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Abstract 

In the construction sector, the integration of active 

elements functioning both as building envelope material 

and on-site electricity generator is identified as a key 

measure to achieve the 2050 targets and carbon neutrality 

(Aguacil Moreno, 2019; Aguacil Moreno, Lufkin, & Rey, 

2019). Despite an increasing confluence of the 

photovoltaic (PV) industry and the building glass 

manufacturers, which offers high design freedom in 

relation to size, colour and texture, architects and 

engineers continue to address the issue in a traditional 

way, by limiting themselves to the application of 

"standard" catalogue products that particularly constrain 

their designs (Bonomo, Frontini, De Berardinis, & 

Donsante, 2017; Zanetti et al., 2017). This way of 

working, which makes it difficult to integrate PV systems 

into the building envelope and, therefore, into the overall 

building design, often leads to a method of sizing that 

largely makes abstraction of the building’s electricity 

needs. This article presents the application – in an 

ongoing design process – of an innovative active surfaces 

selection method adapted to the design phases using 3D-

modeling and hourly-step simulations (Aguacil Moreno et 

al., 2019) using Rhino (Robert McNeel & Associates, 

2019) and Grasshopper (Davidson, 2018). Through an 

integrated-design approach, the proposed workflow 

allows to quickly obtain visual and quantitative results on 

the building envelope, and supports a design decision-

making process that proposes an alternative approach to 

usual practice. 

Key Innovations 

• Novel design-driven and building-coherent 

photovoltaic sizing method based on the self-

consumption and self-sufficiency ratios 

• Methodology to help architects conduct a 

project-specific analysis (rather than using rules-

of-thumb), given that they are key decision-

makers and influencers 

• Research-assisted technology transfer 

Practical Implications 

This article is at the interface between research and 

professional practice, in particular it shows the 

application of a working methodology developed during 

4 years in the framework of the research project Active 

Interfaces (Lufkin, Rey, Wuestenhagen, Wittkopf, & 

Bacher, 2015). From the identification of potentially 

active surfaces - from an architectural design point of 

view - to the evaluation of the energy performance of the 

final photovoltaic installation, this article shows that if 

adequate decision-support tools are used during the 

design process, the most ambitious objectives can be 

achieved. 

Introduction 

The literature review shows a lack of reliable design-

driven methods to support the sizing and implementation 

of building-integrated (BI)PV installations in projects 

(Ballif, Perret-Aebi, Lufkin, & Rey, 2018; Heinstein, 

Ballif, & Perret-Aebi, 2013). Most existing methods are 

highly time-consuming and based on complex 

optimisation algorithms not tailored to the workflow of 

architects/designers. Some of these  approaches using one 

or multiple objective functions such as the PV production 

(to maximise) and the cost (to minimise) could be found 

in  (Martín-Chivelet & Montero-Gómez, 2017; Waibel, 

Mavromatidis, Bollinger, Evins, & Carmeliet, 2018; Amr 

M.A. Youssef, Zhai, & Reffat, 2018; Amr Mamdoh Ali 

Youssef, Zhai, & Reffat, 2016). Depending on the 

methods’ functioning, they risk not being adapted to 

BIPV application on a real façades/roof when the results 

lead to an unrealistic repartition of the active surfaces 

from an operational point of view (Attia, Beltrán, De 

Herde, & Hensen, 2009; Østergård, Jensen, & Maagaard, 

2016). Another key point that this article addresses is the 

necessity to improve the interoperability between 

computer-aided design (CAD) – widely used by architects 

– and building-performance simulation (BPS) software 

(Østergård et al., 2016). We propose the application of a 

novel method that relies on 3D-integrated parametric 

tools to allow architects to get instant feedback on the 

impact of their decisions on building energy performance 

along the design process. The method consists in a 

streamlined and automated workflow supporting BIPV 

design (sizing and positioning) in coherence with the 

building’s context, architectural features, and electricity 

needs. The Rhino 3D software (Robert McNeel & 

Associates, 2019) is used along with Grasshopper 

(Davidson, 2018) definitions for the calculation and 

optimisation of PV systems upon building envelopes. 

This in-depth analysis from the early design stages aims 

to reduce the costs due to design changes (Hollberg, 

2016). The method’s added-value is here tested in a real 

project and compared to more common PV-sizing 

approaches.   
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Methodology 

The method has three main phases: Phase 1 consists in the 

target’s definition in terms of energy performance, the 

analysis of the architectural design proposal, and the 

creation of building solar and energy models using as a 

basis the BIM model created by the architects. Phase 2 

mainly consists in a simulation-driven iterative design-

process aiming to identify - in cooperation with the design 

team - the building-envelope surfaces that could be 

“activated” by integrating PV elements in order to 

produce on-site electricity. The identification of these 

active surfaces takes into account the underlying 

supporting material to define the type of integration 

possible, as well as the requirements in terms of visual 

customization so as to not distort the original architectural 

concept. 

The simulation process involves both energy demand and 

solar irradiation that allow calculating electricity 

production, self-sufficiency (SS) and self-consumption 

(SC). The outputs of this phase are numerical charts along 

with false-colour 3D visualisations, feeding the iterative 

process - discussions with the design team - to define 

which surfaces should finally be activated and integrated 

in the final project. Phase 3 consists in the definition of 

final active surfaces and a final assessment of the PV 

installation. The assessment takes into account the 

possibility to add a storage system (batteries), the final 

energy performance of the building, as well as the carbon 

content of the electricity produced in comparison with the 

carbon content of the electricity imported from the grid. 

Case study 

The case study we have used is the project of the research-

centre building – for which the design process is currently 

ongoing – for the Smart Living Lab (SLL) in Fribourg, 

Switzerland. The conceptual design of this building began 

with a 4-year research stage led by the Building2050 

group (EPFL Fribourg, 2019). The result of this stage 

allowed defining the requirements for the architectural 

competition in the form of a collaborative Parallel Studies 

Mandate (MEP) (Smart Living Lab, 2018). The MEP was 

an integral part of the innovative process of designing a 

building that aims to respect Switzerland's 2050 

objectives, taking the 2,000-Watt society concept (Suisse 

Energie, 2016) as a reference. For the building sector, the 

objectives – expressed in terms of greenhouse gas 

emissions and non-renewable primary energy – for 2050 

are defined in the SIA 2040:2017 (SIA, 2017). In addition 

to these requirements is the aim of not importing more 

than 40% to 50% of the electricity needed from the grid.   

The winning team of the MEP (Behnisch Architekten, 

Drees&Somer and zpf), was contracted by blueFactory 

SA (BlueFactory, 2014) (the promoter) for the detailed 

development of the project. Within this process, the main 

role of the SLL represented by the Building2050 group is 

to support the design team to integrate innovation through 

a technology transfer approach and verify that the 

performance requirement is achieved. During the 6 

months foreseen for the detailed project phase, one of the 

main topics studied was the integration of PV electricity 

production using the building envelope. This is the key 

point on which this article focuses. 

The building has an energy reference area (ERA) of 3,834 

m2 calculated according to SIA 416/1:2007 (SIA, 2007), 

distributed over 5 floors and a basement dedicated to 

technical installations. The ground floor is dedicated to a 

laboratory, cafeteria and conference spaces. Floors 1 to 3 

have the researchers' working spaces and the 4th floor the 

experimental space and a model workshop. The building 

will be connected to a district-heating supplied by 

geothermal heat-pumps. All the elements composing the 

building envelope are susceptible to receive PV elements 

as shown (in blue) in Figure 1 with a total of 1,393 m2 of 

potential active surfaces. The building has a green-roof, 

two winter gardens (greenhouses), a terrace on the second 

floor and a pergola that connects the building with the 

existing Silo. The building is composed of a wooden 

structure that follows a 6x6m grid. The different façades 

are organised in a 3x3m sub-grid where the prefabricated 

modules – containing the windows – have been installed. 

These modules have a series of fixed brise-soleils 

(horizontal and vertical) depending on the orientation to 

improve both natural lighting and solar protection. These 

elements simultaneously participate to the expression of 

the building. 

 

Figure 1: Building Solar Model (BSM) of the building. 

Blue surfaces represent the potential active surfaces.  

Application and results 

The workflow applied to support the design process of the 

SLL building project was initially developed in the 

framework of the Active Interfaces research project 

(Active Interfaces, 2019) led by the Laboratory of 

Architecture and Sustainable Technologies (LAST) of the 

EPFL. One of the outputs of this project was an innovative 

method – specially well adapted to support early-design 

phases – to select active surfaces on the building envelope 

(Aguacil Moreno et al., 2019). This active surface 

selection method can be applied in new constructions as 

well as in the renovation of existing buildings. The 

application of this method allows to support the classical 

iterative design process with the goal of finding a trade-

off between self-consumption and self-sufficiency by 

adapting the PV installation to the needs of the building, 

thus helping to achieve high energy-performance. 

Phase 1 | Building Solar/Energy Modelling 

Based on the 3D BIM model generated by the architects 

during the MEP and project phase, the Building Solar 
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Model (BSM) (Figure 1) is created by adding the urban 

context and the potential active surfaces to serve as a basis 

for subsequent calculations.  

 

Figure 2: Building Energy Model (BEM) of the building. 

The calculation process elaborated in Grasshopper for 

Rhino (Davidson, 2018) takes these surfaces for 

irradiation and electricity production simulations using 

DIVA for Rhino (Solemma LCC, 2018) and EnergyPlus 

(US Department of Energy (DOE), 2016) calculation 

engine. 

In parallel, a Building Energy Model (BEM) (Figure 2) is 

generated using the DesignBuilder software 

(DesignBuilder, 2019) to obtain hourly time-step 

electricity needs. The BEM is configured using 

standardised data from the SIA 2024 (SIA, 2015).  

Phase 2 | Simulation and iterative design-process 

The simulation process has several stages that are carried 

out semi-automatically. The first stage is the simulation 

of the radiation received by the potential active surfaces 

to have the global vision of the project (Figure 3). Next, a 

filter using an irradiation threshold between 0 and 1,200 

kWh/m2.year is applied. By means of an automated 

process, 12 images are generated and at the same time the 

electrical output – in hourly time-step – is exported in 

coma separated values (CSV) format for each threshold.  

A sample of these images for the 0, 500 and 800 

kWh/m2.year thresholds are shown in Figure 3 and 4. 

In these images – used to communicate with the design 

team – we can see how the surfaces that receive less 

irradiation disappear as the irradiation threshold 

increases. In other words, only the surfaces that receive an 

amount equal to or greater than the selected threshold 

remains coloured. 

With the help of this visual representation, and by 

explaining that starting from a certain irradiation 

threshold the installation can cease to be profitable – both 

from an energy and environmental point of view – it is 

possible to start prioritising the activation of some 

surfaces while leaving others inactive. At the same time, 

the design team can start thinking about the type of 

product or technology that would be most suitable for 

each type of active surface. 

For example, if the design team decides that a PV element 

should be integrated in the lower part of the windows, this 

PV component should be a fully-integrated element, both 

in terms of size and visual appearance. In this case, it is 

worth using customised PV panels, based on Mono-Si 

technology, and adding a coloured film imitating the 

wood colour (Solaxess, 2018). 

 

 

 

 

 

Figure 3: South-West façades. Cumulative annual 

irradiation, filtered with a threshold of 0, 500, 800 and 

1,200 kWh/m2.year.  
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Figure 4: South-East façades. Cumulative annual 

irradiation, filtered with a threshold of 0, 500, 800 and 

1,200 kWh/m2.year. 

In addition to the visual information provided by Figures 

3 and 4, for each irradiation threshold a calculation of the 

PV production, SS and SC is conducted (Figure 5). 

The first thing that can be seen in Figure 5 is the inverse 

behaviour of the SS and SC curves as a function of the 

irradiation threshold. When the threshold is 0 

kWh/m2.year, this means that all potential active surfaces 

are taken into account (1,392 m2). On the opposite side of 

the chart, when the threshold is 1,200 kWh/m2.year, only 

a small part of the surfaces (251 m2), mainly on the roof, 

are taken into account. In this case, only those that receive 

more than 1,200 kWh/m2.year are taken into account. 

 

  

Figure 5: SS, SC and annual PV production for each 

irradiation threshold from 0 to 1,200 kWh/m2.year. 

Without batteries. 

The main objective of this approach is to show that a well-

sized PV installation – matching as well as possible PV 

production with the electricity needs of the building – is 

the one that offers the best balance between SS and SC, 

since it maximizes the amount of energy self-consumed 

by the building while minimising the overproduction that 

must be injected into the grid (Aguacil Moreno, 2019). 

From Figure 5, it can be seen how the cross-point between 

SS and SC curves is located between 600 and 700 

kWh/m2.year. 

With this information it is possible to indicate to the 

design team which surfaces would be interesting to 

discard, in this case all the surfaces that receive less than 

600 kWh/m2.year. 

Considering in addition the aim of not importing more 

than 50% of the electricity needed from the grid, the level 

of SS should be of at least 50%. For this reason, and as 

shown in Figure 5, the selected trade-off point would be 

around 530 kWh/m2.year. 

With this size of installation (1,015 m2), the estimated 

production is of about 130 MWh/year. Considering now 

30 kWh of storage capacity, the trade-off is moved to 

about 700 kWh/m2.year (Figure 6), meaning that with a 

smaller installation (721 m2) with 105 MWh/year of 

production, it is possible to achieve the same level of SS 

and SC. 
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Figure 6: SS, SC and annual PV production for each 

irradiation threshold from 0 to 1,200 kWh/m2.year. With 

30 kWh Li-ion battery-based storage capacity system. 

Phase 3 | Active surface selection and final 

assessment 

With all the information collected in phase 2, it is now 

possible to select – together with the design team – the 

surfaces that will finally be activated. In this case, the 

decision has been made to use the 500 kWh/m2.year filter. 

As mentioned, we here also aim at verifying that the 

carbon content of the electricity produced by the PV 

installation, considering a life cycle of 25 years, is not 

higher than the carbon content of the electricity imported 

from the grid, in this case 0.102 kgCO2/kWh (KBOB, 

2016). 

This reason motivated the decision to size the installation 

without taking into account the batteries, since this type 

of system presents a great environmental impact 

associated with its manufacture, both in terms of 

embodied energy and CO2 emissions. 

Another reason that supported this decision is the 

minimum PV-production requirement of the Minergie-A 

label (Minergie, 2018), also sought by the project team. 

This label requires a total annual production that covers 

the annual needs of the building, which is of 119.6 

MWh/year for this project (given the characteristics of the 

building, e.g., floor area, heating needs).  

The average environmental impact of a PV installation 

can be found in a Swiss eco-building database (KBOB, 

2016). In this case an impact of 1,167 kgCO2/kWp and 

780 kgCO2/kWhcapacity have been used for the solar panels 

and the Li-ion batteries respectively. 

The selected surfaces – taking into account architectural 

and technical feasibility aspects – are shown in Figure 7, 

including the cumulative annual irradiation received. 

 

 

Figure 7: South-East and South-West façades. 

Cumulative annual irradiation of final selected surfaces.  

 

In order to obtain the final performance, a simulation 

using the PVSyst software (PVsyst SA, 2020) was 

conducted, using PV products available on the market.  

This PV installation would have a total installed power of 

156 kWp (based on the product data calculated according 

to the standard-test conditions (STC) of 25°C and 1,000 

W/m2 of irradiation) with an energy efficiency of 850 

kWh/kWp and total PV production of 132 MWh/year.  

The calculation also takes into account losses due to the 

visual customisation of the modules, DC/AC conversion 

and temperature effect. 

The final installation has 5 different PV fields (A, B, C, D 

and E) as follows: 

A | Green roof: Installed power (STC) and efficiency: 

74.50 kWp (1,131 kWh/kWp). Active components: 207 

modules (1.6m x 1m) with 60 cells/module mono-Si 5BB 

and a power of 360 Wp/module. Tilt: 15º and Orientation: 

South. 

B | Pergola: Installed power (STC) and efficiency: 39.60 

kWp (892 kWh/kWp). Active components: 110 modules 

(1.6m x 1m) with 60 cells/module mono-Si 5BB and a 

power of 360 Wp/module. Tilt: 15º and Orientation: 

South. 

C | Horizontal Brise-soleils (South facade): Installed 

power (STC) and efficiency: 6.30 kWp (789 kWh/kWp). 

Active components: 28 modules (1.9m x 0.7m) on 

flexible film (light) with 48 cells/modules mono-Si 5BB 

and a power of 225 Wp/module. Tilt: 90º and Orientation: 

South. 
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D | Winter Garden (South, East and West facade): 

Installed power (STC) and efficiency: 19.05 kWp (499 

kWh/kWp). Active components: Integration of 5BB cells 

(standard cell density of 90%) on the windows (single 

glazing) on three orientations: South (90°, -15°), East 

(90°; -105°) and West (90°; 75°). The winter garden 

windows modules have 2 main sizes: a) 8 modules of 

3.40-3.68m x 2.15m (252 cells) with 1,428 Wp/module 

and b) 16 modules of 3.40-3.68m x 0.75 (84 cells) with 

476 Wp/module. 

E | Window module (South, East and West facade): 

Installed power (STC): 16.98 kWp (386 kWh/kWp). 

Active components: 60 modules (1.7m x 0.9m) coloured 

wood with 50 cells/module mono-Si 5BB and a power of 

283 Wp/module. 20% of losses due to the visual 

customisation (wood-coloured film) of the modules is 

considered (Aguacil Moreno, 2019; Corti, Bonomo, 

Frontini, Macé, & Bosch, 2020; Røyset, Kolås, & Jelle, 

2020; Solaxess, 2018). 

A summary of the main characteristics and results are 

presented in Table 1.  

Table 1: Summary of main characteristics and 

performance results of the PV installation. 

Installed power 156 kWp 

Electricity production 132 MWh/year 

Performance 850 kWh/kWp 

Without batteries 

Self-consumption 43% 

Self-sufficiency 52% 

Carbon-content 0.036 kgCO2/kWhpv 

Investment cost 238 000 € 

Economic Payback-time 12 years 

Carbon Payback-time 13 years 

With 60 kWh of battery capacity 

Self-consumption 49% 

Self-sufficiency 61% 

Carbon-content 0.087 kgCO2/kWhpv 

Investment cost 256 000 € 

Economic Payback-time 12 years 

Carbon Payback-time 17 years 

 

A scenario with battery storage is shown for comparison 

purposes, keeping in mind that the optimal irradiation 

threshold was chosen for the non-battery configuration. It 

is to note that the largest battery that allows remaining 

under the 0.102 kgCO2/kWh carbon-content of the Swiss 

grid is of 78 kWh. 

Figure 8 summarizes the energy needs on a monthly basis 

for each one of the consumption domains, as well as the 

energy produced by the PV installation. The annual 

electricity needs of 119,600 kWh/year (31.2 

kWh/m2.year) is broken-down as follows (kWh/m2.year):  

8 for appliances, 5 for lighting, 16.6 for 

heating/cooling/ventilation and 1.6 for domestic hot water 

(DHW). 

 

Figure 8: Monthly final energy consumption and PV 

production. 

Conclusion 

This study has applied / tested a novel design-driven and 

building-coherent photovoltaic sizing method based on 

the self-consumption and self-sufficiency ratios initially 

developed within the framework of the ACTIVE 

INTERFACES research project, providing a 

methodology to architects to help them conduct a project-

specific analysis for building-integrated photovoltaics 

(BIPV). 

The proposed method puts a special emphasis on the 

interoperability between computer-aided design (CAD) – 

widely used by architects – and building-performance 

simulation (BPS) software. Starting from the 3D BIM 

model of the building generated by the architects, energy, 

solar radiation and photovoltaic production simulations 

have been carried out, allowing the automatic generation 

of images and quantitative data used to help decision-

making during the iterative process of the design phase of 

the project. 

This process leads to the identification and final selection 

of the building envelope surfaces to be activated for 

producing electricity onsite. From the obtained results, it 

is possible to see how the final PV installation achieves 

the performance requirements in terms of self-sufficiency 

(SS ≥ 50%) even more so with a battery of 60 kWh (SS ≥ 

60%), limiting the electricity imported from the grid to 

39% and 48%, with and without batteries respectively. 

At the same time, the percentage of energy produced by 

the PV system that is used by the building – represented 

by the self-consumption ratio – reaches 49% and 43%, 

with and without batteries respectively. These values are 

very positive, taking into account that the average self-

consumption obtained in standard photovoltaic 

installations on roofs is around 30% (Aguacil Moreno, 

2019). 
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The multi-field PV installation (156 kWp) also exceeds 

the minimum criteria of the Minergie-A label (Minergie, 

2018) that is of about 125 kWp.  

This shows that the PV installation is well-adapted to the 

needs of the building and that the presence of different PV 

fields with different orientations and inclinations allows a 

better distribution of the solar production throughout the 

year (Figure 8). 

In terms of environmental impact, the carbon content per 

kWh produced by the PV installation is 0.087 and 0.036 

kgCO2/kWh (with and without batteries). When 

compared to the carbon content of the electricity from the 

grid, which is 0.102 kgCO2/kWh (KBOB, 2016), it can be 

seen how the impact of the batteries is still very important.  

For this installation, a 60-kWh capacity Li-ion battery 

system has been counted, it has been proven that with a 

capacity of 78 kWh or more the value of carbon content 

will exceed that of the electrical network and the carbon 

impact payback time exceed beyond 18 years. In this 

sense, storage technologies must still evolve so that the 

environmental impact due to their manufacture is lower.  

The market is indeed rapidly advancing by implementing 

various possible strategies, such as the reuse of batteries 

from electric vehicles, since the requirements of PV 

installations are lower than those of EVs) operation 

(Fraunhofer ISE, 2018; Hoarau & Perez, 2018; Robledo, 

Oldenbroek, Abbruzzese, & Wijk, 2018). 
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