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Abstract 
 

An increasing energy demand from the continuously growing population has triggered an inevitable 

increment in the energy demand of buildings, which has motivated the transition towards sustainable 

and smart cities, focused on the design of healthy, energy efficient and aesthetic environments. In 

recent years, the evolution towards a more sustainable built environment has been taking place and 

it is imperative that this trend continues. 

 

One of the companies that contributes to this trend is Wellsun, with its signature product Lumiduct, 

which provides an integrated solution for energy generation and indoor thermal and daylight comfort 

of buildings. This innovative building-integrated concentrating PV (BICPV) façade system consists of a 

double-skin façade with an array of movable panels located in its cavity, which track the sun during 

the day. This optical system treats the diffuse and direct part of solar irradiation in a different manner. 

The diffuse component freely passes through the modules and reaches the room as soft daylight. The 

direct part, on the other hand, is concentrated onto tiny, ultra-high-efficiency III-V solar cells to 

generate electricity. By virtue of the complexity of this technology, Lumiduct provides many functions 

to a glazed façade, as it reduces solar gains, protects against glare, generates electricity, lets daylight 

in, and allows for a view to the outside.  

 

During the research and development of this technology in the past years, the various benefits of 

Lumiduct have been proven and validated with experimental work. However, there is a need to further 

improve the understanding of the technology and its corresponding value proposition, as the Lumiduct 

performance is specific for a given building design, location and so on. In order to do so, it is important 

that the Wellsun team can communicate the multi-dimensional performance of Lumiduct to architects, 

engineers, building owners, investors and other stakeholders. By doing so, they can position 

themselves in the market with respect to competitor technologies. 

 

The objective of this project was to develop a computational design support tool (DST) that provides a 

straightforward way of analysing the performance of the façade system for different building design 

variants and under different environmental conditions, helping Wellsun to communicate the potential 

of this technology. The functional requirements were elicited by ensuring that the Lumiduct DST is 

meaningful, reliable and accessible. The tool developed has been built on top of an integrated 

simulation model for building performance that accounts for the behaviour of Lumiduct in different 

physical domains. The development of the simulation models and their automation is described in 

detail. The quality of these model predictions has been assured through comparisons with a full-scale 

pilot façade system. The analysis and visualization of the system performance has been determined 

based on insights obtained from literature, analysis of the potential users and stakeholders and other 

available design support tools, following a design thinking strategy. The application of the Lumiduct 

DST is presented through two scenarios, one focused on an orientation study for the Dutch market and 

another discussing the potential for a ventilated Lumiduct façade in a warm climate. Furthermore, this 

tool was designed to be easily updatable and extendable to meet the requirements of other 

stakeholders, motivated by the fact that both the technology and the requirements and expectations 

are continuously evolving. By maintaining the high-resolution simulation models and the database as 

the back-end of the tool, different front-ends (user interfaces) can be developed for various audiences 

in the future, as the provided inputs and key performance indicators that result from the 

computational models can be carefully selected depending on the targeted end user. 
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1. Introduction 

1.1 Lumiduct 

Lumiduct is an innovative building-integrated concentrating PV (BICPV) façade system that uses an 

array of movable panels, located in the cavity of double-skin façades (Figure 1a), to guide incoming 

sunlight in order to provide shading control and energy harvesting to glazed building façades.  

  

Figure 1. a) Integration of the CPV modules into pillars in the cavity of a double-skin façade, b) Sun-tracking behaviour of the 
Lumiduct façade system (Wellsun, 2019b). 

The concentrating photovoltaic panels, developed by the company Morgan Solar (Morgan Solar Inc., 

2019), consist of special optical modules that threat the diffuse and direct part of solar irradiation in a 

different manner (Figure 2b). The optics redirect direct sunlight and concentrate it onto tiny, ultra-

high-efficiency III-V solar cells to generate electricity, as presented in Figure 2Figure 1a. The diffuse 

component freely passes through the modules and reaches the room as soft daylight. In order to track 

the sun over the course of the day, the technology includes a dual-axis tracking system (Figure 1b). An 

example of a single module, including the sun-tracking structure, is presented in Figure 3b. 

 

 

Figure 2. a) Electricity production at the planar optic with high-efficiency solar cell, b) Diverse treatment of direct and diffuse 
light by the concentrating PV modules (Wellsun, 2019b). 
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Figure 3. a) Planar optic with high-efficiency solar cell, b) Module with support structure. 

Lumiduct provides many functions to a glazed façade. It reduces solar gains, protects against glare, 

generates electricity, lets daylight in, and allows for a view to the outside. 

This technology is developed by the company Wellsun (Wellsun, 2019a), in close collaboration with 

Eindhoven University of Technology and Radboud University Nijmegen. It is currently in the pilot 

project stage, close to full-scale application in the market. Technical specifications of this technology 

can be found in the Appendices. 

 

1.2 Project scope and objectives 

At the beginning of this PDEng project, the Lumiduct technology was positioned at a technology 

readiness level (TRL) 6, corresponding to a “prototype system tested in intended environment close to 

expected performance” (NASA, 2012). Several benefits of this technology were proven and validated 

with experimental work. However, there was a need to further improve the understanding of the 

technology and its corresponding value proposition, as well as to better communicate the benefits and 

characteristics of the technology to several stakeholders. This meant that not only the technology had 

to increase its TRL to achieve a commercially available product (technology push), but that actions had 

to be taken in order to contribute to the market integration of Lumiduct by understanding and 

analyzing the needs of potential clients (market pull) (Design Technology, 2019). 

This duality became the basis of this PDEng project scope, whose objectives have been defined from 

the perspective of technology push and market pull (see Figure 4). The R&D process of the technology 

is supported by developing an integrated simulation model for building performance that accounts for 

the behavior of Lumiduct in different physical domains. In pursuance of improving the value 

proposition of the technology, a computational design support tool (DST) is created so that the Wellsun 

team can communicate the multi-dimensional performance of Lumiduct to several stakeholders, such 

as architects, engineers, building owners and investors. This tool can then contribute to inform about 

the characteristics of Lumiduct not only as a BIPV façade, but also as a solar shading system and energy-

saving device, which in turn helps the company to position themselves in the market with respect to 

competitor technologies. 
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Figure 4. Dual focus of the PDEng project: technology push and market pull. 

 

1.3 Description of Design Thinking Strategy and methodology approach 

The design process to develop the Lumiduct DST has been supported by a Design Thinking Strategy, 

presented in Figure 5. This strategy is based on the double diamond model (Design Council, 2019a), 

representing the problem space and the solution space. As in every creative process, this design project 

started discovering possible ideas in a process of divergent thinking. The next step was to narrow them 

down (convergent thinking) and define the selected DST platform. The next diamond focused on the 

solution space. During de developing phase, the problem definition was refined and potential solutions 

of the problem were evaluated. Finally, the design process converted into the delivery phase, where 

the solution of the problem or final product was developed and delivered.  

In the next chapter, focused on the methodology used during this design project, these phases are 

described in detail in relation to the different phases and milestones reached to develop the Lumiduct 

DST. 

 

Figure 5. Design Thinking Strategy for the development of the Design Support Tool, adapted from (Design Council, 2019b). 
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This project has followed a methodology approach composed by several tasks, starting at different 

times during the lifetime of the project, as presented by Figure 6. These tasks were not carried out 

isolated from each other, but they have had a vital interaction which ensured that the final product 

had influences from all the important aspects that needed to be evaluated.  

By the start of this PDEng project, the development of building performance simulation models for the 

Lumiduct technology had already started. This was done through the interaction and complementary 

development of the models during certain research projects, such as one PhD research project and 

two master theses. This development continued throughout the PDEng project and was also supported 

by the work of the PhD student and one master student. While the model development was 

progressively completed, simulations for different scenarios could be performed. Moreover, the model 

development phase was highly influenced by the experiments carried out at a demonstrator façade. 

Parallel to this process two different tasks were carried out. The first one, analysis of barriers and 

opportunities of the Lumiduct façade system, had a big influence in the second, i.e. analysis of 

requirements and approaches of the computational DST. Moreover, the study of the barriers and 

opportunities of the Lumiduct technology determined the simulations performed with the 

computational models, so that the calculated Key Performance Indicators could contribute to the 

comparison of Lumiduct with competing technologies.  

The analysis of requirements and approaches to the DST triggered the study of various prototypes for 

the tool. This phase, together with the simulations phase, contributed to the development of the final 

product.  

 

Figure 6. Methodology approach flowchart for the design project. 

1.4 Thesis outline 

Chapter 2 presents the methodology followed during this project, which is based on the Design 

Thinking strategy and on three main characteristics that the DST has to satisfy and balance: meaningful, 

reliable and accessible. The investigation of the requirements of the Lumiduct DST has been based on 

these three characteristics. Therefore, the methods and techniques that were used during the design 
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are presented in this Chapter under three subsections, which correspond to these three important 

aspects of the DST.  

Chapter 3 initiates the Design Thinking strategy with the Discover phase. The state-of-the-art of energy 

generating facades is presented by analyzing the advantages and disadvantages of alternative or 

competing technologies. As a continuation, the barriers and opportunities of Lumiduct are studied by 

developing a SWOT analysis (Strengths, Weaknesses, Opportunities and Threats), as well as by 

evaluating the technological transition from the niche to a mainstream market through a multi-level 

perspective approach and developing a business plan for Lumiduct. 

Chapter 4 unfolds the outcomes of the techniques and methodologies presented in Chapter 2 by 

determining the requirements of the Lumiduct DST and presenting the selected platform for this tool. 

Chapter 5 dives into the development of the building performance simulation models that describe 

the behavior of the Lumiduct technology in various physical domains. Besides, the validation of the 

models through experiments is introduced. Moreover, the integration and automation of these models 

is explained, which sets the foundation and back-end of the developed DST for Lumiduct. 

Chapter 6 presents the application of the Lumiduct DST for the targeted end-users, the employees of 

Wellsun. The tool is used for two different scenarios, which evaluate the performance of Lumiduct in 

two different use cases and present the capabilities of the developed DST. Moreover, a guideline for 

future updatability and extension of the tool is presented. 

Chapter 7 summarizes the main outcomes and provides directions for future research and application 

of the Lumiduct DST.   
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2. Methodology 

2.1 Design Thinking Strategy 

The design process in this project was supported by the methodology approach presented in Chapter 

1. Furthermore, a Design Thinking Strategy (O´Leary, 2019) has been applied to guide the process of 

designing and developing the DST. Figure 7 presents this creative strategy, which combines a 

divergent-convergent method with four stages of the design process, namely Discover, Define, Develop 

and Deliver, guiding the evolution of a challenge to a solution. 

 

Figure 7. Design Thinking Strategy for the development of the Design Support Tool, adapted from (Design Council, 2019). 

In the Discover phase, several competing technologies were analysed, both in the area of BIPV façade 

systems and design support tools. The state-of-the-art of energy façade technologies was analysed and 

a multi-level perspective approach, together with a business plan for Lumiduct, were presented. The 

main outcome in relation to competing technologies and to competing design support tools are 

presented in subsection 3.1 and subsection 3.3 of Chapter 3 of this report.  

In the Define phase, the selected alternatives for the design of the DST were compared in terms of pros 

and cons from both the developer’s and the user’s point of view. The requirements of the DST were 

identified based on literature and by analysing the needs of end-users, stakeholders and tool 

developers alike. This process converged into the selection of the platform for the Lumiduct DST which 

satisfied the key requirements that were identified. All the encountered steps and options during this 

process, as well as the final platform, are described in Chapter 4. 

In the Develop phase, a diverging process lead to several prototypes of the selected DST platform 

through multiple iterative steps. The Key Performance Indicators were selected and the design space 

was defined. Moreover, the simulation models for various physical domains required to support the 

computational DST were developed. An experimental validation of these models contributed to this 

process. This phase is described in detail in subsections 5.1, 5.2 and 5.4 of Chapter 5.  
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Finally, in the Delivery phase, the previous ideas and developments were converted into the final 

product, the Lumiduct DST. This phase focused on the development of an integrated simulation model 

and on the automation of simulations. This automated model was used to perform simulations for 

several case studies, such as considering different climates and building orientations, which were 

stored in the database. Moreover, an interface to access and manage the database was designed. The 

findings related to this phase can be found in subsections 5.3 and 5.5 of Chapter 5. Furthermore, the 

application of the DST was presented based on two scenarios. These use cases and the future use of 

this tool, related to the updatability of the tool and possible extensions, are described in Chapter 6. 

 

2.2 Scope 

The main challenge that the development of this computational DST had to face was to balance the 

three main concepts shown in the Venn diagram in Figure 8. This tool has to be meaningful for the 

company to use, giving them the means to communicate about the performance of Lumiduct with 

different stakeholders, with the goals of (i) improving the product’s value proposition, and (ii) 

facilitating informed design decision-making. Moreover, the DST has to be scientifically reliable and 

accessible to the main stakeholders, including non-specialists. Hence, the overlap of these three 

concepts is vital for the development of the tool. 

 

Figure 8. Main concepts of the Lumiduct Design Support Tool. 

The parallel research and development of the façade (driven by technology push) and the development 

of the tool (supporting market pull) presented in the project objectives of Chapter 1 is also represented 

in this diagram, as the technology push contributes to the reliable concept, whereas the market pull 

goes in line with the accessible and meaningful concepts. 

Identification of requirements 

As described in the introduction chapter of this report, the Lumiduct façade system is a complex 

technology, active in many physical domains. Thus, its performance prediction is not a straightforward 

task. The requirements of a computational design support tool that provides such prediction were 

hence not easy to determine. The process of defining these requirements involved a study of the needs 

of stakeholders, users and developers alike. Moreover, these requirements were not known from the 

beginning of this project. Therefore the definition of the final product, expressed in the form of 

requirements for the Lumiduct DST, is in itself a very important outcome of the project. 

The identification of requirements is thus based on the Venn diagram of Figure 8. Several techniques 

have been used throughout the design process in order to develop the Lumiduct DST. The following 

subsections introduce these techniques, following the three concepts of Meaningful, Reliable and 
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Accessible. The outcomes of the design process using these techniques are then presented in Chapter 

3 and in Chapter 4. 

 

2.3 Meaningful (Business) 

This DST is envisioned to support the business of Wellsun. Therefore, one vital element of the design 
process is the feedback from the intended end-users, in this case the employees of the company. 
During the development of this tool, several feedback sessions with the CEO and CTO of the company 
took place, which provided valuable information and guidance to create a tool that would satisfy their 
requirements and expectations. 

Overview of online design support tools and sales support tools of potential competitor 

technologies 

Nowadays certain universities, research entities or companies provide design support tools for building 

performance and daylight availability. Moreover, sun shading technologies, façade systems, BIPV 

producers and other companies have sales support tools publicly available on their websites in order 

to support the market integration of their technologies. Several of these examples were analysed in 

order to get inspiration on the key performance indicators that are relevant depending on the targeted 

audience by a certain tool. The outcome of this overview is presented in subsection 3.3 of this report. 

Tangible and intangible benefits 

A complex technology such as Lumiduct, which not only acts as a solar shading system, but at the same 

time is a photovoltaic façade and an energy-saving device, has several tangible and intangible benefits 

(see Table 1). While tangible benefits, as their name indicates, are easy to quantify and can be used to 

compare technologies, intangible benefits can make a great difference for the investor of the façade 

technology and the eventual occupant of the building.  

The developed DST for Lumiduct is aimed to contribute to the analysis and prediction of the system 

performance, which is the first priority of Wellsun and belongs to the tangible category. Interestingly, 

all the tangible benefits contribute one way or the other to the intangible ones. For example, the 

daylight availability that the façade system provides improves the sustainability status of the building 

and the productivity of its occupants, which is also influenced by the view to the outside allowed by 

the semi-transparent CPV modules. 

Table 1. Tangible and intangible benefits of the Lumiduct facade system. 

Tangible Intangible 

Energy generation from CPV modules Aesthetics 

Energy Use Intensity (Heating, cooling and 

artificial lighting demand of the building) 
View to the outside 

Thermal comfort (indoor climate) Productivity 

Daylight availability Sustainability 

Initial costs of the façade system Corporate image 

Net Present Value Market value of the building for investors 
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2.4 Reliable (Scientific) 

Building Performance Simulation 

The main objective of the Lumiduct DST is to help Wellsun to communicate the multi-dimensional 

performance of Lumiduct to several stakeholders and to bring this innovative building component 

closer to its market introduction. Building performance simulation (BPS) can successfully contribute to 

this objective by acting as a virtual laboratory in research and development projects (Loonen, de Klijn-

Chevalerias, & Hensen, 2019). Therefore, BPS software programs such as TRNSYS and Radiance have 

been used to model the behaviour of this technology in the thermal, daylight, electrical and airflow 

domains. By using BPS, the interactions between the building with other sub-systems such as the 

environment and the occupants have been modelled. Figure 9 presents these dynamic interactions. 

 

Figure 9. Dynamic interacting sub-systems in a building context (Hensen, 2004). 

However, Lumiduct is a complex technology with complicated physical behaviours, which is very 

different from a regular fenestration system, solar shading system or a conventional PV module. 

Therefore, the Lumiduct technology is not compatible with existing models in BPS software programs. 

This implies that modelling the behaviour of such a technology using conventional tools is not a 

straightforward task and that has motivated the collaboration of Wellsun with the Building 

Performance group at TU/e. This collaboration has nurtured three master graduation projects, one 

PhD research and this PDEng project. The development of the computational DST via BPS software 

programs is presented in Chapter 5. 

 

Literature review of state-of-the-art technologies 

A literature review and search for state-of-the-art technologies was performed in order to evaluate 

the similarities and differences between the analysed technologies and Lumiduct. This analysis also 

helped to define which methods, metrics and ranges are commonly used for the comparison of 

systems (e.g. efficiency, electrical and/or thermal energy generation, daylight, glare, view to the 

outside, etc.). Detailed information can be found in subsection 3.1.1 of this report. 

 

Collaboration with PhD and MSc projects for model integration 

Eindhoven University of Technology has collaborated with Wellsun for the past years, and that 

collaboration has produced valuable outcomes. Particularly, during the past two years there have been 

two other projects, one PhD project and one MSc thesis, which were focused on Lumiduct and have 

run in parallel with this PDEng design assignment. The PhD candidate has worked, amongst other tasks, 
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on the model development and performance prediction of Lumiduct in relation to its thermal, 

electrical and visual behaviour (Saini, Loonen, & Hensen, 2018). Moreover, the MSc thesis was focused 

on the experimental and computational study on the visual and thermal performance of this façade 

system. During this MSc project, the validation of the developed computational models was possible 

thanks to experiments carried out in a demonstrator façade located in Alblasserdam (van Oirschot, 

2018). 

The collaboration with the PhD candidate and the master student, which also led to a co-supervision 

of his graduation project, has proven to be highly valuable to all the involved parties. Particularly, the 

outcomes of these collaborations have been taken into account when developing the integrated 

computational model that sets the foundation of the Lumiduct DST.  

These projects were solely focused on the scientific aspects of the Lumiduct technology, while this 

PDEng assignment has to comply with not only the scientific aspect but also with the other concepts 

presented in the Venn diagram of Figure 8. Hence, in order to integrate these models into the PDEng 

design different requirements had to be balanced, such as the user-friendliness of the tool, but also 

the larger diversity of cases (meaningfulness). Therefore, these models have been adjusted and 

extended to fit the goal and particular requirements of this PDEng design assignment.  

 

Validation of computational simulation model through experiments 

The quality of the performance predictions of the developed simulation models has been assured and 

validated through comparisons with a full-scale pilot façade systems. Detailed explanations of this 

procedure can be found in subsection 5.4 of this report. 

 

2.5 Accessible (User-friendly) 

In the interest of developing a tool that is accessible and user-friendly, two main approaches have been 

investigated. Firstly, the system context of the tool was evaluated, from the perspective of systems 

engineering (Weilkiens, 2007). By doing so, the different stakeholders and their requirements could be 

identified. The second approach that was applied was to investigate user stories applied to the 

Lumiduct DST, which are used in software development and product management as a short, high-

level definition of a requirement of a tool from the end-user´s perspective (Lucassen, 2016). The main 

findings using these methodologies can be found in Chapter 4 of this report. Moreover, nothing 

provides a better feedback on the accessibility of the tool than the reaction and assessment from the 

intended end-user. Therefore, the opinion and critical view from Wellsun during the feedback sessions 

highly contributed to the design process. 
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3. State-of-the-art: Energy-generating façades 

3.1 Advantages and disadvantages of alternative or competing technologies 

The review on competing technologies has helped to evaluate the strengths and weaknesses of 

Lumiduct as compared with similar technologies, which is an important analysis to promote the market 

integration of Lumiduct and evaluate the performance of this technology in several aspects. 

 

3.1.1 Literature review BIPV, BIPVT, BICPV, BICPVT, BAPV… 

Overview of competing technologies 

Figure 10 provides an overview of the different technologies that were found when performing the 

literature review. From a building-integration point of view, one can consider technologies with solar 

PV cells, solar thermal collectors and solar concentrator optics together with solar tracking systems. 

By combining these elements, four main categories of technologies can be identified: building-

integrated photovoltaics (BIPV), building-integrated concentrating photovoltaics (BICPV), building-

integrated photovoltaic-thermal (BIPVT) and building-integrated concentrating photovoltaic-thermal 

(BICPVT). Moreover, these technologies can include transparent or translucent materials.  

From the analysis of technologies in Figure 11, it is clear that Lumiduct can be compared with 

technologies with very different features, and it is important to keep in mind the limitations of such 

comparisons. 

 

Figure 10. Overview of building-integrated solar technologies. 

This literature review also helped to determine the evaluation procedure of the technology. It was 

important to define which methods, metrics and ranges could be used for the comparison of systems 

(e.g. efficiency, electrical and/or thermal energy generation, daylight, glare, view to the outside, etc.). 

Moreover, the available studies of several technologies could be focused on the building, façade or 

component level, which also influenced the scope of the comparison. 

A comparison of Lumiduct with competing technologies could be simply performed by ranking several 

features of the technologies based on a colour code. Table 2 presents Lumiduct as compared with six 

other technologies in terms of efficiency, electrical energy generation, thermal energy generation, 

glare protection, access to daylight and view to the outside. A bright green colour reflects that the 

technology under evaluation performs better than Lumiduct, while different shades of red indicate a 

lower performance in that specific indicator. This table reflects a qualitative comparison of the 

technologies. However, it is quite difficult to compare them in a quantitative manner, as sometimes 
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the exact numbers are not provided in the literature, or simply cannot be compared as the simulations 

or experiments are carried out in very different environments. For example, the technologies could be 

analysed from a building, façade or component perspective, or the experiments could be performed 

in a laboratory setting or in a fully operational building. Hence, there is no consistency in the evaluation 

of the technologies, which can differ from study to study. Moreover, there is no accepted performance 

evaluation methods or metrics.  

Table 2. Comparison of building-integrated solar technologies. 

 

Examples of competing BIPV technologies 

Figure 11 presents some images of the competing technologies evaluated in Table 2 of this document. 

  

Figure 11. Competing BIPV technologies: a) BITCOPT (Aly Etman et al., 2015), b) Adaptive Solar Façade (Zurich, n.d.), c) Onyx 
Solar (“Onyx Solar,” n.d.), d) ZigZagSolar (“ZigZag Solar,” n.d.) 

Technology Efficiency Electrical energy Thermal energy Glare Daylight View to outside

LUMIDUCT

Adaptive Solar Façade (ETH Zurich)

Power Window (PHYSEE)

ZigZag Solar

Onyx Solar

Switchable Window - Thermotropic layer

BITCOPT (Rensselaer Polytechnic Institute)
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3.2 Analysis of barriers and opportunities of Lumiduct 

This section begins by presenting the state-of-the-art description of the Lumiduct technology, together 

with a SWOT analysis. These outcomes are a result of the contribution of the Lumiduct technology into 

Task 56 of the Solar Heating and Cooling (SHC) program of the International Energy Agency (IEA). This 

task which was focused on building-integrated solar envelope systems for HVAC and lighting.  

This section continues by evaluating the technological transition from the niche to a mainstream 

market through a multi-level perspective approach and concludes with a lean business model of the 

Lumiduct technology. 

 

3.2.1 State-of-the-art description of the Lumiduct façade system 

Architectural and technological integration into the façade  

Lumiduct is designed as an integrated façade solution, and not as separate modules to be added onto 

existing façades. The modules are installed into several vertical pillars, which are in turn integrated in 

the cavity of a double-skin façade. Figure 12 presents an example of the installation of the modules in 

a pillar. The Lumiduct façade system can be connected to the building’s heating, ventilation and air-

conditioning (HVAC) system. In this way, the warm air in the cavity can be used to pre-condition 

ventilation air, thereby reducing energy demand for heating. Another possibility is to harvest heat in 

the cavity of the double-skin façade using an air-to-water heat exchanger. By means of this approach, 

the thermal energy can either be used for space heating, or to satisfy domestic hot water needs. 

 

Figure 12. Integration of modules into pillars. 

 

Integration into the building: system and comfort 

Because Lumiduct tracks the sun over the course of the day (dual-axis tracking), the direct part of the 

sunlight is always absorbed while the diffuse daylight freely passes. In this way, Lumiduct acts as a 

selective solar shading device, addressing multiple needs at the same time. Apart from producing 
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electricity, Lumiduct significantly reduces solar heat gains and thus cooling loads. It also functions as a 

glare protection system, while the diffuse daylight still enters the room and reduces the need for 

artificial lighting. An important side benefit of Lumiduct, compared to regular solar shading systems, is 

that a view to outside, and enhanced access to the many health and well-being benefits of daylight is 

guaranteed at all times. Figure 13 presents an artist impression of the indoor environment provided 

by the full-scale building integration. Besides, Figure 14 depicts a bottom view of a 40 m2 demonstrator 

façade located at the company Mondial Movers, in Alblasserdam. 

 

Figure 13. Artist impression, full-scale building integration of Lumiduct. 
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Figure 14. Bottom view of the demonstrator façade of the Lumiduct BICPV system. 
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3.2.2 SWOT analysis 

Strengths 

 Daylight comfort  Lumiduct provides glare 
protection while allowing transmission of diffuse 
irradiation as daylight, and thus lowers lighting 
energy use. 

 Fully glazed façade solution that manages solar 
heat gains to reduce cooling energy needs and/or 
overheating risks. 

 Electricity generation with high efficiency (29% 
module efficiency) in a translucent configuration. 

 Modularity of the façade, as modules are 
integrated into pillars. 

 Attractive appearance, suitable for high-end 
architectural applications. 

 Suitable for fast scaling through distribution 
partners. 

 Improved view to the outside due to the semi-
transparent characteristic of the façade, as 
compared with other automated shading 
systems. 

 Reduced heat losses in winter because closed 
cavity acts as buffer space. 

 Suitable for multi-story buildings because 
dynamic components are not exposed to outside 
conditions (e.g. wind loads), but protected in the 
double skin. 

 Smoother movements and quieter operation 
compared to other automated façade systems. 

 No need for multiple add-on technologies. 
Lumiduct can simultaneously provide glare 
protection, daylighting and electricity production 
using one system. 

Weaknesses 

 Moving parts  Technical risk that could be an 
obstacle to investment. However, this is already a 
common risk, looking at an automated sun 
protection system. In addition, Lumiduct makes 
only one cycle a day and it is in a conditioned 
room. 

 The width of the cavity depends on the size of the 
modules and sun tracking system, but is relatively 
large. This reduces usable floor area for the same 
building volume, which might reduce value 
proposition. 

 High upfront investment for a Lumiduct façade. 
This can be tackled with innovative business 
models, such as leasing, or with the Total Cost of 
Ownership approach. 

 Self-shading from modules reduces electricity 
generation, but necessary for glare protection. 
Losses are not disproportional. 

 View to the outside is compromised, as the optics 
distort the view, when compared with regular 
windows. 

 Shading from urban context influences the 
performance of the system. 

 Increased weight on the façade due to the glazed 
modules, can become problematic in high-rise 
buildings and for retrofits. 

 External glass reduces radiation reaching solar 
cells, but necessary for security and reduced 
maintenance of modules. 

 If the sky is overcast and there is a desire to 
maximize daylight access, new control features 
need to be implemented to open the façade. 
Increased complexity of the control. 

  

Opportunities 

 Strong movement towards net zero energy 
buildings (NZEB), supported by legal obligations. 

 Integration with local DC networks at a building 
level. 

 Ease of upgrade of façade modules for higher 
efficiency ones. 

 Integration of LEDs on the modules for special 
light effects and publicity at night. 

 New business models for façades, such as Energy 
Service Companies (ESCOs). 

 Integration in a double-skin façade  Potential 
for heat collection and use in HVAC systems. 

 Potential for pre-fabrication. 

 Installation in buildings where the view to the 
outside is not the main requirement (swimming 
pools, sport centers, etc.). 

 Assists in matching energy supply and demand 
because dual-axis tracking extends electricity 
production period compared to regular PV 
systems. 

Threats  
 Dependency of MorganSolar for the supply of the 

modules, as the current commercial alternatives 
are inferior. 

 Risk-conscious construction sector, slow adoption 
of new technologies and preference for existing 
solutions with a proven track record. 

 Dependency on electricity price  Price 
reductions make business case weaker. 

 Competition of power generation window films, 
blinds and shutters with PV integration in the 
existing market. 

 Business case is partly based on ‘intangible’ 
values such as view and daylight. 

 Multivariate value proposition  single-function 
systems (e.g. PV or blinds systems) might 
outperform Lumiduct on single aspect. 

 Decreasing PV costs reduces competitive 
position. 

 Split incentive, as those who benefit from better 
indoor environment and lower energy bill 
(tenant) are not always the same entity that 
makes the capital investment decisions. 

 User interaction and acceptance is still to be 
tested. 
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3.2.3 Multi-level perspective analysis 

Definition of the methodology 

The Multi-Level Perspective (MLP) is a methodology that helps analysing technological transitions, 

which not only involve technological changes, but also affects the user practices, regulations, industrial 

networks, infrastructures and culture (Geels, 2002). This methodology identifies three different levels, 

from higher to lower: landscape level, regime level and niche level. These levels are defined as 

“analytical and heuristic concepts to understand the complex dynamics of sociotechnical change” 

(Geels, 2002).  MLP organizes innovative technologies in the lowest level, niches, and helps analysing 

the broader context around a niche, identifying opportunities and barriers for a change based on the 

selected innovation. As defined by Geels, “the further success of a new technology is not only governed 

by processes within the niche, but also by developments at the level of the existing regime and the 

sociotechnical landscape” (Geels, 2002).  In this subsection, these levels are described and analysed. 

This analysis is then translated into a diagram, depicted in Figure 15, of the elements in each level and 

the interactions between them. 

In order to apply the Multi-Level Perspective to the Lumiduct façade system, several steps have been 

taken, which are presented in this subsection. 

 

1. Analysis of the incumbent socio-technological system 

When thinking about which regimes could be considered to analyse the Lumiduct technology, one 

could identify the following: 

- Shading systems 
- Construction sector (façades) 
- Energy systems in buildings 
- Solar PV (crystalline silicon, c-Si) 

 
Due to the complexity of the analysis if the four regimes are taken into account, the following sections 

will consider the construction sector as the incumbent socio-technological system, although the other 

regimes should not be ignored and will be partially considered in the study. 

 

2. Identification the elements of the seven dimensions of the incumbent system and define 

opportunities and barriers in each dimension 

 

Table 3 presents a set of barriers and opportunities identified in each of the dimensions of the regime.  
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Table 3. Barriers and opportunities of the seven dimensions of the regime. 

Dimension Barriers Opportunities 

Guiding Principles Cost, space (m2). Efficiency, client satisfaction. 

Technology 
& Infrastructure 

Current technologies (Traditional 
shading systems, c-Si PV on the roof). 
 
Niche competitors (Automated 
shading systems, Power generating 
windows). 

Increase of efficiency and decrease 
in cost of the innovative 
technologies. 
 
Shift towards on-site energy 
generation in buildings. 

Industry Structure Energy systems are installed after the 
design of the building. 

 

Knowledge Base Low connection between architects, 
civil engineers and energy consultants. 

Significant developments in 
research and education regarding 
renewable energies. 

Policy & Regulations Building / construction regulations. 
Expected abolishment of net-metering 

Net-metering 
Energy labelling of buildings 
Tax deduction schemes 
Subsidies 

Markets & Users Traditional shading systems / building-
integrated energy systems are cheaper 
and cope the market. 
 
Lack of education of end users with 
respect to comfort and energy 
efficiency. 

Crystalline silicon PV and wind 
power have exit the niche to enter 
the regime, smoothing the path for 
other renewable technologies to 
enter the market. 
 
Users are becoming more aware of 
sustainability and environmental 
issues. 

Users’ practices, 
routines, culture 

Energy systems designed and applied 
after building design. 
 
Low interconnection of professionals in 
different stages of design and 
construction. 

Building occupants cherish daylight, 
view to the outside and thermal 
comfort in the office. 

 

3. Analysis and mapping of actors in the incumbent system 

An analysis of the network of actors and social groups of the incumbent system is an important 

measure to further understand the socio-technical regime (Verbong & Geels, 2007). Figure 15 presents 

such network and also includes the power position of each actor or user (indicated with blue icons), 

their interest or involvement in the studied niche (orange icons), their attitude towards the niche 

(positive in green and negative in blue) and finally the alliances between actors (green arrows) and the 

possible conflicts between them (red arrows). 

The actors with the highest power position are the financial networks and the public authorities, as 

they are able to control the money invested in the niche and they can create and transform the 

legislations in favour or against innovative technologies. From another point of view, research 

institutions and societal groups are the ones with the strongest interest and involvement in the niche. 

No negative attitudes have been identified from any actor, while the research network, societal groups 

and public authorities have a positive attitude towards the niche and its transition towards the regime. 

Figure 16 depicts a power-interest diagram where the different actors identified in Figure 15 have been 

located. This diagram is divided into four categories, which have an assigned label and a strategy to 
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follow. With high power and low interest one can find the Latents (Financial Institutions, in particular 

TKI Urban Energy which provides the subsidy for Wellsun, and Dutch Ministries), which need to be kept 

satisfied, as they have a great influence on the niche but low interest, which might cause conflicts and 

problems for the innovation. The Promoters (European Union (EU) Authorities, Housing Companies 

and Private Clients) have high power and high interest, and hence they need to be managed closely, 

as they can become good allies in the transition of the niche towards the regime. With high interest 

but low power one can find the Defenders (Research Institutions and Societal Groups) which, as 

indicated by their label, support the niche but have little power to influence the regime and will then 

be informed of the developments of the technology. Finally, the Apathetics have low power and 

interest and need to be just monitored. The Local Authorities and Suppliers are located in between 

these last two categories. 

 

 

Figure 15. Network of actors with power, interest, attitude and connections. 
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Figure 16. Power-Interest diagram of actors. 

 

4. Identification of landscape factors that have an impact on the regime, determination of other 

niches and analysis of the broader context and alternatives in relation to the incumbent 

In the map presented in Figure 17, the multi-level perspective of this study is presented. Not only the 

elements of the landscape, regimes and niches are depicted, but an analysis is made in relation to 

which aspects of each level stabilize the status (orange) quo or provide drivers for change (green). In 

particular, the district heating niche and the automated shading niche, while being innovative 

technologies, are symbiotic with the current regime, as they do not require major changes and can 

adapt to the current status. However, other energy systems such as wind and PV integrated in 

buildings, or alternative technologies to the Lumiduct façade system, challenge the incumbent system. 

In the landscape level, urbanization is classified as an aspect that stabilize the status quo, as the need 

for an increase in construction of buildings would not facilitate the implementation of costly energy-

efficient systems. 
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Figure 17. Multi-Level Perspective approach. 

 

3.2.4 Lean Business Model 

  

A business model explains how a company creates and captures value, helping to bring a new 

technology to the market. By simplifying a business model into a business canvas, it is easy to evaluate 

the main components of the model at a single glance, as they are all included in one page. The business 

model of Wellsun is presented in this subsection based on the Lean Business Model Canvas, developed 

by Ash Maurya. This type of model is very suitable for start-up companies, as it has a strong focus on 

finding and reaching customers (Maurya, 2012). Some of the different parts of the business canvas are 

explained in detail in this subsection and the lean canvas is included at the end of this subsection. 

Note before reading: 

This business plan is written from the perspective of Antía Varela and based on her assumptions 

as PDEng trainee hired by Eindhoven University of Technology (TU/e) and Wellsun. Based on the 

available information and knowledge, this business plan was created in December of 2017 as part 

of the educational program of the PDEng traineeship. As the development of the Lumiduct façade 

keeps progressing, as well as the partnerships of Wellsun keep evolving, the information presented 

in this project plan might no longer be valid at the moment of writing this report. 
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Problem and Solution 

Both concepts have been described in Section 3.2.1 and 3.2.2 of this Chapter.  

Existing Alternatives 

Several competing technologies can be found in this sector. For example, automated shading systems 

with integrated photovoltaic panels. In this case, while they provide shading and energy generation, 

the access to daylight and view to the outside is more restricted than what Lumiduct provides, as they 

block both direct and diffuse light when they in operation mode. Another alternative can be power 

generating windows. In this case, the weakness as compared to Lumiduct is the lower efficiency of the 

technology, hence producing less electricity. 

Key Metrics  

The success of the company can be measured with several key metrics. Note that these metrics are 

not presented from a technological point of view, which would be called key performance indicators 

(electricity generation, thermal comfort, daylight enhancement…).  

The first key metric would be the amount of pillars installed, or square meters installed, of the façade 

system. The second metric is the amount of architects, designers, engineers or company owners 

interested in the company. The third key metric is related to the number of access to an online design 

support tool, which is intended to be available online in the future. This tool has the objective of 

providing a user-friendly computational design support tool to evaluate the potential of the façade 

system in different scenarios and locations. 

Unique Value Proposition 

The value proposition of the technology was already addressed in the state-of-the-art description of 

Lumiduct, earlier in this section. Overall, Lumiduct provides glare protection, daylight enhancement 

and regulation of the indoor environment. Besides, it has a higher energy production than other 

vertically mounted PV systems, as the concentrating photovoltaic panels have over 30% efficiency and 

produce more than 300 Wp/m2 under standard test conditions. Moreover, the system has better 

aesthetics than other building-integrated concentrating photovoltaic technologies. Furthermore, the 

possibility of integrating LED in the modules adds a unique media and branding feature to the façade. 

This LED mode would be active after sunset, when the modules are in the closed position, completely 

vertical.  

Unfair advantage 

Lumiduct has several aspects that present an unfair advantage with respect to its competitors. First of 

all, it has its own intellectual property via a patent on the transparent solar shading aspect of the 

technology (WO Patent application PTC/NL2016/050873, November 2016). Furthermore, Wellsun has 

a strong partnership with the company which manufactures the modules, the Canadian Morgan Solar. 

The combination of Wellsun’s and Morgan Solar’s patents secures the market. Moreover, Morgan 

Solar has agreed not to enter the façade market by itself, but only in collaboration with Wellsun. In 

return, the company receives 49% of the shares in Wellsun. 

Another strong unique proposition is the team, which has over 5 years of experience with the 

technology. Furthermore, Wellsun has been involved in a partnership with TU/e and Radboud 

University of Nijmegen (RUN) for more than 4 years, which presents a highly valuable collaboration. 

TU/e performs research in the daylight and thermal aspects of the indoor environment, whereas RUN 

investigates the electricity generation of the CPV modules. 

Early Adopters 

Currently Wellsun has a pilot project with the client Mondial Movers, a moving company which is very 

much concerned about sustainability. Its owner has supported the company by investing in the façade 
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system and has offered the façade as a test site for Wellsun, TU/e and RUN. Furthermore, other early 

adopters could be high architectural value buildings, where they look for the “green” label of 

sustainability and great aesthetics for the fully glazed façade. Moreover, besides sustainability driven 

occupants, swimming pools or gyms could be a great option for early adopters. In these cases, both 

buildings do not necessarily need a complete open view to the outside, and they could use the heat 

trapped in the cavity to pre-heat the ventilation air of certain installations. 

Customer Segments 

Various customers segments are presented in the canvas. Furthermore, Table 4 presents an overview 

of the potential primary and secondary customers segments for Lumiduct. These customer segments 

are based on the market potential of the curtain walls, full glass façades, building-integrated 

photovoltaics and energy efficient buildings. This table is an estimation based on the expectations from 

the company, but it could change in the coming years. 

As the primary focus the company is aiming at an ambitious owner, which would install the system in 

office buildings and would be willing to pay the initial high investment cost in return for the services 

of this innovative façade system. The company is planning to focus on its geographical home market 

for this primary focus, particularly in Benelux and Germany. Wellsun would take care of the sales and 

provide maintenance of the technology. 

The secondary customer segment focuses on a conscious owner, which is environmentally driven but 

does not have the capital to invest in the first versions of the technology, and will wait until the price 

of the system decreases. In this case the company aims to reach other types of buildings and bring the 

technology to areas with high solar irradiation. Wellsun would again provide maintenance of the 

system, but the sales could also be done through a reseller. With this strategy the company aims to 

eventually become a Business to Business company, where the reseller company would be the one 

responsible for the sales. 

Table 4. Overview of the potential primary and secondary customer segments. 

 Primary focus Secondary focus 

Customer Ambitious owner Conscious owner 

Object Office buildings All buildings 

Region Geographical home market Areas with high solar irradiation 

Supply chain Sales + maintenance Sales + maintenance 

Service channel Own sales Own sales + resellers 

 

Channels 

The supply chain of Wellsun is composed by several stable partners, which provide reliability, 

scalability and lower risks. Wellsun itself takes care of the tracking system and the software 

management of the façade. Morgan Solar provides the solar modules, Moog takes care of the assembly 

and the testing of the mechanical parts and ODS-Jansen constructs the double-skin façade where 

Lumiduct is installed. Table 5 presents the role of Wellsun in several phases of the supply chain. 
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Table 5. The role of Wellsun in the supply chain. 

Process Role of Wellsun 

Product Development Based on market demand (pull) and technology (push), Wellsun 
develops and sells new versions of the Lumiduct. 
 

Customization The long lead times in the sales process allows Wellsun to 
customize the Lumiduct for specific projects. Wellsun designs / 
prototypes the modification. 
 

Manufacturing / Assembly Manufacturing of the different components is being done at 
the different supply partners from anywhere in the world and 
shipped to the main assembly site from Moog in Nieuw 
Vennep, the Netherlands. Here, first or more complex 
assemblies are being done and assemblies are being 
standardized. Standardized assemblies can be outsourced to 
other assembly sites. The modular design allows a 20 ft 
container to carry 150 m of one floor high or 500 m2 of 
Lumiduct. In combination with the long lead times, this means 
that assembly can be centralized if needed and decentralized 
when possible or when more cost effective. 

Installation / Commissioning Physical installation is being done by installation partners. 
Installation is standardized and ‘fool proof’ by design. 
Commissioning is always being done by Wellsun. 
 

Maintenance Maintenance is important to Wellsun, as it provides the 
necessary early feedback on the performance of the Lumiduct 
and is essential for the optimization of the design. The status of 
the Lumiduct is monitored locally and centrally. The type of 
required maintenance determines if a local, external 
contractor performs the maintenance or if Wellsun will 
respond.  

 

 

Besides the supply chain of the technology, there are other channels through which the technology 

can reach potential customers. It is very important to increase the visibility of this technology through 

educational events and promotion via social media and conferences. Such activities can contribute to 

create awareness amongst architects and technical advisors.  

Revenue Streams 

The canvas model presents several revenue streams, such as the profit made from the sales of each 

façade system, profits made in case the façade is rented as a service (Energy Service Company), or 

revenues made from implementing different pricing schemes. Moreover, other revenue streams can 

be identified, which are less quantifiable. These are benefits derived from the improvement of the 

indoor comfort, which leads to higher productivity, the higher environmental value of the building and 

the reputation for the building owner, architect, etc. 

One strategy that was previously mentioned is the implementation of different pricing schemes. This 

would work as a second hand market for Lumiduct. If clients are interested in the newest version of 

the system, they could subscribe to an update every 3 years for a price of €200/m2/year, for example. 

In the case the clients are not interested in the newest version, as it is more expensive, they could 

renew their façade every year with a 5-year-old version of the Lumiduct, for a price of around 
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€50/m2/year. This strategy would ensure that Wellsun keeps making profit from all its clients after the 

installation of the first system. 

Cost Structure 

The costs of the company are presented in the canvas in a very conceptual manner, naming all the 

elements of the system or the company that contribute to the costs.  

The Lean Business Canvas is presented in the next page. 
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» Employees' salaries and office's rent » Possibility of implementing circular economy by recycling old modules to produce the new ones
» Supply chain » Reputational value for the building owner, for the architect, …
» Pre-construction of modules into pillars » Indoor comfort leading to higher productivity
» Marketing & Sales costs » Environmental value
» Software licenses

This work is licensed under the Creative Commons Attribution-Share Alike 3.0 Unported License. To view a copy of this license, visit:
http://creativecommons.org/licenses/by-sa/3.0/ or send a letter to Creative Commons, 171 Second Street, Suite 300, San Francisco, California, 94105, USA.

Lean Canvas is adapted from The Business Model Canvas (www.businessmodelgeneration.com/canvas)

This work is licensed under the Creative Commons Attribution-Share Alike 3.0 Unported License. To view a copy of this license, visit:
http://creativecommons.org/licenses/by-sa/3.0/ or send a letter to Creative Commons, 171 Second Street, Suite 300, San Francisco, California, 94105, USA.

Documentation:
Read Instructions
Watch YouTube video

Excel implementation by: Neos Chronos Limited (http://neoschronos.com/)

» IT costs (hosting and security) of potential Design Support App

This is a post it! Copy
and paste it to the
canvas.

This is a post it! Copy
and paste it to the
canvas.

This is a post it! Copy
and paste it to the
canvas.

This is a post it! Copy
and paste it to the
canvas.

This is a post it! Copy
and paste it to the
canvas.
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3.3. Analysis of other design support tools / sales support tools 

In order to get an overview of the information and functionalities that common design tools include, 

several online building performance evaluation tools were investigated, listed below with their 

respective hyperlinks: 

 Design Advisor from MIT 

 DALEC 

 Sustainable by Design (Overhang annual analysis) 

 Sun Path 3D 

 Lightstanza 

 ARUP Solar (Donato, Zemella, Rapone, Hussain, & Black, 2017) 

 Design Guide and Design Tool for BREASAER Project – Combined solar thermal air + PV 
envelope 

 FAST-IN Tool – Feasibility Assessment of Solar Technologies Integration (Excel spreadsheet 
developed as part of a PhD thesis) 

 COMFEN – Early Design Tool for Commercial Façades and Fenestration Systems 

 LUTRON – Performance Shading Advisor Tool 

 BIPV-Insight (BIM oriented)  
o Design Support Tool 
o Library standardized BIPV products 
o Compliance BIPV products with legal requirements 
o Establishing bridges between architects, engineers and PV manufacturers 

 

Figure 18, Figure 19, Figure 20 and Figure 21 depict the graphical interface of some of the previously 

presented tools. 

http://designadvisor.mit.edu/design/
http://www.dalec.net/
http://www.susdesign.com/overhang_annual/index.php
http://andrewmarsh.com/apps/releases/sunpath3d.html
http://lightstanza.com/
http://www.bresaer.eu/wp-content/uploads/2017/03/BRESAER_Design-Guide-and-Computer-tool_D2.3.pdf
http://www.bresaer.eu/wp-content/uploads/2017/03/BRESAER_Design-Guide-and-Computer-tool_D2.3.pdf
https://facades.lbl.gov/sites/all/files/comfen-software-tool.pdf
https://facades.lbl.gov/sites/all/files/comfen-software-tool.pdf
http://www.performanceshadingadvisor.com/
http://www.innoenergy.com/innovationproject/our-innovation-projects/bipv-insight/
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Figure 18. Design Advisor from MIT. 
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Figure 19. DALEC tool from Bartenbach and University of Innsbruck. 

 

Figure 20. Sustainable by Design – Overhang annual analysis. 
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Figure 21. Sun Path 3D. 

Moreover, online support tools from the point of view of the manufacturer or product developer were 

evaluated, named sales support tools: 

 ROCKWOOL – U-value calculator incorporating BIM 

 ROCKWOOL – Rockassist – Online tool for thermal calculations 

 KINKSPAN Structural Products & Systems – Toolkit for design solutions 

 ISOVER Technical Insulation – TechCalc 2.0 – Thermal Calculation Software 

 WIENERBERGER – Product Finder App 

 SAINT-GOBAIN Glass for Façade  
o Performance Calculation Tool (Calumen) 
o Other apps: Glass Façade and Glass Pro 

 GUARDIAN GLASS – Glass Analytics  

 Sustainability Calculator 
 Performance Calculator 
 Glass Visualizer 
 Building Energy Calculator 
 Guardian BIM Generator 

 

This literature review on design support tools and sales support tools has helped to get inspiration on 

key performance indicators depending on the users, required inputs and outputs of the tool, and 

different interfaces, platforms and software programs that other tools use. Moreover, the evaluated 

tools cover a varied range of audiences, from clients to architects and designers. 

From this evaluation, several performance metrics or key performance indications could be identified 

as relevant for the development of the design support tool for Lumiduct. 

- Annual production of electricity from the façade  
- Reduction of electrical lighting demand 
- Reduction (or increase) of heating and cooling demand  
- Glare reduction 
- Daylight autonomy 
- View preservation 
- Thermal comfort  

  

http://www.rockwool.co.uk/technical-support/tools/U-value-Calculator/
http://www.rockassist.com/
http://www.kingspanpanels.co.uk/structural/software/
http://www.isover-technical-insulation.com/techcalc-20-thermal-calculation-software
http://wienerberger.co.uk/resources/wienerberger-app
http://www.saint-gobain-facade-glass.com/specification-tools/performance-calculation-tool
http://scandinavia.saint-gobain-glass.com/content/glass-pro-glazing-simulation-building-facades
https://www.guardianglass.com/commercial/ToolsandResources/EvaluationTools/GlassAnalytics/index.htm
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4. Requirements of the Lumiduct Design Support Tool 
The first section of this chapter progressively presents the different findings and outcomes related to 

the requirements of the Lumiduct DST, which correspond to the work during the Discover and Define 

phases of the Design Thinking Strategy implemented in this design project. The system context of this 

tool is described and several environments and platforms for the DST are analyzed. Typical 

characteristics of these platforms are presented and the requirements for the DST from the end-user´s 

point of view are outlined. This first subsection concludes by presenting several user stories applied to 

the Lumiduct DST. Finally, the selection of the platform for the Lumiduct DST is taken, based on the 

findings in the previous phases.  

4.1 Analysis of requirements and approaches to develop the DST 

The three main challenges for the development of the DST, depicted in Figure 22, were introduced in 

the Methodology chapter. The process of identifying the DST requirements is based on this Venn 

diagram. This subsection focuses on presenting the results of the analysis of requirements for the DST, 

relying on the methods and techniques introduced in Chapter 2.  

 

Figure 22. Main concepts of the Lumiduct Design Support Tool. 

4.1.1 System Context 

The design of the DST started by analyzing the system context (Weilkiens, 2007) with three concepts 

in mind: meaningful, reliable and accessible. The system context of the Lumiduct DST can be analysed 

by first describing the context, then determining the requirements and finally modelling the system 

context:  

 Describe System Context 

o Design Support Tool  Why? What for? 

o Objective  Determine incoming/outcoming data 

 Determine Requirements 

o Identify stakeholders  Wellsun can determine future stakeholders 

o Collect requirements and create list  Interview / workshop with stakeholders 

o Analyse requirements  Determine priority level and type (e.g. functional, non-

functional) 

o Create derived requirements  Identify relationships between them 

 Model System Context 

o Identify System Actors 

 External systems that interact with the model 

 Hardware Devices 

 Human users (e.g. employees of Wellsun, building owners, architects, 

designers) 
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Requirements 

a. Identify Stakeholders 

The stakeholders are those at the business or enterprise operations level, e.g. the users, acquirers or 

customers. Identifying the stakeholders and their requirements is necessary to define the system 

requirements, form the basis of the system validation and stakeholder acceptance, use their 

requirements as reference for integration and verification activities, etc. Moreover, determining and 

refining the requirements list serves as means of communication between the technical staff, 

management, finance department and the stakeholder community (Weilkiens, 2007). 

b. Collect Requirements 

It is important to list the requirements of the design support tool and agree upon them before starting 

to describe the system. This was done in agreement with the company Wellsun, particularly with its 

CEO and CTO. Once the requirements were determined, the actors of the system were identified. The 

actors are the ones who will use the design support tool. Therefore, it is not important to model the 

actor’s behaviour, but the interaction between them and the design support tool. Some examples of 

actors that could use the model are: employees of Lumiduct, building owners, architects and designers. 

In order to get an overview of the information and functionalities that common design tools include, 

several online building performance evaluation tools were investigated, as presented in subsection 3.3 

of Chapter 3. From these tools, some examples of relevant outputs and inputs that could be included 

in the design support tool are outlined: 

Outputs: 

- Savings in electricity (artificial lighting), heating and cooling compared with a reference case 

(no shading system, previous shading system or competitor’s technology). 

- Daylight parameters (Daylight Glare Probability, spatial Daylight Autonomy, view to outside, 

…) 

- Thermal comfort 

- Installation and operation costs of Lumiduct 

- Key parameters for sustainability evaluation of the building, following certificates such as 

LEED, BREEAM or CASBEE. 

- CO2 emissions related to power supply of Lumiduct, compared with reference case. 

 

Inputs: 

- Building’s Environment: 

o Climate 

o Shading from other buildings 

- Building Characteristics: 

o Façade orientation 

o Glass properties 

o Window-to-wall ratio 

o Office geometry 

o Material properties and insulation 

- Occupancy and Equipment: 

o Occupancy schedule 

o Person-density 

o Lighting demand 

o Equipment demand 

- Ventilation System 
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4.1.2 Different environments and platforms for the Lumiduct DST 

The environment of the design support tool, including the parties involved in the development of the 

tool (researchers and Wellsun) and its different users, is represented by the schematic in Figure 23. 

The envisioned tool can be used to communicate with two different types of audiences. The first one 

(external) would be composed of clients, investors or architects, which would like to quantify the 

performance of Lumiduct in their building, comparing it with other competitive shading systems or 

building-integrated PV solutions. The second type of audience (internal) would be the company 

Wellsun, which would be interested in a database that contains information regarding the 

performance of Lumiduct under different conditions, such as different climates or façade orientations. 

The concepts of model, user interface and database are the key elements of the Lumiduct DST and it 

is important to describe them beforehand, as they will be referred to during the entire design process. 

Model stands for the integrated simulation model developed in building performance simulation (BPS) 

tools to accurately describe the performance of Lumiduct in different physical domains. The database 

includes the simulation results of all the case studies in the design space, as well as the results for the 

selected Key Performance Indicators and all relevant visualizations. The model and database together 

are considered as the back-end of the Lumiduct DST. The user interface is the front-end of the tool, 

where the end user can interact, provide the inputs and obtain the outputs of a particular case study. 

During the design process, the interactions between each element of the DST (the simulation model, 

the database and the user interface) needed to be determined, as well as the information and/or 

functionalities required by the environment in order to develop the tool. Moreover, the stakeholders 

that would use or be interested in this tool were also identified, and their requirements were analysed 

and classified. Furthermore, the potential users of such a tool were identified, alongside the inputs 

they should provide to the tool and the outputs they require from it. 

 

Figure 23. Environment of the Lumiduct Design Support Tool. 

Several variations of the environment presented in Figure 23 are introduced in Figure 24. These 

variations correspond to the case in which the interface would only access the database, and not the 

model. Therefore, there would be no option for running simulations at that very moment. Depending 

on which platform is used to implement the DST, one can identify three versions of the environment. 

In Figure 24a. the tool is used for an internal audience, when Wellsun accesses the interface in order 

to consult the database. In Figure 24b. the DST is used as a sales support tool in a meeting with clients, 

hence the audience is external. Finally, in Figure 24c. the DST is a decision tool for an external user, 
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such as architects, designers or engineers, and it helps them to evaluate the potential of Lumiduct for 

a specific case study. 

 
 

 
 

 
 

a. Wellsun - Consultation of 

database (internal 

audience) 

b. Meeting with clients (external audience) c. Decision tool for external user (architect, 

designer, building engineer) 

Figure 24. Environment of the Lumiduct DST with access to database (no online simulations). 

Another option would be that the potential DST allows for on-line simulations by accessing the 

simulation model. In this case, depicted in Figure 25the tool could be available on the internet and 

could have different interfaces depending on the user (external / internal audience). For this option 

there would be no interaction between Wellsun and the users (clients / designer, architect), as the tool 

would be available on the internet. 

 

Figure 25. Environment of the Lumiduct DST with online simulations. 

Based on the analysis of the different environments for the Lumiduct DST, certain platforms were 

evaluated based on their benefits and drawbacks. Figure 26 presents four different options for the 

Lumiduct DST platform. All platforms share certain benefits, such as a user-friendly interface and 

intuitive results visualization, as well as one drawback, being the lack of interoperability with other 

tools, such as Building Performance Simulation (BPS) tools. However, depending on the platform, some 

benefits and drawbacks can be identified, as described in Table 6. 
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Figure 26. Different platform options for the Lumiduct DST. 

Table 6. Benefits and drawbacks of potential platforms for the Lumiduct DST. 

Platform Benefits Drawbacks 

A 
Downloadable 

DST with 
access to 
database 

- Short waiting time - No exact simulations with the 
provided input 

- Limited customizability (pre-
selected case studies in 
database) 

- Less accessible than a web-based 
tool 

B 
Web-based 

DST with 
access to 
database 

- Short waiting time 
- High accessibility (web-based, 

restricted or public, no need to 
download the tool) 

- No exact simulations with the 
provided input 

- Limited customizability (pre-
selected case studies in 
database) 

C 
Downloadable 

DST with 
access to 

simulation 
model 

- Higher customizability due to 
access to model: 

o Generic building / 
specific building 

o Pre-selected Lumiduct 
options / Configurable 
Lumiduct properties 

- Higher accuracy (simulation 
results for provided input) 

- Longer waiting time, dependent 
on the simulation model 

- Less accessible than a web-based 
tool 

D 
Web-based 

DST with 
access to 

simulation 
model 

- Higher customizability due to 
access to model: 

o Generic building / 
specific building 

o Pre-selected Lumiduct 
options / Configurable 
Lumiduct properties 

- Higher accuracy (simulation 
results for provided input) 

- High accessibility (web-based, 
restricted or public, no need to 
download the tool) 

- Longer waiting time, dependent 
on the simulation model 
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4.1.3 Typical characteristics of several DST platforms 

Table 7 presents some characteristics of different DST platforms from the developer’s point of view, 

ranked from the most to the least relevant aspect of the tool, and provides a criteria to evaluate and 

compare several options. Positive characteristics are ranked with a plus sign, whereas negative signs 

depict a negative characteristic. 

Table 7. Characteristics of several DST platforms. 

Characteristics 
Web-based 

DST 

Downloadable 

DST 
Spreadsheet 

Plug-in for 

existing 

software 

Required prior knowledge of user -  -- -- --- 

Simulation’s execution time -- - - -- 

Attractive user interface  +++ ++ + +++ 

Complexity to develop the DST 

(time, knowledge, cost…) 

-- -- - --- 

Accessibility of the tool to the 

general public 

+++ ++ + ++ 

Updatability (Maintainability and 

Reusability) 

+ ++ +++ +  

 

 

4.1.4 Requirements of the Lumiduct DST from the end user’s perspective 

If the Design Support Tool is analysed from the end user’s point of view, and not from the developer’s 

point of view, several requirements were identified (see Table 8). Note that the options given for each 

of the requirements are merely examples, and not all have been included in the selected DST for 

Lumiduct. This table presents seven requirements that the end user could use to evaluate the tool, as 

well as several options for each of the requirements. 

Table 8. User requirements for the Lumiduct Design Support Tool. 

Requirements 

End User 
Options 

Waiting time Real-time / <30 seconds / <10 minutes / <1 day 

Customizability  
Generic building / Pre-selected Lumiduct options / Specific building / 

Configurable Lumiduct properties 

Accuracy Moderate uncertainty range suitable for early design / High precision 

Interoperability 
Stand-alone tool /Connectivity to BIM and/or SketchUp/TRNSYS or EnergyPlus 

input-output files 

Results 

visualization 

Point and click with predefined tables and figures / Access to raw data for further 

post-processing 

Searchability 
Show only the results of pre-selected cases /  

Ability to explore neighboring points with access to database 

Accessibility Distributed on individual PC / Online restricted / Online public 
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4.1.5 Effect of user requirements on the Lumiduct DST components 

The three key components of the Lumiduct DST are the user interface, the database and the simulation 

model. Figure 27 presents a schematic of how the user requirements introduced in subsection 4.1.5 

affect the DST components. 

 

Figure 27. Effect of user requirements on the DST components. 

 

4.1.6 User requirements and user stories 

Previous subsections identified various end user requirements for the DST and several platforms were 

compared with each other based on certain characteristics from the developer’s point of view. 

However, those characteristics and requirements were selected as examples for this particular design 

project. Therefore, this analysis was still quite broad and could lead to different interpretations. In 

order to provide more insight into the requirements from different stakeholders and end-users, as well 

as to move from the initial ad-hoc approach to a more widely established methodology, user stories 

were considered. This addition, together with the previous studies, has supported the decision making 

procedure to select the definite platform for the Lumiduct DST. 

User stories are used in software development and product management as a short, high-level 

definition of a requirement of a tool from the end user’s perspective. Conversations with potential 

users and relevant stakeholders provide the necessary information to create a mental image of a 

valuable product. A common template to create user stories is the Connextra template, which is based 

on the following structure: “As a (role), I want to (action) so that (benefit)”. The user stories can be 

evaluated using the Grimm Method (Lucassen, 2016), developed by Utrecht University. In this method, 

users are considered as storytellers. A quality user story framework, based on a list of the 13 most 

common quality issues, is applied to evaluate both individual and sets of user stories. A detailed 

description of the 13 quality issues, as well as examples of a wrong user story related to the DST of 

Lumiduct are provided in the Appendices. Based on that quality criteria, examples of user stories have 
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been created for four different stakeholders of Lumiduct. Note that the text in grey represents 

comments to clarify the user stories, but are not a part of the Connextra template. 

• As a Wellsun employee, I want … 
– A downloadable tool in my PC so that I can access the models. 
– To access the models so that I can run simulations. 
– The simulation time to be under 10 minutes so that I can have a quick access to results. 
– To search through the database so that I can find a specific case study. 
– To provide configurable Lumiduct input values so that I can have a personalized analysis. 
– To download the raw data of the simulation outputs so that I can post-process it. 

 

• As a building owner, I want … 
– An online platform so that I can see a quick and easy overview of the capabilities of 

Lumiduct. 
– To select the type of building (e.g. orientation, climate, materials and geometry) so that I 

can adapt the output to my system. 
– To select the format of the output values (e.g. tables or figures) so that I can better analyse 

the results. 
– A tool with several default values so that I can provide the minimum input to the tool 

(valuable in early stages of design). 
 

• As an architect / building designer, I want … 
– A plug-in of Lumiduct for an existing Building Performance software so that I can include 

Lumiduct in my current design. 
– A plug-in of Lumiduct for an existing Building Performance software so that my complete 

design can have connectivity with BIM. 
– A plug-in that executes real-time simulations with moderate uncertainty range so that I 

use the tool during the early design of buildings. 
 

• As an energy engineer for building energy systems, I want … 
(Most of the Wellsun’s user stories apply here) 

– The tool to provide compatible output files with TRNSYS or EnergyPlus so that I can use 
them for further post-processing. 

– To be able to specify detailed input parameters of the building so that I can get specific 
output results (of the impact of Lumiduct in the specific building). 

 

When analysing the previous user stories, it became clear that each user or stakeholder could be 

interested in a different kind of design support tool, which also would lead to a different type of 

platform. Hence, these stories are an example of the variety and complexity of the requirements from 

the end users of the Lumiduct DST.  

The current version of the Lumiduct DST does however not accommodate all the demands from the 

end users presented here. An informed decision had to be made in order to select the platform for the 

DST, considering the input and opinion from the company Wellsun, as well as the state of the 

computational DST and the time available. 
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4.2 Determination of selected DST platform 

During the Discover and Define phases of this design project, several stakeholders and potential end-

users were analysed, as well as their requirements for the Lumiduct DST. It became clear that it was 

nearly impossible to develop a tool that would satisfy the needs of all the evaluated stakeholders. 

However, one common requirement to all stakeholders was the need for accurate results of the 

performance of the Lumiduct façade system. This is a complex technology which not only acts as a 

solar shading system, but at the same time is a photovoltaic façade and an energy-saving device. 

Moreover, there is currently no simulation tool that can capture the behaviour of Lumiduct. Therefore, 

the priority when developing the DST is not to have an elaborated interface to a simplified simulation 

model, but for the DST to rely on high-resolution models for Lumiduct. These models will then be used 

to evaluate the performance of Lumiduct under different circumstances and the results will be stored 

in a database. In this way, the scientific reliability of the results is maintained while not compromising 

the waiting time for visualizing the results. This DST corresponds to platform A, described in Table 6.  

The integrated simulation model, together with the database, can be considered as the background 

infrastructure or back-end of the Lumiduct DST. 

One of the benefits of this approach is that, when talking about having different DSTs for different 

stakeholders, it comes down to always having the same back-end (database filled up by the 

computational model), but with the possibility of connecting it to a different front-end (user interface). 

This design project presents one option of front-end, targeted at in-house use by Wellsun. However, 

the database and automation of simulations are designed in such a way that it is possible to develop 

other front-ends for different audiences in the future, as the inputs and KPI´s of the database can be 

carefully selected depending on who is the end user.  
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5. Development of the Lumiduct DST 
This chapter describes the development of the Lumiduct DST during this design project. Section 5.1 

describes the design space and the key performance indicators considered in the development of the 

DST. Section 5.2 presents the characteristics of the thermal, electrical, daylight and airflow simulation 

models. Section 5.3 gives a higher-level description of the co-simulation approach that allows for the 

interaction between different models. Furthermore, it describes the automation of simulations and 

the generated database. Section 5.4 presents the approach taken to validate the simulation results. 

Finally, Section 5.5 describes the graphical user interface that allows to access the database, which 

includes the results for the selected design space. 

 

5.1 Design space and Key Performance Indicators 

A significant part of the process of this design project has been focused on determining the 

requirements of the Lumiduct DST from different perspectives, as well as analysing potential users of 

the tool. The methodology behind these studies is presented in Chapter 2 and the results are described 

in Chapter 4. As an outcome of these studies, relevant Key Performance Indicators could be identified, 

which help to express the performance of the Lumiduct technology. In order to obtain these outputs, 

the user needs to provide certain inputs to the tool. Furthermore, simulation results for a conventional 

shading system are provided as a baseline for performance comparison.  

Figure 28 shows a schematic representation of the workflow of the Lumiduct DST. In the first step the 

user provides the inputs, which are: building location, façade orientation, window-to-wall ratio (WWR), 

heating and cooling set-points and ventilation type (only natural or natural and mechanical). These 

inputs are used to search through the database for the results of the user´s selection. For the sake of 

comparison, this database contains results and relevant visualizations of all the output variables for 

the reference building with the Lumiduct façade system, as well as for a baseline building with a single 

façade and a conventional shading system. The outputs of the tool, or Key Performance Indicators, 

are: electricity generation from the concentrating photovoltaic façade modules, a daylight 

performance indicator (i.e. spatial daylight autonomy), effect on energy use intensity (heating, cooling 

and artificial lighting demand) and heat harvested in the cavity of the façade. With these KPI´s the 

performance of this façade technology aims to be described. 

 

Figure 28. Schematic of the workflow of the user-interface of the Design Support Tool, with the user inputs, database, 
shading options and outputs. 

5.1.1 Electricity generation from Lumiduct CPV panels 

The CPV modules of the Lumiduct façade generate electricity by capturing the direct sunlight onto 

high-efficient solar cells. The amount of electricity generation is calculated in primary kWh per m2 of 

façade area. 
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5.1.2 Energy Use Intensity 

The energy use intensity (EUI) performance indicator accounts for the amount of primary energy 

demand for heating, cooling and artificial lighting of the office building. This KPI is expressed in kWh 

per m2 of floor area. 

5.1.3 Spatial Daylight Autonomy 

The visual performance of the Lumiduct façade is evaluated using a dynamic daylighting metric called 

spatial daylight autonomy (sDA). The U.S. Green Building Council (USGBC) codified this metric in LEED 

v4, the most widely used green building rating system in the world. The sDA describes how much of a 

space receives sufficient daylight. More specifically, it describes the percentage of floor area that 

receives at least 300 lux for at least 50% of the annual occupied hours. 

5.1.4 Heat harvested in the cavity  

Double-skin facades in highly glazed office buildings have the potential of creating a naturally or 

mechanically ventilated air gap between the two glazed layers (Serra, Zanghirella, & Perino, 2010). The 

warm air trapped in the cavity can be used to pre-condition ventilation air for an HVAC system, thereby 

reducing energy demand for heating purposes. To capture this effect, an airflow model has been 

developed and applied to the double-skin façade in order to calculate the heat harvested in the cavity. 

The ability of the double-skin façade to pre-heat the HVAC system or directly the interior climate is 

dependent on the temperature gradient between the cavity inlet and exhaust, as well as on the air 

flow rate through the cavity. Therefore, the heat flux that is removed by the airflow through the cavity 

is defined by equation (1) (van Oirschot, 2018): 

𝑄𝑟 = 𝑚𝑣 · 𝑐𝑝 · (𝑇𝑒𝑥ℎ − 𝑇𝑖𝑛𝑙𝑒𝑡)  (1) 

5.2 Development of building simulation models 

This section describes the development and adaptation of the building simulation models, initially 

developed by a PhD candidate and an MSc student, and further developed during this design project. 

These models are required to calculate and evaluate the previously presented key performance 

indicators. The first part of this section describes the simulation models for the calculation of the first 

three KPI´s, i.e. electricity generation, energy use intensity and spatial daylight autonomy. In order to 

evaluate the heat harvesting potential of the Lumiduct cavity, a complementary model including 

airflow simulations was developed, which is presented in subsection 5.2.2. 

 

5.2.1 Reference office model for thermal, electrical and daylight simulations 

The first phase for developing the integrated simulation model for the DST was to set-up individual 

models for each physical domain. This section introduces the reference office used for the simulations 

and the characteristics of the electrical, thermal and daylight models, visualized in Figure 29. 

 

Figure 29. Schematic of the electrical and thermal models developed in TRNSYS and the daylight model developed in 
Radiance. 
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Reference office 

The reference office selected for these simulations is presented in Figure 30 and described below. It is 

a single-person office with a façade of 87% window-to-wall ratio (WWR). The perimeter façade is 

modelled as an external wall, while all other surfaces are modelled as adiabatic, as they face similar 

office spaces. The default WWR, heating and cooling set-points are presented in the following 

description. These settings have been modified in the simulations of a particular case study based on 

the user inputs.  

Note that this office has been selected as the reference in order to keep the homogeneity with the 

simulation models developed by the PhD student, as this same office was used. However, the Lumiduct 

DST is not limited to this reference and, in the future extendibility of the tool, this definition can be 

updated to consider other office types in the simulations, as presented in Chapter 6. 

 

Figure 30. Schematic of the reference office with a glazed facade. 

- Construction: 
o External wall – U = 0.35 W/m2K 
o Internal walls, roof and floor – Adiabatic  

- Occupancy schedule: 
o 9 a.m. to 5 p.m. (weekdays) 

- Internal heat gains: 
o 120 W (sensible) 
o People1 - 11.5 W/m2 
o Equipment2 - 10 W/m2 (occupancy based) 
o Lighting3 - 7.5 W/m2 (occupancy based) 

- HVAC: 
o Unlimited capacity 
o Heating set-points (20°C – occupied / 14°C – unoccupied) 
o Cooling set-points (24°C – occupied / 32°C – unoccupied) 
o Ventilation2 – 2.5 L/s with 90% heat recovery 

- Infiltration4: 
o 0.15 ACH 

- Material reflectivity: 
o Walls and partitions = 0.5 
o Ceiling = 0.8 

                                                           
1 ASHRAE 2009 
2 ASHRAE 2004 
3 Goia, F., Haase, M., & Perino, M. (2013). Optimizing the configuration of a façade module for office buildings 
by means of integrated thermal and lighting simulations in a total energy perspective. Applied Energy, 108, 515-
527. 
4 BSRIA 1998 
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o Floor = 0.2 
o Ground = 0.2 

- Artificial lighting control: 
o Illuminance threshold = 500 lux 

 

Lumiduct – Modelling approach for quantifying the effect on the indoor environment 

The Lumiduct façade consists of a double-skin façade (DSF) which incorporates the CPV modules in the 

cavity, mounted into pillars. A schematic of such façade is presented in Figure 31. In order to model 

the Lumiduct system in a building performance simulation software such as TRNSYS, the complexity of 

the system was reduced from a 3D object to a single fenestration layer that exhibits the same 

behaviour when considered from the indoor environment. The optical properties and dimensions of 

the outer layer, CPV modules and inner layer of the DSF have been taken into account to generate a 

tailor-made glazing type in the software WINDOW 7.4 (see Figure 32). The DSF is then considered as a 

single fenestration layer in the thermal and daylight models. Detailed information about the glazing 

properties can be found in the Appendices. 

 

Figure 31. Schematic of double-skin façade with Lumiduct modules, including outer and inner glazing description. 

 

Figure 32. Lumiduct façade modelled as one single glazing in the software WINDOW 7.4 by Lawrence Berkeley National 
Laboratory (LBNL). 

Thermal model 

The thermal part of the building performance simulation model for Lumiduct was designed in TRNSYS 
17. The reference office building was modelled by using a multi-zone building model – in TRNSYS called 
TYPE 56 – which is in turn connected to other components, such as weather data, occupancy schedules, 
airflow models, equations for shading control and output functions (TRANSSOLAR Energietechnik 
GmbH, 2017). The connections between the building and the other components of the simulation 
environment were then easily manipulated to fit the requirements of the design. 
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The reference office consisted of a three-storey building with three rooms such as the one in Figure 
30. In the baseline case, the building had a conventional façade with external shading system consisting 
of roller blinds with a 2.5% openness factor. The state of the blinds was provided to Type 56 as an input 
and a control algorithm was set up through an equation component in TRNSYS. This allowed to control 
the state of the blinds dynamically, i.e. in every time step of the simulation. Boolean logic was applied 
based on an irradiance threshold of 250 W/m2 on the building façade. With irradiance values lower 
than the threshold, the shading factor is equal to zero. When the threshold is surpassed, the shading 
factor is equal to 1, which implies that the blinds are closed.  
 
In the Lumiduct case, the glazing properties of the façade were upgraded with a tailor-made glazing 
description (Saini et al., 2018), generated in the software WINDOW7, as explained in the previous 
subsection. This allowed to consider the complex thermal and optical characteristics of Lumiduct, such 
as the fact that the CPV modules concentrate the direct light to generate electricity, while letting the 
diffuse light go through into the indoor environment. 
 
The various design options were implemented by modifying certain variables of the components in the 
simulation environment. The location was modified by changing the weather file assigned to Type 15. 
The façade orientation was modified by rotating the azimuth angle of the building in Type 56. The 
window-to-wall ratio was adjusted by changing the window area with respect to the wall area in the 
glazed façade. Heating and cooling set-points were modified to account for three operation modes: 
standard (heating on at 20°C and cooling on at 24°C), savings (heating on at 20°C, cooling at 26°C) and 
constant (heating and cooling on at 22°C).  
 
    

Electrical model 

The electrical model implemented in TRNSYS was initially developed within the research of a PhD 

candidate in the Building Performance group at TU/e. Some modifications were later implemented 

during the PDEng project in order to account for the rotation of the Lumiduct façade to different 

orientations.  

To estimate the electrical energy produced by Lumiduct (oriented southwards), the following 

parameters are used in TRNSYS: 

i. Direct normal irradiance (DNI) on a surface with 2-axis tracking (DNItrack) 

ii. Angle of incidence over the vertical façade (AOI) 

iii. Solar transmittance of the outer glass façade of Lumiduct at normal incidence (Tsol (0) = 0.75) 

iv. Conversion efficiency of the CPV modules (η = 30%) 

v. Solar azimuth angle (γs) 

vi. Solar zenith angle (θz) 

 

The direct solar radiation reaching the modules is obstructed by the outer glass façade as CPV modules 

are placed in the cavity. The angle-dependent solar transmittance (Tsol) of the outer glass façade 

(Karlsson, Rubin, & Roos, 2001) and the subsequent effective direct normal irradiance (DNI) reaching 

the modules are given by equation (2) and (3) respectively.   

𝑇𝑠𝑜𝑙 = 𝑇𝑠𝑜𝑙(0)[1 − 𝑡𝑎𝑛4 (
𝐴𝑂𝐼

2
)] (2) 

𝐷𝑁𝐼𝑚𝑜𝑑𝑢𝑙𝑒𝑠 = 𝐷𝑁𝐼𝑡𝑟𝑎𝑐𝑘 · 𝑇𝑠𝑜𝑙  (3) 

To avoid direct glare, the CPV modules are aligned in such a way that there is a complete coverage of 

the façade at any time during the day in the direction of the sun. As the modules track the sun, their 
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rotation and tilting induces shading over other nearby panels. This self-shading of the modules reduces 

the electricity generated by the system. Therefore, this self-shading factor (SF) of the modules must 

be considered when evaluating the electrical output of the Lumiduct. To estimate the amount of the 

self-shading of the modules, it is considered to be equivalent to the area of the vertical façade which 

is not covered by the modules when viewed from a direction normal to the façade such that – 

𝑆𝐹 = 1 − (cos 𝛾𝑠 · sin 𝜃𝑧) 
(4) 

A previous experimental study (Bunthof et al., 2016) found a linear decrease in the maximum power 

output for an increasing shading factor. Assuming a constant conversion efficiency and no 

interconnection losses between receivers of the modules, the total electrical energy generated by the 

CPV modules is computed as – 

E𝐶𝑃𝑉  = 𝐷𝑁𝐼𝑚𝑜𝑑𝑢𝑙𝑒𝑠 · (1 − 𝑆𝐹) · 𝜂   
(5) 

In order to account for the façade rotation, the direct normal irradiance (DNI) and angle of incidence 

(AOI) inputs to equations (2) and (3) were modified depending on the façade orientation. Moreover, 

equation (4), which was defined for a south-facing façade, had to be modified for the possible 

orientations provided as design inputs, e.g. south-west, south and south-east. In order to consider the 

façade rotation, Boolean logic was implemented through equations in TRNSYS in order to control the 

inputs of the electrical calculations. Three variables or “flags” for each of the available façade 

orientations were used to modify the equations depending on the orientation. Furthermore, for every 

façade orientation there is a certain sun azimuth range where the sun is moving in front of the façade, 

i.e. the sun is “seen” from the window. These limits (eq. (6)) are applied to the electricity generation 

calculations. Following the convention in Figure 33, angles are defined positive when going from south 

to west direction. 

 

Figure 33. Angle convention for Northern hemisphere in Type 56 – TRNSYS. 

The following equations describe the limits for sun azimuth for the three selected orientations 

(equation (6)); the self-shading variable adjusted for different façade orientations (equation (7)), were 

TURN is 45° for south-west, 0° for south and 315° for south-east orientation; and the calculation of the 

direct normal irradiance on the modules (equations (8), (9) and (10)). The result from equation (11) is 

then applied in equation (5) to calculate the electrical generation from the CPV modules. 

𝐿𝑖𝑚𝑖𝑡𝑠 =  𝑠𝑤𝑓𝑙𝑎𝑔 · (−45° ≤ 𝛾𝑠 ≤ 135°) + 𝑠𝑓𝑙𝑎𝑔 · (−90° ≤ 𝛾𝑠 ≤ 90°) + 𝑠𝑒𝑓𝑙𝑎𝑔 · (−135° ≤ 𝛾𝑠 ≤
45°)  

(6) 
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𝑆𝐹 = 1 − 𝐿𝑖𝑚𝑖𝑡𝑠 · (cos 𝛾𝑠 · sin 𝜃𝑧 − 𝑇𝑈𝑅𝑁) (7) 

 

𝐷𝑁𝐼𝑚𝑜𝑑𝑢𝑙𝑒𝑠_𝑆𝑊 = 𝑠𝑤𝑓𝑙𝑎𝑔 · (𝐷𝑁𝐼𝑡𝑟𝑎𝑐𝑘_𝑆𝑊 · 𝑇𝑠𝑜𝑙(0)[1 − 𝑡𝑎𝑛4 (
𝐴𝑂𝐼𝑆𝑊

2
)])  (8) 

 

𝐷𝑁𝐼𝑚𝑜𝑑𝑢𝑙𝑒𝑠_𝑆 = 𝑠𝑓𝑙𝑎𝑔 · (𝐷𝑁𝐼𝑡𝑟𝑎𝑐𝑘_𝑆 · 𝑇𝑠𝑜𝑙(0)[1 − 𝑡𝑎𝑛4 (
𝐴𝑂𝐼𝑆

2
)])  (9) 

 

𝐷𝑁𝐼𝑚𝑜𝑑𝑢𝑙𝑒𝑠_𝑆𝐸 = 𝑠𝑒𝑓𝑙𝑎𝑔 · (𝐷𝑁𝐼𝑡𝑟𝑎𝑐𝑘_𝑆𝐸 · 𝑇𝑠𝑜𝑙(0)[1 − 𝑡𝑎𝑛4 (
𝐴𝑂𝐼𝑆𝐸

2
)])  (10) 

 

𝐷𝑁𝐼𝑚𝑜𝑑𝑢𝑙𝑒𝑠 = 𝐷𝑁𝐼𝑚𝑜𝑑𝑢𝑙𝑒𝑠_𝑆𝑊 + 𝐷𝑁𝐼𝑚𝑜𝑑𝑢𝑙𝑒𝑠_𝑆 + 𝐷𝑁𝐼𝑚𝑜𝑑𝑢𝑙𝑒𝑠_𝑆𝐸 (11) 

 

Daylight model  

Daylight simulations were performed using the Radiance suite of daylight simulation tools  (Ward & 

Shakespeare, 1998), particularly using the three-phase method for complex fenestration systems 

(Subramaniam, 2017). This method was developed to enable high-resolution annual daylight 

performance prediction at a reduced computational cost. The calculation of illuminance (E) was done 

by multiplying three coefficient matrices (View (V), Transmission (T) and Daylight (D) phases) with a 

sky matrix (S). These coefficient matrices, represented in Figure 34, describe the light transport from 

the sky patches to the illuminance sensor in three phases: exterior transport, fenestration transmission 

and interior transport. The transmission matrix is also known as a bidirectional scattering distribution 

function (BSDF). 

 

Figure 34. Schematic of the three-phase method for illuminance calculation based on coefficient matrices (Subramaniam, 
2017). 

The benefits of this method are that each phase of light transport is simulated independently. 

Therefore, depending on the design options that the DST user chooses, a particular matrix is selected 

to calculate the illuminance, as shown in Figure 35. For example, depending on the shading system 

used by the building, being the Lumiduct façade or a conventional shading system, the transmission of 

light through the façade is different. Hence the transmission matrix or BSDF file used for the 

illuminance calculations changes. 



54 
 

 

Figure 35. Effect of design options on illuminance calculations of daylight model. 

The most complex step in these calculations is the modification of the transmission matrix (BSDF) to 

account for the blockage of direct light by the Lumiduct CPV modules. This step required a separate 

MATLAB module that executed Radiance simulations and obtained a different transmission matrix for 

each time step of the simulation. The transmission matrix changes every time step due to the sun 

tracking behaviour of the Lumiduct CPV modules, which convert direct light into electricity and 

transmit diffuse light.  This characteristic implies that the optical and thermal properties of the double-

skin façade are different for every time step of the simulation. This MATLAB code was adapted from 

the work of the PhD student (Saini et al., 2018) in order to perform the calculations directly in Radiance 

and to adjust the code for each location (weather conditions) and façade orientation. Therefore, the 

complexity of this phase increased the computational effort and simulation time of daylight 

simulations. 

 

5.2.2 Reference office model for heat harvesting potential 

Section 5.2.1 described the modelling approach to evaluate the thermal and daylight performance of 

a reference office building with a Lumiduct façade. The complexity of the DSF was reduced by 

modelling it as a single fenestration layer, still accounting for the complex optical and thermal 

properties of the CPV modules. In this way, the solar heat gains received by the building and the 

different treatment of direct and diffuse sunlight were considered. Hence, that modelling approach 

was accurate to perform an evaluation of the indoor thermal comfort of the office room and the 

daylight availability. 

However, in order to evaluate the airflow behavior of a naturally or mechanically ventilated DSF, as 

well as investigating the thermal balance in the cavity and the heat harvesting potential, more detailed 

airflow and thermal models were developed, as depicted in Figure 36. These models were initially 

developed and validated during a MSc graduation project (van Oirschot, 2018), and they have been 

adapted and further developed to the needs of the computational DST described in this design project. 

The following subsections present the developments in the glazing properties, thermal and airflow 

models developed in TRNSYS and CONTAM software programs. 



55 
 

 

Figure 36. Thermal and airflow models for the evaluation of heat harvesting potential in TRNSYS. 

 

Lumiduct – Modelling approach for quantifying energy harvesting in the DSF cavity 

With the objective of characterizing the Lumiduct system as a double skin façade for building 

performance simulations (see Figure 37), two glazing layers have been developed. The outer layer of 

the cavity and the Lumiduct modules were considered as a single glazing system with an air gap in 

between layers. The inner layer of the cavity was modeled as a double glazing system with a low 

emissivity coating. The description of this glazing system in WINDOW is depicted in Figure 38. 

 

 
Figure 37. Airflow through Lumiduct double-skin façade. 

 
a) 

 
b) 

Figure 38. Lumiduct glazing in WINDOW 7.4, a) Outer side, b) Inner side. 
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Thermal model 

In order to evaluate the thermal performance of a ventilated façade, the three-storey reference office 

building was upgraded with a one-meter-wide double-skin cavity, adjacent to the glazed façade of the 

office. The window-to-wall ratio of the outer façade was kept constant at 90%. The WWR of the inner 

side of the cavity was modified to evaluate the effect on the cavity temperatures. 

The effect of the airflow in the cavity was implemented in the thermal model by including infiltration 

from the outside to the first cavity level and coupling airflows between cavity levels. The required mass 

flow rates were obtained through inputs from the airflow model to Type 56. 

 

Airflow model  

The software CONTAM 3.2 (W.S. Dols, 2007) was used to develop the airflow model of the double-skin 

façade of the reference office building. The airflow model was then coupled with the thermal model 

by using Type 97 in TRNSYS. The air cavity temperatures and outdoor weather conditions are used by 

CONTAM to calculate the airflow rate though the inlet openings, through the DSF cavity levels and 

through the outlet opening.  

The inlet openings were defined as an orifice area data flow element with default discharge and flow 

exponent values of 0.7 and 0.6. A wind pressure profile was defined for these openings with different 

wind pressure coefficients (Cp) at different wind directions. These Cp values were obtained from the 

TRNFLOW manual (TRANSSOLAR Energietechnik GmbH., 2009) where a shielded situation was chosen 

due to the surrounding buildings. Three inlet openings were considered at the bottom of the façade, 

one in the frontal side (0.456 m2) and one at each side (0.14m2) The openings between floor levels 

were defined as a shaft flow element with a cross-section area of 3.2 m2. The local terrain constant 

and velocity profile exponent were set to 0.4 representing an urban setting with a wind speed modifier 

of 0.16. The presence of the CPV modules in the air gap of the cavity was modelled by implementing a 

roughness parameter of 0.4 m in the shafts installed in between cavity levels. The outlet opening was 

modelled as an orifice area data with a cross-sectional area of 0.008 m2 (van Oirschot, 2018). 

Two different CONTAM models were developed. The first model corresponds to a naturally ventilated 

cavity. In the second model, the natural ventilation is complemented with an air-handling unit (AHU), 

which represents a mechanical ventilation through the cavity. In this model the mechanical ventilation 

has two operation modes: temperature-based and maximum. The first one provides an air mass flow 

rate (mv) that increases according to the air temperature of the highest level of the cavity, in this case 

the third level (Tcav_3). The ventilation control strategy is shown in the following equation –  

𝑚𝑣 = (20 · 𝑇𝑐𝑎𝑣_3) + 25   (12) 

This ventilation leads to a maximum flow rate of 1000 m3/h (1225 kg/h) for a cavity air temperature 

of 60°C.The second type of mechanical ventilation was implemented by having a constant maximum 

airflow rate of 1000 m3/h (van Oirschot, 2018). 
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5.3 Coupling of software tools and automation of simulations 

5.3.1 Integrated simulation model 

Figure 39 shows a schematic of two integrated computational models, one for electrical, thermal and 

daylight simulations and another particularly defined for evaluating the heat harvesting potential of 

the cavity through airflow simulations. These models are the basis of the computational DST for 

Lumiduct, allowing the calculation of the selected KPI´s. These schematics show the interconnections 

within TRNSYS and the connections between TRNSYS and Radiance. MATLAB is used to modify the 

values of the design variables, automate the simulations through loops and post-process the results 

effectively for each case study. Detailed explanations of this automation are provided in the following 

subsection. 

 

 
Figure 39. Schematic of the integrated computational models for (left) thermal, electrical and daylight simulations and 

(right) airflow simulations. 

5.3.2 Automation of simulations through MATLAB 

Figure 40.a shows a simple representation of the automation of simulations in MATLAB and Radiance. 

The program is divided into three modules: pre-processing, simulations of building performance in 

TRNSYS and post-processing.  
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a) Pseudocode of automation of simulations in MATLAB b) Actions within the simulation loop. 

Figure 40. Graphical representations of the automation of simulations in MATLAB. 

In the first module (shown in Figure 40a), the different design options are determined, such as various 

building locations, façade orientations and ventilation types. The next step of this phase is to initialize 

the simulation loops for each of the design options, whose combinations determine the case studies.  

The second module (shown in Figure 40a) is focused on the simulations of building performance in 

TRNSYS and Radiance. For TRNSYS simulations, in order to run each loop iteration the values of the 
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input variables are replaced in the input file and building description file of TRNSYS. The output file is 

then imported to MATLAB and saved in a matrix form in a specific folder of the computer memory to 

be used in the post-processing phase. Radiance simulations are performed considering the particular 

case study and the results are saved in the computer memory for further post-processing. 

The third module (shown in Figure 40a)  is based on a function that takes the TRNSYS and Radiance 

simulation results as an input to process the data, calculate the Key Performance Indicators and 

visualize the results in relevant figures. These images are also saved in the computer memory to fill 

the database of the Design Support Tool.  

Figure 40.b represents the actions taken within each simulation loop in order to prepare the simulation 

files in TRNSYS based on the user inputs and obtain the result files. The input and building description 

files (.DCK and .B17) start as a template that includes the design options as a variable. Once the user 

determines these design options, that variable is replaced by the value to create the case study files. 

These files are then sent to TRNSYS to run the simulation. Note that the illuminance results from the 

daylight model are required by the building model in TRNSYS as an input to calculate the artificial 

lighting demand to achieve the desired illuminance of 500 lux at the working plane. Moreover, the use 

of artificial light implies certain internal heating gains, which have to be considered in the thermal 

model. Once the simulation is completed, the output file with the results is stored in the computer 

memory for further post-processing. 

 

5.4 Validation of simulation models 
This section presents the validation of the simulation models through experiments in a demonstrator 

façade of the Lumiduct system. These findings are the result of the collaborative work with a master 

student at TU/e, as I was the co-supervisor of his graduation project. The objective of this project was 

to investigate the visual and thermal performance of the Lumiduct façade system by conducting 

measurements and HDR imaging at the pilot project and a reference building with a single skin tinted 

glazed façade. Moreover, thermal and daylight simulations were developed in TRNSYS and Radiance, 

which were calibrated with the measured data and used to conduct some parametric studies (van 

Oirschot, 2018).  

The company Wellsun installed a demonstrator façade at the company Mondial Movers in 

Alblasserdam in October 2017. This façade is 9 meter high and 3.8 meter wide with a southwest 

orientation (Figure 41). The reference building is located adjacent to the demonstrator façade (see 

building on the left in Figure 41) and it was used for comparing the indoor environment with and 

without the effect of Lumiduct. Thermal, airflow and daylight simulations models were also developed 

in TRNSYS, CONTAM and Radiance. Because of the complexity of these models, a calibration and 

verification process was highly relevant, as well as a demonstration of the Lumiduct thermal and visual 

performance under full-scale conditions. The calibration and verification was done based on the 

measured data (van Oirschot, 2018). 

Several sensors were installed at the demonstrator façade at Mondial Movers and also at a reference 

façade from the neighbour’s building, as shown in Figure 42. Measurements of the air temperature 

and air velocity in the cavity of the Lumiduct system, as well as the surface temperature of the outer 

glass layer, were taken in the staircase of Mondial Movers. In both Mondial Movers and the 

neighbour’s staircase area, measurements of horizontal illuminance, air and surface temperature of 

the inner glass layer, as well as the heat flux through the inner glass layer were performed (van 

Oirschot, 2018). 
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As mentioned in subsection 2.4 of Chapter 2, the airflow model developed during that master thesis 

has been implemented in the integrated simulation model which acts as the back-end of the 

computational DST designed in this PDEng project.  

  

a) b) 
Figure 41. Lumiduct façade system pilot project: a) cross-section of double skin cavity; b) Outside view of Lumiduct and 

neighbour´s reference façade (van Oirschot, 2018). 

  
a) Lumiduct cavity b) Staircase area 

Figure 42. Location of the sensors at the experimental set-up (van Oirschot, 2018). 
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To evaluate the ability of the Lumiduct façade to transmit diffuse radiation, while blocking direct 

radiation that could potentially cause glare, the horizontal illuminance results were compared to the 

neighbour’s reference case. Figure 43 shows a linear scale scatterplot of the neighbour’s (reference 

case) versus the Mondial Movers’s (Lumiduct case) horizontal illuminance results for the sensor 

located at 1.125 m from the façade. This graph shows all the data points during the day (6:00 to 21:00) 

from December to May. Each dot represents one minute and its colour depicts the hour of the day. As 

it can be observed in Figure 41, the Lumiduct DSF has side glazings where direct light is transmitted to 

the indoor environment. This can cause illuminance peaks which would not occur in wider façade 

areas. In order to represent the behaviour of Lumiduct in a more realistic setting, the illuminance data 

during the moments when the direct light passes through the side glazing have been excluded in Figure 

43. The filtered plot shows a clear horizontal line, where the illuminance at the Lumiduct case stays 

roughly below 5000 lux and the reference case increases up to 35000 lux, indicating the visual 

performance of Lumiduct in terms of blocking direct sunlight. However, there are still a number of data 

points where the illuminance is higher at the Lumiduct case. These moments are here mostly caused 

by direct radiation passing through the sides of the CPV module (van Oirschot, 2018). 

 

Figure 43. Filtered scatterplot with no influence of DSF side glazing for horizontal  illuminance sensor 1.125 m from the 
facade (December to May) (van Oirschot, 2018). 

This experimental data proves how Lumiduct effectively blocks the direct light and prevents high 

illuminance values which would cause glare. Moreover, for diffuse light conditions, i.e. lower 

illuminance values, the Lumiduct façade and reference façade behave in a similar way. This is shown 

by the amount of data points that are located alongside the diagonal of Figure 43 for low illuminance 

values.  

The daylight simulation model was validated with the experimental data by assessing the capability of 

the model to predict the illuminance at different distances from the façade. Figure 44 presents a 

scatterplot of measurement data versus the simulation results of the horizontal illuminance for two 

clear days and one overcast day at two sensor locations, one located at 0.375 m and the other at 1.875 

m from the façade. The illuminance values caused by the side glazing of the DSF have again being 

filtered out. This graph shows that simulation results and measurement data have an acceptable 

agreement in both direct and diffuse light conditions, as the error between simulation and 

measurement values stays mostly below 20% (van Oirschot, 2018). The behavior of Lumiduct could be 
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captured in the simulations by having specific BSDF files that treat direct and diffuse irradiance in a 

different way. If these BSDF files were not modified to account for this characteristic, the irradiance 

values would be much higher. 

 

Figure 44. Scatterplot of measurement data versus the simulation results of the horizontal illuminance of two sensor 
locations during two clear days and one cloudy day without peaks caused by side glazing (van Oirschot, 2018). 

 

5.5 Graphical User Interface of the Lumiduct Design Support Tool 

This section presents the selected platform for the Lumiduct DST and the possibilities for operation 

from the end user’s perspective. This tool has been aimed for an internal audience, so the employees 

of Wellsun can rely on the results and visualization to help in the communication with clients. Chapter 

6 presents the application of this tool based on two scenarios.  

 

5.5.1 Database using PivotTable and PivotChart 

Microsoft Excel, a widely available commercial software, provides a very powerful solution to support 

the computational DST of Lumiduct. This software has the option to create a pivot table based on a 

conventional table. Pivot tables allow to summarize, analyse, filter and present the data in a user-

friendly manner, especially for cases where the raw data has large dimensions. Furthermore, the fact 

of implementing the DST in a commonly available and user-friendly software contributes to the 

updatability of the tool. The amount of analysed case studies can be increased, alongside the database 

and the pivot table. Moreover, the data can be easily filtered based on the user inputs. 

In the case of the DST for Lumiduct, the user can decide to filter the data based on the design options, 

i.e. location, façade orientation and window-to-wall ratio, amongst others. Moreover, the user can 

decide which output value to depict in the table. For example, one might be interested to show the 

maximum or the average value of a certain KPI, such as heating or cooling energy demand.  
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The results of every case study, which were saved in CSV format during the simulation process, are 

available in the DST through hyperlinks. Moreover, relevant visualizations of the selected KPI´s, as well 

as temperatures in the office and cavity levels are provided through hyperlinks in the database. 

These Excel features are a powerful tool to manage databases and share information with the users in 

a flexible, intuitive and graphical manner. This database has been filled with the results from all the 

analysed case studies, both for the Lumiduct case and the baseline case. The benefit of using Microsoft 

Excel for data management and visualization is that the database can be continuously updated and 

different PivotCharts and PivotTables can be easily created depending on the needs of the user. 
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6. Application of the Lumiduct DST 
The objective of the computational DST for Lumiduct is to provide a straightforward way of analyzing 

the performance of the façade system and to contribute to its value proposition. This tool provides the 

means for Wellsun to communicate the multi-dimensional performance of Lumiduct to various 

stakeholders and clients.  

This chapter aims to showcase how Wellsun employees could use this tool for different situations, 

analyzing the system performance for different building design variants and environmental conditions 

and comparing it to the baseline case. The capabilities of the DST are presented by describing the use 

of the tool in two different scenarios, which represent situations that Wellsun can face in their business 

journey and market integration. Furthermore, future extensions of the Lumiduct DST are presented at 

the end of this chapter. 

 

6.1 Orientation study in the Dutch market 
The first scenario is based on the coming years of Wellsun´s endeavour in the market. Initially, their 

aim is to focus on its geographical home market, hence this scenario is based in Amsterdam. The first 

customer segment that they want to approach is an ambitious owner of a new building, which is in the 

design and planning phase. This implies that the building characteristics correspond to a new design, 

with a high window-to-wall ratio, and there is still some flexibility with respect to choosing the location 

of the Lumiduct façade. The client is interested in evaluating the effect of the façade orientation on 

the Lumiduct´s performance, as it is not always possible to select the most optimal façade orientation 

(south-oriented) to install the system. Moreover, the client wants to compare Lumiduct´s performance 

with respect to a conventional shading system such as roller blinds, which would imply a lower 

investment cost.  

 

Figure 45. Design options evaluated in the orientation study of Scenario 1. 
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Figure 44 presents the options within the design space that will be shown in this scenario, which 

correspond to the filters applied to the PivotTables and PivotCharts in the Excel database. The selected 

options are presented in blue. At the time of writing this report, the actual database is not as extensive 

as the Figure suggests, as it has been populated with the following items: locations (Amsterdam, 

Madrid, Oslo), orientations (SW, S, SE), WWR (50, 70, 90), all heating and cooling controls and 

ventilation types (Natural, feed forward T-based mechanical ventilation and Maximum). However, this 

DST is designed to be easily extended in the future and the rest of design options will be taken into 

account and possibly extended. 

The following images of office temperatures and daylight autonomy are accessible through hyperlinks 

in the Excel database.  

Figure 46, Figure 47 and Figure 48 depict the office temperatures for both the Lumiduct and Baseline 

cases in Scenario 1 for three different orientations. A moving average has been calculated for every 

week to represent the trend in temperatures more clearly. These results show that the temperatures 

reach higher values in the Lumiduct case during non-occupied hours, when the HVAC system is turned 

off. This implies in the Lumiduct case there is a higher cooling demand and lower heating demand.  

  
Figure 46. Office temperatures in Baseline (left) and Lumiduct (right) case in Amsterdam, south-west orientation. 
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Figure 47. Office temperatures in Baseline (left) and Lumiduct (right) case in Amsterdam, south orientation. 

  
Figure 48. Office temperatures in Baseline (left) and Lumiduct (right) case in Amsterdam, south-east orientation. 

The daylight model calculated the illuminance values in a grid of 50 sensors spread throughout the 

room at the work plane (height of 0.75 m). The daylight KPI, spatial daylight autonomy, was then 

calculated based on these illuminance values during occupied hours. The first step was to obtain the 

daylight autonomy for every sensor point, which represents the percentage (from 0 to 1) of occupied 

hours during the year when the illuminance measured by the sensor is above the threshold of 300 lux. 

Spatial daylight autonomy was then calculated as the percentage (from 0 to 1) of room area that 

receives more than 300 lux during at least 50% of the occupied hours during the entire year. 

The spatial daylight autonomy has been calculated for all the case studies in the selected design space 

and it is easily accessible to the end user of the Lumiduct DST through hyperlinks in the Excel database. 

Figure 49, Figure 50 and Figure 51 present the daylight autonomy for every sensor point, as well as the 

spatial daylight autonomy (indicated in the figure title as sDA(300,50%)), for both Lumiduct and 

Baseline cases in three different façade orientations. Note that the axes numbers represent the 

number of sensor grid rows (vertical axis) and columns (horizontal axis), and not the dimensions of the 

room in meters. The window of the room is located at the left side, hence the daylight autonomy values 
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are much higher next to the window. Moreover, the colour scale is implemented from 0.5 until 1, as 

only the daylight autonomy values above 0.5 are used to calculate the spatial daylight autonomy. 

These figures show that for this scenario the spatial daylight autonomy for the Lumiduct case is better 

than in the Baseline case for a south-oriented façade, while the Baseline shading system provides a 

higher sDA in the other two orientations. Moreover, the daylight penetrates further in the room in the 

Baseline case for a south-west and south-east orientation, as the daylight autonomy values show a less 

drastic drop when moving towards the end of the room. For a south orientation this behaviour is 

reversed, as for the Lumiduct case the amount of daylight at the end of the room is higher.  

In other locations, such as Madrid or Oslo, the spatial daylight autonomy of Lumiduct is higher than 

the Baseline in any orientation. However, it is vital to note that the selection of the baseline case is 

very important when comparing the performance of both systems. In this design project, the baseline 

shading system has been chosen without a particular reason behind it. 

 

  
Figure 49. Daylight Autonomy for the Baseline (left) and Lumiduct (right) case in Amsterdam, south-west orientation. 

  
Figure 50. Daylight Autonomy for the Baseline (left) and Lumiduct (right) case in Amsterdam, south orientation. 
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Figure 51. Daylight Autonomy for the Baseline (left) and Lumiduct (right) case in Amsterdam, south-east orientation. 

Table 9 presents the annual results for primary energy consumption (heating, cooling and lighting) as 

well as electricity production of the CPV modules in the Lumiduct case for Scenario 1. The filters of 

Figure 45 have been applied to this PivotTable. 

Table 9. Filtered PivotTable for Lumiduct case in Scenario 1. 

 

From these results, a PivotChart has been created. Figure 52 visualizes the results of Table 9. The x-

axis depicts the design options applicable to that particular result. Note that if the filters of Figure 45 

are modified, this table and figure will change automatically to present the selected data. 

As it can be concluded from Figure 52, the south orientation has the highest cooling consumption of 

all three possible orientations, due to higher solar heat gains. This fact, in consequence, implies a lower 

heating demand. When focusing on the daylight availability, a southern orientation of the Lumiduct 

façade implies lower artificial light demand.  The most optimal orientation for electricity generation is 

Row Labels Heating [kWh/m2/yr] Cooling [kWh/m2/yr] Artificial Lighting [kWh/m2/yr] Electricity CPV [kWh/m2 facade/yr]

AMS 5.92 34.41 4.62 56.75

S 4.11 34.41 4.07 56.75

SE 5.49 31.42 4.41 46.51

SW 5.92 32.76 4.62 50.27
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south, as depicted in Figure 52. The CPV modules of the Lumiduct façade generate the most electricity 

in a south-oriented façade, followed by a south-west façade. 

Wellsun could then use this information to advise the client on the most optimal orientation of the 

façade and what are the influences on the primary energy consumption. 

 

Figure 52. Primary energy demand and electricity generation for the Lumiduct case in Amsterdam for three orientations. 

 

 

6.2 Potential for façade ventilation in a warm climate 

Once Lumiduct´s position in the Dutch market is ensured, Wellsun aims to expand their business to 

other locations. Spain appears to be an attractive option, as the benefits of Lumiduct as an energy 

generating façade and shading system in such a sunny climate are very promising. 

In this scenario, the case study focuses on Madrid for a newly built high-rise office building. Due to the 

warm climate with cooling-driven energy demand, Wellsun wants to discuss with their clients the 

potential of including ventilation in the façade to reduce part of the solar heat gains in the cavity, hence 

reducing the cooling demand, and use the heat harvested for pre-heating the ventilation air or other 

purposes. Therefore, this scenario presents the effect of three types of ventilation as a comparison to 

a Lumiduct system without any kind of ventilation. 

Figure 53 presents the options within the design space that represent Scenario 2, which correspond to 

the filters applied to the PivotTables and PivotCharts in the Excel database. The selected options are 

presented in blue. 
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Figure 53. Design options evaluated in the orientation study of Scenario 2. 

The following figures are generated during the post-processing phase of the MATLAB automation and 

can be accessed through hyperlinks in the database. Figure 54 depicts the air mass flow through the 

cavity calculated by the software CONTAM for the three different ventilation types.  

This airflow has a clear influence on the cavity temperatures. As shown by Figure 55, the higher the 

airflow through the cavity, the lower the cavity temperatures due to the air´s cooling effect. As the 

CPV modules start to suffer a loss in efficiency at temperatures above 50°C, it is important to keep the 

cavity temperatures under control. Therefore, Wellsun can use these results to advice the client to 

install a ventilation system in the cavity. The heat flux removed by the cavity airflow can be quantified 

to analyse the heat harvesting potential in the cavity. As this heat flux is dependent on the mass flow 

rate, the ventilation type that provides the maximum harvesting potential is the maximum ventilation 

case (see Figure 56). 
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Figure 54. Air mass flow in the cavity of the Lumiduct case with natural, temperature-based and maximum mechanical 

ventilation in Madrid. 
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Figure 55. Cavity temperatures of the Lumiduct case with natural, temperature-based and maximum mechanical ventilation 

in Madrid. 
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Figure 56. Heat harvested in the cavity of the Lumiduct case with natural, temperature-based and maximum mechanical 
ventilation in Madrid. 

The ventilation system in the cavity has a clear effect on the heating and cooling demand of the 

building. Figure 57, Figure 58 and Figure 59 compare the energy use intensity of the Lumiduct case 

with each type of ventilation with respect to a case when no ventilation system is considered. The 

implementation of natural ventilation in the simulation model causes a reduction of 36% in the annual 

energy use intensity, caused by a drastic reduction of the cooling demand. The addition of a 

temperature-based mechanical ventilation causes a decrease of 18% in EUI with respect to the natural 

ventilation case. Implementing mechanical ventilation further decreases the primary energy 

consumption by 2%. Note that the artificial lighting demand is the same for all cases, as the daylight 

model for Lumiduct remains the same. 
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Figure 57. Energy Use Intensity for Lumiduct case without ventilation (left) and Lumiduct case with natural ventilation (right) 

in Madrid. 

  
Figure 58. Energy Use Intensity for Lumiduct case without ventilation (left) and Lumiduct case with temperature-based 

mechanical ventilation (right) in Madrid. 
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Figure 59. Energy Use Intensity for Lumiduct case without ventilation (left) and Lumiduct case with maximum mechanical 

ventilation (right) in Madrid. 

The filters of Figure 53 have been applied in the Lumiduct DST in Excel in order to visualize the results 

of the PivotTables and PivotChart of the Lumiduct cases with and without ventilation. Table 10 and 

Table 11 present the annual results for the selected KPI´s in both Lumiduct cases. From these results it 

is clear that the EUI with a ventilated façade is reduced drastically. Figure 60 is a PivotChart which has 

been controlled and filtered with the commands in Figure 53 and which shows the primary energy 

consumption for all three ventilation cases in Scenario 2. 

Table 10. Filtered PivotTable for Lumiduct case with ventilation in Scenario 2. 

 

Table 11. Filtered PivotTable for Lumiduct case without ventilation in Scenario 2. 

 

 

Row Labels Heating [kWh/m2/yr] Cooling [kWh/m2/yr] Artificial Lighting [kWh/m2/yr] EUI [kWh/m2/yr] Heat Harvested [kWh/yr]

MAD 5.25 41.41 1.97 46.04 87199

S 5.25 41.41 1.97 46.04 87199

90 5.25 41.41 1.97 46.04 87199

Standard 5.25 41.41 1.97 46.04 87199

T-Based 4.20 31.45 1.97 37.63 46280

Natural 2.65 41.41 1.97 46.04 6069

Maximum 5.25 29.76 1.97 36.98 87199

Row Labels Heating [kWh/m2/yr] Cooling [kWh/m2/yr] Artificial Lighting [kWh/m2/yr] EUI [kWh/m2/yr]

MAD 0.21 69.86 1.97 72.04

S 0.21 69.86 1.97 72.04

90 0.21 69.86 1.97 72.04

Standard 0.21 69.86 1.97 72.04
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Figure 60. Primary energy demand for the Lumiduct case in Madrid for three types of ventilation. 

It can be concluded from the previous results that, for a warm climate such as Madrid, the addition of 

mechanical ventilation has a positive impact in both the energy use intensity and the heat harvested 

in the cavity. It will then be in the hands of the client to determine if these benefits compensate the 

investment and installation of such ventilation system. 

To conclude, it is important to realize that the selection of the reference office building and the 

baseline shading system have a big impact on the comparison of performance with Lumiduct, 

especially when this comparison is carried out based on absolute numbers. These references have 

been chosen for this particular design project, but the Lumiduct DST is not envisioned to be limited by 

these choices. In the future, both the reference office and the baseline shading system can be modified 

to go in line with Wellsun´s needs.   
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6.3 Future use 

The design of the computational DST for Lumiduct has always considered the updatability and future 

use of the tool. This aspects are very important, as the tool needs to grow at the same pace as the 

technology does. The performance of Lumiduct has to be analysed and compared in different 

situations, which will vary alongside the R&D and market integration of the technology. Up to this 

point, the Lumiduct DST has been filled up with certain case studies, but the development of the 

computational models and their automation allows for an easy transition to a bigger and more 

comprehensive database.  

In the coming subsections, straightforward and doable modifications are presented, as well as complex 

cases that would imply an extensive knowledge of certain software programs. 

 

6.3.1 Updatability 

The MATLAB automation has been developed in such a way that it is quite straightforward to extend 

the number of options for all design variables, e.g. adding new locations or façade orientations. The 

raw data from TRNSYS simulations is being saved for every case study, so that it can be accessible 

through a hyperlink in the Excel database and further post-processed in the software that the Wellsun 

team prefers.  

Moreover, for every case study annual values of all KPI’s are calculated and saved in a .csv file. This file 

can then be loaded into the database to easily create a new PivotTable and corresponding PivotCharts. 

This means that if the amount of case studies is increased, the database can be extended accordingly. 

 

6.3.2 Guideline for extension of DST 

The Lumiduct DST is designed to be extended in the future. However, there are certain distinctions in 

the complexity implied by some modifications. Table 12 presents some straightforward modifications 

or extensions of the current design space. These modifications or extensions imply that the pre-

processing phase of the MATLAB automation also needs to be updated to include new variables. 

Furthermore, the input files for TRNSYS simulations also need to be upgraded. The required knowledge 

of the software programs of the Lumiduct DST (TRNSYS, Radiance and MATLAB) is somewhat limited. 

 

Table 12. Straightforward modification or extension of the existing design variants in the Lumiduct DST. 

Design Variant 
Straightforward modification or extension 
(limited knowledge of software programs) 

 

 
 

Extend the number of locations by including new weather files 

 

 
 

Add new façade orientations by: 
- Changing the rotation of the building in the thermal and electrical model 

in TRNSYS 
- Rotating the sky in the daylight model in Radiance 

 

 
 

Adjust the WWR by: 
- Modifying the window and wall areas in TRNSYS 
- Changing the room geometry (coordinates) in Radiance 
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Add new HVAC controls by changing the heating and cooling set-points in the 
MATLAB pre-processing phase 

 

 
 

Modify the existing maximum mechanical ventilation system by: 
- Including a different value for the maximum airflow 

 

Table 13 and Table 14 present doable and complex modifications of existing or new design variants. 

Note that the proposed actions are based on assumptions and other strategies or actions could be 

equally feasible.  

 

Table 13. Doable modifications or extensions of existing and new design variants in the Lumiduct DST. 

Design Variant 
Doable modification or extension  

(average knowledge of software programs) 

 

 
 

Modify the temperature-based mechanical ventilation by changing the equation 
which controls the temperature-based airflow in TRNSYS: 

- Current model reaches maximum airflow when the temperature is 60°C 
and keeps the airflow constant from that moment onwards (feed-forward 
control) 

- New model (feed-back control) would only be triggered when the 
temperature reaches 60°C and from that point the flow would increase 
proportionally to the temperature raise 

 

 
 

Change reference office for simulations by: 
- Changing room dimensions (height, depth, width)  
- Changing number of office floors (low-rise, mid-rise and high-rise office 

buildings) 
- Modifying material properties in TRNSYS 

 

 
 

Change glazing properties of the Baseline case by creating them in WINDOW 
software and updating the window library of Type 56 in TRNSYS (thermal model) 
and generating a BSDF in WINDOW to be used in the Radiance simulations 
(daylight model) 

 

 
 

Upgrade the Baseline shading system for comparison purposes by: 
- Changing the openness factor of the shading system (e.g. roller blinds vs. 

venetian blinds) 
- Implementing smart controls of blinds operation  
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Table 14. Complex modifications or extensions of existing or new design variants of the Lumiduct DST. 

Design Variant 
Complex modification or extension 

(specialist knowledge of software programs) 

 

Implement complex building geometries by:  
- Generating the 3D model in SketchUp and import the geometry (.idf) to 

TRNSYS through the TRNSYS3D plugin 
- Export the geometry of the room from SketchUp to Radiance with the 

su2rad plugin for daylight simulations 

 

Include the override option of Lumiduct for overcast days in daylight calculations 
for different locations and orientations by: 

- Implementing a different BSDF file for illuminance calculations during 
overcast days 

- Implement a predictive model to forecast overcast days in a certain 
location 

 

This subsection has shown several modifications or extensions of the design variants considered in the 

Lumiduct DST. The subdivision into straightforward, doable and complex modifications is somewhat 

subjective and highly depends on the skills of the end-user or future developer of the tool. 

Nevertheless, an important aspect to outline here is that the Excel PivotTables and PivotCharts have 

been selected as one example for the graphical user interface, but they are not the only option. The 

database and computational simulation models provide a solid back-end upon which many different 

front-ends can be developed, depending on the targeted end-user of the tool. 
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7. Conclusions and Future Work 

7.1 Conclusions 

The main purpose of this design project was to contribute to the R&D and market integration of the 

Lumiduct façade technology, keeping the duality of technology push and market pull in mind. This 

purpose lead to the development of a computational DST which would help the Wellsun team to 

communicate the multi-dimensional performance of the technology to different stakeholders. This 

tool was intended to provide a straightforward way of analyzing the performance of the façade system 

for different building design variants and under various environmental conditions. 

When defining the scope of the project, it was clear that this tool had to balance three main concepts: 

being meaningful from the business perspective, scientifically reliable and easily accessible by the 

intended user. Due to the complexity of the façade technology, its performance prediction was not a 

straightforward task and neither was the identification of requirements of the DST. 

By using a design thinking approach, the first phases of this design project were focused on 

determining the requirements of a tool which could satisfy the needs of several users, and ideally be 

available online with various attractive user interfaces. This work was supported by an analysis of the 

market barriers and opportunities of the technology, as well as by evaluating the technological 

transition from the niche to a mainstream market through a multi-level perspective approach. 

It soon became clear that the performance analysis of this technology was the most challenging aspect 

of the procedure, and that it was more relevant to Wellsun than having an attractive interface for a 

non-accurate simulation model. Therefore, the focus of the design shifted towards a tool which relied 

on accurate performance results and intuitive visualizations, which would contribute to an efficient 

communication between the Wellsun team and its clients. The main requirements of the tool became: 

• Physical accuracy of the integrated simulation model 

• No specialist knowledge of BPS and automation programs (TRNSYS, Radiance and MATLAB) 

• Similar Key Performance Indicators as the ones used by competing technologies 

• User-friendly interface 

• Intuitive results visualization 

• Simulations for a reference office building 

The developed DST satisfies all the intended requirements. It describes the performance of the 

Lumiduct façade system under a broad and extendable design space, with different locations, building 

design aspects and operation modes. It relies on an integrated simulation model which describes the 

thermal, electrical, daylight and airflow behavior of the Lumiduct façade system in BPS software 

programs (i.e. TRNSYS and Radiance). Moreover, an automation scheme has been developed in 

MATLAB so that the pre-processing of simulations, the interactions between models and the post-

processing of results can be done in a fast and intuitive manner. The Lumiduct DST also provides an 

analysis of a baseline reference office with a conventional shading system so that the performance of 

both options can be compared. Furthermore, the simulation models have been validated with 

experimental results and their development is in continuous improvement. Finally, the provided 

database is set-up in such a way that the Wellsun team can change and update the visualizations of 

the results in a well-known and commercially available software such as Microsoft Excel.  
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7.2 Future Work 

As the Lumiduct technology is continuously evolving, so should its design support tool. This section 

provides some guidelines for future use and improvement of the DST. 

At this stage of development, the integrated simulation model for the analysis of the effect on the 

indoor environment has been developed up to a point that it can be taken over by the Wellsun team, 

as the results have been compared and validated. When talking about the analysis of the heat 

harvesting potential, the airflow model requires further research and it will continue to be improved 

by the Building Performance group at TU/e. Moreover, the computational simulation models can be 

adjusted to future developments in the Lumiduct façade technology, such as changes in the optical 

and thermal properties of the CPV modules or in the outer layer of the double-skin façade. These 

developments could include, for example, the possibility of having an EFTE foil as the outer layer of 

the DSF. 

Even though the designed tool satisfies many of the initial requirements, it has certain limitations 

which could be improved in the future. For example, the tool is not directly linked to the simulation 

model, hence it cannot perform online simulations. Moreover, the user cannot provide any input 

values, but has to select within the available options of the design space. 

This computational DST has been design with the aim of extending it in the future. There has been a 

careful analysis on the inputs and outputs that are valuable and relevant for several stakeholders, and 

this analysis can very well serve as a guideline for further improvements of the tool. Therefore, by 

maintaining the same back-end (database filled up by the computational model), different front-ends 

(user interfaces) could be developed for different audiences, as the inputs and KPI´s can be carefully 

selected depending on who is the end user. Moreover, if one thinks of the MATLAB automation 

schematic in Chapter 5, it could be easy to build another “shell” around it to make it a web-based tool. 

In this way, the physical accuracy of the tool would be maintained, while allowing for online access 

and various interfaces depending on the user. 
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Appendices 

Lumiduct product specifications 

The product specifications for the Lumiduct façade system, obtained from a brochure available on their 

website (Wellsun, 2019b) can be found on the next page. 

Quality User Story Framework 

Table 15 presents the 13 quality issues included in the quality user story framework (Lucassen, 2016). 
Furthermore,  

Table 16 presents a quality issue, i.e. an example of a wrong user story (US), related to the design 
support tool of Lumiduct. 

Table 15. Quality User Story Framework (Lucassen, 2016). 

Individual User Stories Sets of User Stories 

Well – formed 
Conflict-free 

US is not inconsistent with another US 

Atomic Unique 

Minimal 
US expresses a requirement for exactly one 

feature 
Uniform 

Conceptually sound 
Action = Feature - Benefit = Rationale 

Independent 
US is self-contained, no inherent dependencies 

with other US 

Problem-oriented 
US specifies a problem, not the solution to it 

Complete 
A set of US creates a feature-complete 

application, no steps are missing 

Unambiguous 
US avoids abstract terms that lead to 

misinterpretations 
 

Full sentence  

Estimatable 
US does not denote an unrefined requirement 

that is hard to plan and prioritize 
 

 

Table 16. Examples of quality issues in user stories for the Lumiduct DST. 

Quality issue with a user story Error 

Atomic 
As a Wellsun employee I want a downloadable 
tool in my PC so that I can access the models 

and also the database. 

This user story presents two features of the tool 
 

Problem-oriented 
As a Wellsun employee I want to download the 
raw data of the simulation output so that I can 
post-process it.  Add a button to download the 

output files on top right. 

The user story provides a solution to the 
problem 

 

Unambiguous 
As a building owner, I want to select between 

tables or figures so that I can visualize the data. 

Data is an ambiguous term (input values, 
simulation results…) 

 

 



Lumiduct system properties

ENERGY GENERATION Peak electrical power [1] W/m2 300

Yearly electrical energy yield [2,3] kWh/m2/year 60

Peak heat generation [4] W/m2 363

Yearly heat generation kWh/m2/year 105

DAYLIGHT PROPERTIES Direct light (glare) blockage % 99

Diffuse light transmission % 70

Lumiduct module properties

POWER GENERATION Pmpp [5] W 69

Vmpp V 42

Impp A 1.6

Voc V 47

Isc A 1.7

Fill factor 0.87

Efficiency [6] % 30

MECHANICAL PROPERTIES Dimensions (LxWxH) mm 600 x 426 x 14

Receivers per coupon # 540

Receiver dimensions  
(hexagonal diagonal)

mm 23

Based on standardized test conditions: 1000 W/m2 irradiation. AM1.5 Spectrum

85% Transmission through outer glass facade included.

Based on yearly energy yield simulations for a system located in Amsterdam, due south orientation.

Using heat pump or air/water heat exchanger.

Based on preliminary specifications provided by Morgan Solar

Aperture efficiency

[1]

[2]

[3]

[4]

[5]

[6]

Transparent photovoltaic film/coating applied on the glass. Window transparency close to 100%.
Mono-crystalline Silicon PV cells cover 70% of the glass surface
Lowered and raised depending on outdoor light intensity, adjusted every 2 hours
Based on standardized test conditions: 1000 W/m2 irradiation. AM1.5 Spectrum
85% Transmission through outer glass facade included
Based on yearly energy yield simulations for a system located in Amsterdam, due south orientation
Peak electrical power (Wp) * solar power generation factor in the Netherlands  (0.8 kWh/Wp) * correction 
factor for a vertical plane, due south orientation (0.8)
Using heat pump or air/water heat exchanger
Yearly average for active systems
The system has no active components and is hence unable to respond to changes
Calculation based on light transmission properties and unobstructed view factor. 
Direct sunlight intensity: 70.000 lux. Indirect intensity full sun: 20.000 lux. Indirect intensity overcast: 12.000 lux.

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Lumiduct facade properties

MECHANICAL PROPERTIES Coupons per pillar # up to 7

Azimuth tracking range degrees ° 0 - 180

Elevation tracking range degrees ° 0 - 90

CONTROL ELECTRONICS Input voltage Vdc 48 

POWER ELECTRONICS Optimizer output voltage Vdc 700

Units Lumiduct
Energy 

producing
window [7]

Glass/silicon 
PV combi 
(70%) [8]

Automated 
horizontal 
blinds [9]

ENERGY 
GENERATION

Peak electrical power [10] W/m2 300 8.4 133 0

Yearly electrical energy yield kWh/m2/year 60 [11,12] 3.8 [13] 60 [13] 0

Peak heat generation [14] W/m2 363 0 0 0

Yearly heat generation kWh/m2/year 105 0 0 0

OPTICAL 
PROPERTIES 
& COMFORT

Direct light (glare) blockage % 99 - 70 100

Diffuse light transmission % 70 - 24 10

Unobstructed view factor [15] % 42 100 30 32

Response time to change in 
daylight intensity

min 0 passive [16] passive [16] up to 15

Fluctuation in average in-
door light level when the sky 
conditions go from overcast 
to sunny [17]

103 lux 0.6 1.9 1.9 3.2

Lumiduct performance comparison


