is lower in some areas due to the presence 
of shading. These shades cause a loss of irradiance and therefore a loss of electricity production of the 
concerned modules. 

     

Figure 4-3 : Yearly irradiance  

 

Figure 4-4 : Shading 
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4.2 First assumptions 

The first assumption that has been made is that all the panels placed on the surfaces of the building are the 
same. The BIPV module has been selected in such a way that the peak production is around the average value 
of 300 Wp/module. In addition, the panels with the smallest dimensions have been selected in order to be 
able to place as many of them as possible on a surface and therefore to have the widest possible range of 
variation of design variables. The characteristics of the BIPV type selected for the entire installation are 
shown in Figure 4-5.  

 

Figure 4-5 : Characteristics of the selected BIPV type 

The second assumption is to consider that all panels of the same surface produce the same amount of 
electricity. Since the production file obtained from BIMsolar®[1] allows to know the production of electricity 
per surface, this assumption was made in order to be able to calculate the exact production of a surface 
according to the number of modules it actually contains (number of modules chosen by the optimization 
software). Therefore, another simplification that was made at the beginning of the project is not to consider 
the shading losses caused by some modules. 

Finally, a last hypothesis is the use of automatic inverters and wiring. Indeed, after having placed the modules 
on the building with BIMsolar®, it is necessary to select the inverter(s) and the wiring. If this is not done, it is 
not possible to get the production file. 

4.3 Assumption raised 

After some tests with these first assumptions, the aim was to remove some of them. The most important 
one seems to be the one concerning shading. Indeed, the modules being placed under a shaded area will 
produce less electricity than fully irradiated modules.   

If all modules are connected to a single central inverter, shadows drastically reduce production. Indeed, if a 
module is shaded, an electricity loss occurs and since the modules are connected in series, the total electricity 
produced drops drastically. To solve this problem, micro inverters can be used. Each micro-inverter is 
connected to 1 or 2 modules, which means that the production of the entire installation is not affected if one 
module is shaded. There are also optimizers that are added to the central inverter and allow only the shaded 
module to be disabled. Since in the BIMsolar® software, production is only reduced in the case of shading on 
a module and not cancelled, it will be assumed that micro-inverters are connected to the modules. The 
assumption of using micro inverters has therefore been made. It has been assumed a lifetime of 25 years for 
the micro inverter. This hypothesis will be checked in the final version of the task. Therefore, since the 
simulation period is 25 years, the replacement of micro inverters is not taken into account in this first 
simulation model. 
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As a result, it is now necessary to consider production losses due to shading. For these, since the use of micro 
inverters is considered, the production of shaded panels must be cancelled. First of all, it is necessary to 
identify the shaded areas. As explained above, surfaces 3 and 5 (roof) are sometimes shaded. As a result, 
these surfaces have been divided into 2 sub-surfaces as shown in the Figure 4-6. Surfaces 31 and 51 are 
therefore the surfaces without shadows while surfaces 32 and 52 are the surfaces with shadows. Once the 
change of the studied surfaces is realized, the Python script is able to drastically reduce the production of 
shaded panels. Indeed, in the production file provided by BIMsolar®[1], each column corresponds to the 
production per hour of a surface (or sub-surface). The Python script is therefore able to see if there is a 
difference of production between the column corresponding to the sub-surfaces that are not shaded and the 
column corresponding to the shaded one. If there is a difference between the hourly values, it means that 
one of the sub-surfaces is instantly shaded. As a result, the script applies an 80% reduction in its electricity 
production. Indeed, in reality, if a panel is shaded, it produces almost no electricity. The 80 % decrease rate 
was chosen to consider that there is still a small amount of electricity produced by diffuse radiation.  

This change therefore allows to calculate the production of sub-surfaces separately. The XTREME 
optimization software [7] can vary the number of modules on each sub-surface. The list of considered 
surfaces is therefore adapted to the following list: 

• Surface 1: south-west facing façade with a maximum of 8 modules 

• Surface 2: south-east facing façade with a maximum of 14 modules 

• Surface 31: roofing without shading with a maximum of 4 modules  

• Surface 32: roofing with shading with a maximum of 4 modules  

• Surface 4: roofing with a maximum of 4 modules 

• Surface 51: roofing without shading with a maximum of 2 modules 

• Surface 52: roofing with shading with a maximum of 2 modules 

• Surface 6: façade facing northwest with a maximum of 7 modules 

 

 

Figure 4-6 : New surfaces (taking into account shading) 
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5 SIMULATION MODEL 

In this part of the report, each specificity of the simulation model will be explained. First, the inputs and 
outputs of the Python script will be detailed as well as the files necessary for the simulation. Then, the 
assumptions made for each part of the simulation will be presented. The electricity cost model and the setup 
cost model will then be explained, specifying the constant values. 

5.1 Inputs and outputs 

For the test case presented previously, there are nine input variables. Eight of them correspond to the 
number of modules per surface while the last one corresponds to the charging capacity of the battery. All 
design variables have the following variation range: [0.1] with 1 being the maximum number. For the 
variables corresponding to the number of modules per surface, the maximum 1 is therefore the maximum 
number of modules that can be placed on each surface and for the battery, it corresponds to the maximum 
charging capacity of the battery in kWh. The maximum numbers of each input variable are listed in Table 5-1. 
The maximum values for the surfaces therefore refer to the Figure 4-6, while the maximum value of the 
battery capacity was taken arbitrarily. 

Table 5-1 : Maximum number of input variables 

Input/Design 
variables 

Maximum  

X1 8 

X2 14 

X31 4 

X32 (shading) 4 

X4 4 

X51 2 

X52 (shading) 2 

X6 7 

X7 (battery) 100 kWh 

 

The output variables of the simulation are variables F1 (electricity cost over 25 years) and F2 (setup cost) 
which are minimized during optimization and which allow to obtain a Pareto front when the evolution of F2 
as a function of F1 is observed.  

The setup cost includes the end-user cost of the BIPV system as well as the cost of the first battery (if there 
is one). On the other hand, the cost of electricity over 25 years considers the electricity bill over 25 years but 
also the cost of possible replacement components (batteries, inverters, etc.). 

5.2 Files required for simulation  

To be able to start the simulation, two .csv files are required. The first file is the one that comes from the 
BIMsolar® software and contains the production per hour for each surface (and sub-surfaces) for 1 year. This 
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file therefore provides the electricity production of the installation when the maximum number of modules 
is placed on each surface.  

The second necessary file is the one containing the building's load profile. For this purpose, an Excel data file 
containing load profiles from several cities in Portugal was used to make the first prototype. As these load 
profiles are referred to a larger building, an arbitrary scaling is applied to have a total yearly consumption 
closer to a typical residential house in Belgium. In this case, a scale factor is applied to obtain a consumption 
of 10 000 kWh/year which is an average electricity consumption of Belgian households (2 adults, 2 kids) that 
uses electrified devices for space heating and water heating. In the case of this simulation model, an average 
of 3500kWh/year was therefore considered for the consumption of electricity for the lighting and appliances, 
an average consumption of 1500kWh/year for hot water in a domestic context and a consumption of 
5000kWh/year for heating the building. In the file containing the load profile, data for each of these 
consumptions are included. After summing all these consumptions, a .csv file was created, containing the 
average consumption per hour of a day for each month of the year. In addition, the consumption of weekdays 
and weekend days is represented. The structure of this file is shown in Figure 5-1. In the future, this file 
containing the load profile will have to be improved in order to be adapted as best as possible to the building 
studied and its geographical location. 

Finally, on Figure 5-2 the total production as well as the consumption per month over a period of one year 
can be observed. For the total production, the building is considered equipped with the maximum number 
of panels. 

 

Figure 5-1 : Structure of load file  

 

Figure 5-2 : Comparison of production and load profile 
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5.3 Electricity cost model 

Once the .csv files are processed and used to realize the difference between load and production for each 
hour of the year, the battery charging and discharging process (as explained in Section 3.1) is performed. 
After that, the electricity cost model must be developed. In this section, data on feed-in tariffs and resale of 
electricity to the public grid are required. 

For this test case, the tariffs on ENGIE Electrabel's Belgian electricity bill for 2017-2018 were used. The 
different rates per kWh and fixed charges per year are shown in Figure 5-3. As it can be seen in this table, 
two final tariffs are used: the peak consumption tariff (applied from 6 AM to 10 PM) and the off-peak 
consumption tariff (applied from 10 PM to 6 AM and at weekends).  In the case where the production of BIPV 
modules is too large and not fully consumed, the simulation model first checks whether the battery can be 
recharged with this excess electricity. If there is still a surplus of electricity, it is injected into the grid. The 
price of electricity sent to the grid varies according to countries and situations. For this simulation model, the 
assumption of taking a resale price of 5 €c/kWh was assumed. In addition, it is considered that there is no 
VAT on the resale price of excess electricity. 

 

Figure 5-3 : Electricity purchase rates (ENGIE Electrabel 2017-2018) [5]  

To be able to change these constants more easily in the script, a .csv file containing these data has been 
created. As a result, depending on the country, the electricity feed-in tariff can easily be modified without 
requiring any script modification. 

Finally, after calculating the electricity bill over one year, the total cost of retail electricity over 25 years 
remains to be calculated. To do this, the inflation rate must be considered and the value of 1.5% was taken 
in reference to deliverable D1.1 [3]. This inflation rate is applied to all long-term expenses, i.e. the electricity 
bill over 25 years, which is here assumed to remain constant in real terms, but also the components to be 
replaced (e.g. battery). 
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5.4 Setup cost model 

The setup cost is composed of the 2 terms: 

• The total cost of installing the BIPV modules which will be called BIPV end-user cost (containing 
materials, installation, transport, administrative and legal costs, inverter (the first one installed) and 
electrical setup) and, 

• The cost of the battery 

The first step is to determine the unitary end-user cost of a BIPV module.  

5.4.1 BIPV end-user cost  

From the design variables that will be chosen by the optimizer, it will be possible to determine the setup cost 
of the installation. As a reminder, the design variables are the number of modules per surface and the 
maximum capacity of the battery.  

The price of a BIPV roof is different than the price for a BIPV façade (see D1.1). As a result, two different cost 
functions are used, one for BIPV roof systems and one for BIPV facade systems. 

The price per m2 chosen is based on a cost analysis present in the deliverable D1.1[3] carried out on several 
reference cases. For the application of BIPV roof, the total end-user cost of the SFH_c reference case was 
applied. This case corresponds to a single family house with CIGS (Copper Indium Gallium Selenide) 
photovoltaic technology. For this reference case, the total end-user cost is 249 €/m2. To be consistent, a 
reference case with the same type of technology was chosen for the case of a facade application. The 
reference case EB_b (educational building) has been selected. For the application of the modules on the 
facade, the following total end-user cost will be used: 412 €/m2.  

In addition, in order to get closer to reality, a price variation factor was applied according to the size of the 
installation. To do this, a decreasing logarithmic function was chosen. The price actually decreases with more 
modules in the installation and the number of modules can be represented by the total peak power of the 
installation in kWp. Figure 5-4 and Figure 5-5 therefore allow to visualize these decreasing unit price curves 
(€/m2) as a function of the total peak power. Logarithmic functions were therefore applied in the simulation 
model.  

 

  

Figure 5-4 : Unitary cost of BIPV roof module 
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Figure 5-5 : Unitary cost of BIPV facade module 

For the first prototype, the peak power of the BIPV module type chosen is 300 Wp. 

Then, an initial cost model is imposed when installing a module on a surface. Indeed, this cost allows to make 
the optimizer understand that it is more interesting to fill an entire surface before filling another one. This 
cost could correspond, for example, to the cost of installing the scaffolding if the filled surface is at roof level. 
In the case of several roof surfaces, it may be more interesting to place 4 modules on one surface rather than 
placing 2 panels on one surface and having to move the scaffolding to place 2 modules on another surface. 
The initial cost currently has an arbitrary value of 500€ per surface containing at least one module. This 
constant value can of course be modified depending on the installation.  

Finally, the photovoltaic VAT rate applied to the installation is the classic rate of 21% in this case. In the 
Python script, the VAT parameter applied to the BIPV cost is a constant that can be easily modified according 
to the test case. 

5.4.2 Battery cost  

After the development of the cost model for BIPV layouts, the next step is to develop the one for the 
batteries. As a reminder, the optimizer will be responsible for tuning the battery capacity from 0 to 100kWh.  

The first hypothesis that has been made is to choose a lithium-ion battery. This choice was made because 
this type of battery has better performance than the others. Although lithium-ion batteries are more 
expensive, they have a much longer life (and therefore a much higher maximum number of cycles), making 
them the most cost-effective type of battery. In general, this type of battery reaches about 2000-2500 cycles 
with a maximum discharge at 80-90% of its capacity. Anyway, for any type of battery, deep discharges cause 
a decrease in battery life. For the first simulation, the battery can therefore perform 2200 cycles with a 
maximum discharge of 80%.  

Then, it is necessary to find a function that gives the cost of the battery according to its charging capacity. As 
a first estimate, a linear function was used with 800€/kWh. However, the price was increasing very quickly. 
In order to get closer to reality, the prices of the lithium-ion batteries sold by the supplier wattuneed [6] were 
used as well as the capacity of each battery. The prices recovered on this site are prices with VAT included. 
These data are plotted on a graph to compare the evolution of the unit price (€/kWh) and the battery capacity 
(kWh). Figure 5-6 shows the different points and the trend curve passing through this point cloud. The 
function of this curve, shown in Figure 5-6 was therefore used to evaluate the price of the battery according 
to its capacity.  

https://www.wattuneed.com/
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To improve the battery cost model, an initial cost will also be chosen. To begin with, this cost will be 200€, 
which is a value that is taken arbitrarily and can be modified later. This initial cost corresponds to the cost of 
the regulator. In fact, the regulator is a device connected to the battery that controls the charging and 
discharging of the battery. As a result, the regulator can limit the discharge of the battery to 80% in order not 
to damage its life in the event of a deep discharge.  

 

Figure 5-6 : Battery cost in function of capacity 

Finally, since the battery does not have a life span as long as solar panels, it will probably have to be replaced 
over the 25-year period. To enable this feature, the script is able to calculate the number of charging cycles 
of the battery and compare it with the maximum number of cycles required (2200 cycles) and thus predict 
the number of batteries required over 25 years. The price of the additional batteries is then calculated 
considering several rates of variation. First, as with other long-term expenditures, the inflation rate of 1.5% 
was applied. This is therefore a rate that takes into account the increase in price over the years. However, 
the price of batteries will decrease in the coming years. A battery price reduction rate of 1.5% is therefore 
applied. The cost of the additional battery(s) is therefore added to the energy cost over 25 years (which 
corresponds to objective F1 to be minimized). 
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6 SUMMARY OF VALUES TAKEN FOR THE ENTIRE SIMULATION 

Before moving on to the optimization results, this section summarizes all the important terms, constant, laws 
used in the simulation model.  

Table 6-1 allows to visualize all the constant values, formulas, variables and their variation range used during 
the simulation 

Table 6-1 : Summary of data used for simulation 

Data Unit Value Description 

Life time years 25 • Period over which the simulation 

is performed  

• Estimated life time of BIPV 

modules and micro inverters 

Inflation rate  % 1.5 Applied to all expenses over the long 
term 

VAT % 21 Applied to BIPV end-user cost and 
prices of retail electricity  

Input variables 

X1 / [0, max1],   max1 = 8 Number of module on surface 1 
(south-west facing façade) 

X2 / [0, max2],   max2 = 14 Number of module on surface 2 
(south-east facing façade)  

X31 / [0, max31],   max31 = 4 Number of module on sub-surface 31 
(roofing without shading)  

X32 / [0, max32],   max32 = 4 Number of module on sub-surface 32 
(roofing with shading)  

X4 / [0, max4],   max4 = 4 Number of module on surface 4 
(roofing) 

X51 / [0, max51],   max51 = 2 Number of module on sub-surface 51 
(roofing without shading) 

X52 / [0, max52],   max52 = 2 Number of module on sub-surface 52 
(roofing with shading)  

X6 / [0, max6],   max6 =7 Number of module on surface 6 
(façade facing northwest)  

Xbattery kWh [0, maxB],   maxB = 100 Maximum battery capacity 

Output variables 

F1 € / Electricity cost over 25 years 
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F2 € / Setup cost  

BIPV selected 

(Standard – Mono 125 – Pseudo 2bb, mono_Si) 

Peak power Wp 300 Peak power of 1 module 

Size m2 2.25*2.25 = 5.0625 Size of 1 module 

Prod.  reduction rate % 80 Applied to sub-surfaces shaded 

Average electricity 
consumption 

kWh/y 10 000 Reference value chosen to scale the 
load profile file 

Electricity cost model  

(assumed to remain constant in real terms) 

Fixed fee (VAT excl.) €/y 22.6 Fixed fee to be paid each year 

Total cost peak hours 
(VAT excl.) 

€/kWh 0.1655911 Applied from 6 AM to 10 PM 

Total cost off-peak 
hours (VAT excl.) 

€/kWh 0.1559761 Applied from10 PM to 6 AM and at 
weekends 

Resale price  €/kWh 0.05 Electricity injected to the grid (no 
VAT applied) 

BIPV end-user cost 

Initial price of BIPV 
roof module 

€/ m2 249 Price to which is added a reduction 
according to the size of the system  

Logarithmic function 
of BIPV roof cost 

€/ m2 y = -5ln(x) + 249 y = cost of BIPV system [€/ m2] 

x = peak power of the system [kWp] 

Initial price of BIPV 
facade module 

€/ m2 412 Price to which is added a reduction 
according to the size of the system  

Logarithmic function 
of BIPV facade cost 

€/ m2 y = -5ln(x) + 412 y = cost of BIPV system [€/ m2] 

x = peak power of the system [kWp] 

Initial cost per surface €/ m2 500 Initial cost per surface when the 
number of panels on a surface is 
different from zero 

Battery cost 

(assumption : lithium-ion battery) 

Maximum discharge % 80 Applied so as not to damage the 
charging capacity of the battery 

Number of cycles cycles 2200 Which allows to determine the 
lifetime of a battery 
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Function of battery 
cost 

€ y = 962.05 * x-0.207 y = unitary cost of battery [€] 

x = capacity of battery [kWh] 

Battery price 
reduction rate 

%/y 1.5 Applied because battery prices will 
decrease in the coming years 

Initial cost of battery  € 200 Corresponds to the use of a regulator 
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7 OPTIMIZATION RESULTS 

7.1 Optimization results for the first case 

The simulation described above is written in Python and it can now be used with the XTREME software [7] to 
perform multi-objective optimization. Multi-optimization will minimize the total cost of electricity over 25 
years and the setup cost. To achieve this, XTREME will modify and search for the best value of the design 
variables (number of panels per surface area and battery capacity) in order to minimize both the setup cost 
and the electricity cost over 25 years. 

The simulation on XTREME was launched with a MGA (Multi-objective Genetic Algorithm) with the following 
selected characteristics: 200 reproduction cycles and 200 individuals. This simulation lasts on average 6 hours 
with a time per reproduction cycle of 109.43 seconds. Figure 7-1 shows the results obtained during the last 
design cycle. These results, plotted on a graph of the evolution of F2 (Setup cost) as a function of F1 
(Electricity cost), allow to obtain a highly detailed Pareto front. This curve is composed of 219 calculation 
points corresponding to the combinations of variables giving the most optimized results.  

 

 

Figure 7-1 : Pareto front of first simulation 

 

It can be interesting to see how variables evolve when the cost of investment is increased. This will show 
which surfaces are the best and should be filled before others. To do this, the Figure 7-2 shows the evolution 
of each variable according to the setup cost. The data were previously made non-dimensional to see the 
variation of each variable from 0 (no module or no battery) to 1 (maximum number of modules on the surface 
or maximum capacity of the battery). With this graph, we can therefore know from which point of the Pareto 
front each surface begins to be filled.  
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Figure 7-2 : Evolution of variables 

 

Figure 7-3 shows the order in which the surfaces are filled and when the battery capacity begins to increase. 

It can be observed that the first surface to be filled with modules is surface 4, which is a roof surface. This 
looks logical given that roof surfaces are the most exposed to the sun. In addition, even though there are 
other roof surfaces, surface 4 is preferred because there is no shading at all. After the surface 4, it is the 
surface 31 followed by the surface 51 that are chosen by the optimizer. This seems also logical given that 
these are two roof surfaces and are therefore much more exposed to the sun than the facade surfaces. In 
addition, these sub-surfaces do not have any shading.  

After the roof surfaces, it is the surface 2 (East/South) that starts to be filled followed by the surface 1 (South). 
This again seems very consistent since the installation of BIPV modules requires more financial investment 
on the façade than their placement on the roof. The large space between the time the surface 2 and the 
surface 1 are filled can be easily justified. Indeed, surface 2 can accommodate 14 panels. The variable X2 can 
therefore take 14 different integers, which is much more than other surfaces. This justifies the fact that 
surface 1 is not filled immediately after surface 2.  Finally, it can be noted that surface 6 (West/North) is the 
last façade surface to be filled. This can be explained by the fact that it is a north-west facing surface and is 
therefore very badly exposed to the sun. It is therefore not interesting to place solar panels on this façade.  

Finally, it can be seen on Pareto front that a simulation point is located on the abscissa axis. This point 
corresponds to a situation where the cost of the investment in the BIPV installation is zero. 
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Figure 7-3 : Pareto front and design variables 

Figure 7-4 highlights the results obtained for the different characteristic points. The first line corresponds to 
the point located on the abscissa axis, i.e. the point with 0 euro of investment. The second line, highlighted 
in orange, corresponds to the point giving the most advantageous overall amount over 25 years and 
therefore corresponds to the installation of one BIPV module on roof surface 4. The following points 
correspond to the points represented on the Pareto front of the Figure 7-3 (i.e. the points where some 
variables start to be different from zero). The last line corresponds to the last point of the Pareto front, i.e. 
the point with the lowest energy cost over 25 years and the highest setup cost. For each characteristic point, 
it is possible to visualize the value of the peak power of the installation in Wp as well as the value of the two 
objectives F1 (energy cost over 25 years) and F2 (setup cost). 

According to this first study, investing in a BIPV system (BIPV and not BAPV) with a battery is not financially 
attractive. However, these results are based on a number of data that are known now but will likely change 
in the future or be different in another European region: 

 

 



 

BIPVBOOST Parametrization, optimization and automation during design stage in order to 
optimize the BIPV cost-to-power ratio 

27 

 

Grant Agreement 817991 

• The cost model is based on the current data and pricing model: slightly higher price of BIPV compared 
to BAPV in the case of residential roof systems 

• No financial incentive for the installation of solar PV modules 

• Specific case of the cost and financial incentives in the Walloon region in Belgium have been used. 

• A residential house is considered with relatively low consumption during the day. 

• There is no adaptation of the consumption profile of the house to be more in line with this type of 
house equipment (load shift, electric car, …), while this could positively impact the self-consumption 
and the economics of the studied case 

Therefore, this was the opportunity to use the developed model in order to study the impact of some of the 
above hypothesis on the optimization results. In particular, what could be the result if the electricity price 
increases much more than the inflation, what if the BIPV cost is reduced (the goal of this EU project), etc. 

 

Figure 7-4 : Numerical results of the characteristic points 
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8 SENSITIVITY ANALYSIS 

In this last chapter, the results of a sensitivity analysis are presented. The goal of this sensitivity analysis was 
to investigate the effect, on the optimization result, of a number of parameters of the simulation. Three 
different studies will be carried out. First of all, the influence of decreasing the BIPV end-user cost. Then, 
several simulations with higher electricity costs will be performed and discussed. And finally, a study covering 
both cases (decrease in BIPV end user-cost and increase in the electricity cost) will be presented.  

8.1 Decrease in BIPV end user cost 

First, the study of decreasing the BIPV end-user cost is carried out. This analysis is interesting since one of 
the aims of the BIPVBOOST project is to bring down costs of BIPV multifunctional solutions. To do this, a 
reduction rate (from the initial cost until -60%) has been applied to the total cost of the BIPV and no reduction 
of the battery price. Figure 8-1 shows the Pareto front for the different simulations. The basic simulation, 
which was presented in Section 0, corresponds to the initial Pareto front. The other curves correspond to the 
Pareto edges of the simulations with an applied BIPV cost reduction rate ranging from -10% to -60%.  

First of all, as the BIPV price is reduced, the points of the Pareto front are moved downwards which seems 
logical given that F2 decreases while no modification at F1 level has been made. In terms of results, the lower 
the cost of the BIPV, the more financially interesting the results are. Indeed, as a reminder, during the initial 
simulation, the point where the overall sum (F1 + F2) was the lowest was the installation of a single panel on 
surface 4, which is the best oriented roof surface and most exposed to the sun throughout the day. Then, the 
second most interesting point was the one with 0€ of investment, i.e. no installation. When BIPV prices are 
lowered, it becomes clear that more and more points corresponding to a larger number of panels have 
become more attractive than the point at 0€ of investment.  

Figure 8-2 shows these points and the amounts of the different costs (F1 = energy cost over 25 years, F2 = 
setup cost, Global = F1+F2). The first line shows the point with a zero setup cost, which is a point that belongs 
to the Pareto front of each simulation. For each simulation, the points being better than the point at 0€ of 
investment are included. For the -50% and -60% simulation, there are 25 and 39 points respectively, but they 
are not all represented in this figure. It is therefore clear that this number of interesting points increases as 
the BIPV end-user cost are reduced. 

If we compare these points on the different Pareto fronts, we actually realize that the points become 
financially interesting when they are located under the line represented in black on the Figure 8-1. This line 
actually corresponds to the constant overall price over 25 years (Global “constant”). When the points are 
located below this line are results where investment in a BIPV system becomes cost-effective.  

Finally, on the same graph we see that despite the decrease in the price of BIPV modules, the curves do not 
move beyond a certain limit along the F1 axis (electricity cost) corresponding to an approximate value of 
30.000€ to be paid over the 25 years for electricity.  This is due to the fact that even if the maximum of BIPV 
modules are placed on the building (45 modules maximum), the production over 1 year will not be sufficient 
to compensate for the average consumption of 10.000 kWh/year that has been applied through the load 
profile. Therefore, with such a system and such an average annual consumption, it is not possible to be in 
complete self-consumption for this residential building. In addition, adding a battery with a large capacity 
does not change these findings. Indeed, even if the battery has a capacity of 100 kWh, it is not possible that 
the electricity produced by the panels are sufficient to feed enough energy in the house. The simulation 
results are therefore very dependent on the chosen load profile and thus, in this case, on the chosen average 
annual consumption. If this is reduced, it is likely that the Pareto front would be moved to the left. 
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This study therefore shows that it would be necessary to reduce the cost of BIPV modules by between 40 
and 50% in order to have a wide choice of cost-effective solutions of BIPV coupled with battery storage. 
The advantage of having a wide choice of solutions is that, depending on the needs and the amount you are 
able to invest, you can choose a solution that suits you from among the most profitable solutions provided 
after optimization. 

 

 

Figure 8-1 : Comparison of Pareto fronts - BIPV price reduction 
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Figure 8-2 : Best results for each simulation – BIPV price reduction 

8.2 Increasing electricity costs 

The next analysis will allow us to observe the influence of an increased electricity costs. An increase rate was 
applied to the total cost of electricity over 25 years. The rate of increase is therefore applied to the price in 
off-peak and peak hours, the annual fixed charge and the resale price of electricity. 

Figure 8-3 allows to compare the Pareto fronts of the different simulations. As in the previous case, the initial 
Pareto front corresponds to the base case without the application of a special rate. Then the simulation 
curves with increase rates from 20% to 100% are represented. 

It is directly concluded that the higher the electricity costs are, the more the Pareto front moves to the right, 
which seems consistent. However, another much more interesting observation can be made about the 
appearance of the curve. Indeed, the Pareto front of the initial simulation looks very vertical. Therefore, when 
electricity costs increase, the appearance of the curve becomes much less vertical and rounds out. It is 
therefore interesting to place on the graph the lines representing a constant global cost whose origin is placed 
at the point at 0€ of investment for each simulation. As a consequence, it is observed that the higher the 
electricity price, the more points on the Pareto front are located under the corresponding line. As explained 
in the previous case, these points correspond to more interesting results than the zero investment. So that's 
where it gets interesting. Indeed, if the cost of electricity was more expensive, it would be much more 
advantageous and beneficial to invest in the installation of a BIPV system. 
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Figure 8-3 : Comparison Pareto fronts - Increasing energy costs 

8.3 Decreasing BIPV end user cost and increasing electricity costs 

Finally, another study that may be interesting is to combine the two cases seen above. It is therefore 
necessary to apply simultaneously: 

• The decrease in the cost of BIPV modules and, 

• The increase in the cost of energy.  

Figure 8-4 compares the Pareto fronts obtained for the different simulations. As before, the initial Pareto 
front corresponds to the basic simulation without the application of a reduction or increase rate. Then several 
simulations were carried out. The first is where BIPV's price has been reduced by 10% and the price of energy 
increased by 10%. The rates were each time increased in steps of 10%. 

First of all, it can be noted that due to the increase in electricity prices, the curves are moving to the right, 
i.e. the F1 goal increases, which was observed in the 2nd study carried out. Then it can be also observed that 
the values of F2 decrease, as it was obtained during the 1st study. However, the combination of the two 
makes the curves become much more quickly rounded down. In addition, it can be seen that points are 
located much more quickly on and below the line of a constant overall amount. As a reminder, these points 
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correspond to the most interesting results since they have a lower total cost (F1+F2) than if there were no 
installation.  

These results show that starting from a rate modification between 20 and 30% on both costs, the results 
become very interesting and would allow to obtain a wide range of cost-effective solutions with BIPV. This is 
exactly the goal of the BIVBOOST project, to reduce the cost of BIPV systems. The increase in energy price of 
the same 30 % is something possible also in the next future but out of scope of this project. 

 

 

Figure 8-4 : Comparison of Pareto fronts - Decreasing BIPV cost + increasing costs of energy 
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9 CONCLUSION AND FUTURE IMPROVEMENTS 

This report shows that a first approach and a first prototype was developed capable to find the set of optimal 
solutions for the setup of BIPV solutions. The goal of this task and deliverable are therefore met. 

In addition to that, the prototype has been used in order to gain experience with it and to perform a number 
of very interesting studies based on different costs parameters and scenario. The results obtained after the 
optimization with XTREME [7] are explained in the report, seems consistent and already allowed the 
consortium to understand important factors. This optimization prototype is already very complete and allows 
the user to adapt its parameters to its configuration and run various optimizations in an efficient way. 

The prototype can be improved mainly on several points linked to the simulation part: 

• A key input is the load profile of the building which is outside the scope of the present deliverable. 
However, a better prediction of the load profile would be important before starting the optimization 
of any building. 

• Another point that needs to be improved is the battery model. The current prototype counts the 
number of charge and discharge cycles of the battery in order to determine its lifetime. The algorithm 
counts a cycle when the battery reaches its maximum and then its minimum charge. However, since 
electricity consumption is much higher than electricity production due to the high load profile, the 
battery is very rarely recharged to its maximum and therefore the number of cycles does not 
increase. As a result, the simulation model almost never takes a replacement battery into account. 
This is why it will be necessary to improve this part in the simulation process in order to have a 
number of cycles of about 360 per year, which is an average value closer to reality. 

• This prototype could also be improved to choose the type of panels among a list of possibilities. 

• It would be interesting to complete the script with some more post-processing capabilities in order 
to be able to better analyse and understand the results provided by the optimizer. Indeed, for the 
time being, the script provides, for each optimized point, the energy cost over 25 years and the 
installation cost in €. In the future, it would be interesting to know the hourly or monthly profile of 
electrical consumption, electrical production, electrical auto-consumption, electricity sent to the 
grid, battery charge, … 

• Some hypotheses could be checked after this first prototype version: 

o For example, the lifetime of the micro inverter is assumed to be 25 years in this document 
and must be checked carefully, since the replacement of micro inverters is not taken into 
account in this first simulation model. 

o The yearly decrease of battery price is actually a nominal rate, i.e. already taking into account 
the effect of inflation. 

o Next to the load profile, the total electricity amount assumed in this work must be checked 
in details such as the energy amount for hot water and heating. 

As a first complete and efficient prototype is now available, other test cases could be carried out on different 
buildings (office, company, school, etc.) and in priority on the BIPVBOOST demo sites. Carrying out the 
simulation and optimization on other test cases will allow us to better understand this first prototype if the 
results provided seem consistent and close to reality.   

The aims of the BIPVBOOST project being to reduce the costs of BIPV solutions, the prototype develop in this 
task offer a very powerful tool to study and obtain various solutions for minimizing the BIPV cost. 
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This optimization prototype shows the way to go further in the development of the integrated optimization 
module inside the BIMsolar® [1] software. The optimization process currently takes between 1 and 2 hours 
to provide the Pareto front. This optimization module will therefore be a module that is not run 
instantaneously on one side but on the other side it provides a complete set of solutions along the Pareto 
front. 

The whole set of solutions does not impose anything to the architects, it simply provides a design tool to 
propose them several different solutions. The architects are therefore free to choose one solution or the 
other and the results of the tool will tell them the economic performance of the chosen solution. 

Finally, in the next phase, it could be considered using the “competitiveness” metric introduced in D1.1 [3], 
which takes into account all important factors (total end-user cost, CAPEX, OPEX, generated electricity and 
its valuation when self-consumed or not). This metric might facilitate the interpretation of results for non-
experts. 
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