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KURZFASSUNG 
 

Tageslicht und thermische Randbedingungen sind wesentliche Maßstäbe, um ein angenehmes 

Raumklima, bei maximaler Energieeffizienz und hoher Zufriedenheit der Gebäudenutzer 

sicherzustellen. Gebäudenachhaltigkeit betrachtet die aktive Tageslichtnutzung als eine der 

Hauptstrategien zur Verringerung des Energieverbrauchs und zum Schutz der natürlichen Umwelt. 

Daher verbessert ein prädiktives Tageslichtregelungssystem die Qualität des Wohnbereichs 

erheblich, indem es das dynamische Verhalten eines Gebäudes, wie die äußeren Randbedingungen 

und die physiologischen Auswirkungen auf den Menschen, berücksichtigt. Das Projekt 

"VisErgyControl" der Österreichischen Forschungsförderungsgesellschaft (FFG) vereint Ansätze aus 

unterschiedlichen Vorprojekten und entwickelt eine umfassende Lösung zu dieser prädiktiven 

Tageslichtregelung. Das Ziel eines solchen Lösungskonzepts hat zum Ziel, thermischen, visuellen 

und nicht-visuellen Komfort durch ein intelligentes und energieoptimiertes Zusammenspiel von 

Tageslicht und Kunstlicht bestmöglich zu gewährleisten. Als Teil des Forschungsprojektes 

untersucht diese Arbeit die entwickelten Regelstrategien nach energetischen und lichttechnischen 

Kriterien sowie die Zufriedenheit der Gebäudenutzer bei der Anwendung des Regelungssystems 

hinsichtlich thermischem Komfort. Das Regelungssystem verfügt über die modulare Möglichkeiten 

zur einfachen Kombination passiver Solarkomponenten, zum Beispiel Sonnenschutzsysteme, um 

optimale Bedingungen im Gebäude zu erreichen. Mit dem Ziel die Leistungsfähigkeit dieses 

Regelungssystems zu analysieren, werden thermische Simulationsmodelle entwickelt und gegen 

physikalische Modelle validiert. Die validierten Simulationsmodelle werden in das Regelungssystem 

integriert, um das Verhalten der Strategien für die klimatischen Bedingungen am Standort Innsbruck 

zu untersuchen. Die Ergebnisse der Studie zeigen eine Reduktion des Gesamtenergiebedarfs um 30% 

(in Bezug auf Heizen, Kühlen und Kunstlicht) sowie hohes Potential für verbesserten nicht-visuellen 

Einfluss auf die Gebäudenutzer. Ebenso weißt die Arbeit abschließend auf weitere Verbesserung und 

Entwicklungen der Strategien hin. 
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ABSTRACT 
 

Daylight and thermal boundary conditions are essential benchmarks for a pleasant sense of space. A 

comfortable indoor built environment can ensure maximum efficiency and satisfaction of occupants. 

Sustainability in built environment addresses daylight usage as a key strategy for the reduction of energy 

consumption thus protecting the natural environment. Therefore, a predictive daylight control system 

incorporated with innovative fenestration systems, considerably improves the quality of built environment 

by taking into account the dynamic behavior of a building, such as the external boundary conditions and 

the physiological impacts on human. Austrian research agency (FFG) project, “VisErgyControl”, 

combines approaches from different pre-projects and develop a comprehensive solution to predictive 

daylight control. The objective for such a solution offers thermal, visual and non-visual comfort through 

an intelligent and energy-optimized interplay of daylight and artificial light. As a part of this research 

project, this study examines control strategies according to energy and lighting efficiency requirements 

and occupant satisfaction implementing an open loop control system. The open loop control system has 

unique modular capabilities which effortlessly combine passive solar components, for example- sun 

protection system, to achieve an optimum and healthy built environment condition. With the intention of 

analyzing the performance of this open loop control system, thermal simulation models are developed and 

validated against physical models. Validated simulation models integrate the open loop control system to 

investigate the competencies via applying strategies depending on daylight illuminance for climate 

conditions of the city of Innsbruck. The outcomes of the study show a reduction of the total energy 

demand by 30% (with regard to heating, cooling and artificial light) as well as high potential for improved 

non-visual impact on the building occupants. In conclusion, the work also points to further improvements 

and developments in the strategies.    
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Chapter 1 INTRODUCTION  
 

1-1 Context  

 

In 21st century sustainable development is given utmost priority due to the significant change in 

climate and natural environment. Research studies demonstrate that, built environment has an 

enormous impact on natural environment and climate change. Buildings contribute to 40% of energy 

consumption and 36% of CO2 emissions in the EU. While new buildings generally need less than 

three to five liters of heating oil per square meter per year, older buildings consume about 25 liters on 

average. Some buildings even require up to 60 liters (Energy, 2016). One of the EU countries, 

Austria, has engaged the focus towards energy efficiency measure in building. Cities of Austria are 

still growing. At 260  𝑃𝐽/𝑦𝑒𝑎𝑟, domestic households contribute to roughly 62%, private and public 

service providers at 130 PJ to around 31% of energy demand (Streicher, et al., 2014). The main 

energy sources in the public and private services sector were electricity (28%), district heating 

(23%), natural gas (20%) and heating oil (13%), whereas biomass only contributes 2.5% (renewables 

were not specified). According to the 2011 Austrian climate protection report, the sectors “space 

heating and other small use” in households (not including electricity and district heating) contributed 

14% to GHG emissions. This percentage is considerably lower than the share of 28% of final energy 

demand, because of the use of energy sources that emit less CO2 (biomass and district heating). 35% 

of the existing buildings are aged over 50 years. Energy efficient building has the potential to reduce 

energy consumption of European Union by 5% to 6% including CO2 emissions by about 5% (Energy, 

2016).  

The building stock in the city of the future will be improved in terms of energy efficiency of the 

building envelope as well as in space efficiency in the context of sustainable redevelopment. The 

number of commercial buildings and homes in Austria has been increasing on a linear basis since 

1961, due to the rising population on the one hand and the increase useful space used per person on 

the other. In 2011, approx. 4.4 million apartments existed in 2.2 million buildings, of which around ¾ 

were single and two-family homes (Streicher, et al., 2014). Around 70% of living space was 

constructed before 1980 with low energy standard (Streicher, et al., 2014). A large proportion is 

suitable for energetic renovation. On the demand side, options to reduce energy demand are high 

quality thermal renovation of buildings to heat and cool. Current developments of increasingly 

ambitious new building standards can make a valuable contribution to climate protection and energy 

efficiency. In Austria there is significant energy efficiency potential in building renovation, although 

studies clearly show that demand will continue to rise considerably without significant political 

interventions with a portfolio of effective measures. On the basis of the IPCC IS92a scenario and the 

algorithms used in the Austrian implementation of the EU Energy Performance of Buildings 

Directive (EPBD), heating demand will reduce by approximately 20% between 1990 and 2050, 

whilst cooling demand increases (Streicher, et al., 2014). However, heating demand will still surpass 

cooling demand in most buildings.  Changes in outside temperature caused by climate change will 

result in lower heating demand, but will increase cooling demand of buildings. Adaptation strategies 

in the building sector require legal instruments to reduce the cooling demand of buildings and 

support technical measures relating to the orientation of buildings, daylight autonomy, window areas, 
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storage space, night-time ventilation etc. The figure below shows a residential building construction 

period with respect to the heating demand for per dwelling from Austrian statistical sources.  

 

Figure 1: Austrian residential building construction period (STATISTIK.AUSTRIA, 2016) 

Technological progress in recently constructed buildings and renovation has significantly reduced 

space heating energy demand, which decreased from 42 𝑘𝑊ℎ/𝑚2/𝑦𝑒𝑎𝑟 to 28.8  𝑘𝑊ℎ/𝑚2/𝑦𝑒𝑎𝑟 in 

subsidized housing from 2006 to 2010 (Streicher, et al., 2014). The lower the energy demand of 

buildings, the easier it is to supply them with renewables and other energy sources. In accordance 

with the European buildings directive’s (amendment 2010) move toward “nearly zero-energy 

buildings”, implementation of ambitious standards for new buildings is necessary, to achieve long-

term climate protection targets. Following thermal-energetic renovation of domestic buildings, the 

space heating demand reached an average value of 48.8  𝑘𝑊ℎ/𝑚2/𝑦𝑒𝑎𝑟 in 2011 (Streicher, et al., 

2014). In 2006 this value was at around 67 𝑘𝑊ℎ/𝑚2/𝑦𝑒𝑎𝑟 (Streicher, et al., 2014). As the majority 

of homes are already built, the energetic renovation of buildings is the single most important 

mitigation measure. Through increased efficiency, renewable energy could cover around 90% of 

heating demand of buildings by 2050. The planned use of daylight in built environment has become 

an important strategy to improve energy efficiency by minimizing artificial lighting, heating, and 

cooling loads. The introduction of innovative, advanced daylighting strategies and systems can 

considerably reduce a building’s electricity consumption and also significantly improve the quality of 

light in an indoor environment. Moreover, densification means lower daylight autonomy in the lower 

floors of the buildings. High proportion of artificial light and consequently - despite the rapid growth 

in efficiency of artificial light sources - power consumption for lighting increases. Moreover, the low 

daylight autonomy has physiologically negative impact on the users. Ensuring visual comfort is an 

important part of the design of a building. For this purpose, the use of daylight is preferred, since it 

has strong psychophysiological advantages and is freely available. However, it is precisely the 

changing external conditions that pose a great challenge when ensuring visual comfort, such as 

adequate exposure to the room depth, glare protection and visible exposure to the outside. In the 

absence of daylight, artificial light should be supplemented as efficiently and with high lighting 

quality. At the same time, the solar irradiation penetrating the windows strongly influences the 

energy balance of a building. Considering all these aspects, the user of a building can be 

overwhelmed or disliked by the user. Moreover, in the course of sustainable urban development, a 

post-compaction or building with deep building grounds and possible strong defenses is emerging. 
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However, this can have a negative effect with regard to the natural exposure since the daylight 

autonomy is reduced. High artificial light content, low visual comfort and physiologically negative 

effects on the users are the result. However, the enlargement of the window surfaces does not lead to 

success here, since the overheating frequency or the cooling requirement increases, and still 

windowless areas would remain flawlessly exposed to daylight. In addition, urban shading effect and 

less natural exposure are prime reasons for high heat loss through large transparent areas for 

windows as optimum solar gains cannot be achieved. 

Daylight control systems are usually inadequately thought out and reduce the complexity of the link 

between daylight exposure and energy input (summer and winter) too much. An important point here 

is the characterization of daylight systems (angle-dependent transmission, visually and energetically). 

Standard control algorithms react, for example - in the case of exposure to sunlight with complete 

closure of the curtain, which means that the necessary illuminance in the field of view must take 

place through artificial light and thus primary energy input increases. In order to be able to issue 

correct control commands, it is necessary to determine the exact external situation. Here, it is 

necessary to define the correct choice of the sensor system, for example, radiation data and sky 

characteristics. Intelligent, optimized control of the integrated lighting system (façade and artificial 

light) reacts to occupant satisfaction, well-being and energy efficiency, depending on the parameters 

to be optimized.  

For the ongoing Austrian Research Agency (FFG) - research project “VisErgyControl” – Integral 

daylight and artificial light control for high visual and melanopic comfort with high primary energy 

efficiency the following problems arise for which specific solutions are to be developed and tested: 

a) How can the artificial light, shading or daylight control system be controlled in such a way 

that the effects on the individual trades (melanopic effect, visual & thermal comfort, heating 

and cooling requirements, artificial light demand) become visible and evaluable at every time 

step? 

b) How can the artificial light in the room be supplemented so that the light at the workplace not 

only meets the normative and quantitative requirements (minimum lighting levels), but also 

offers high visual and melanopic comfort? 

c) How can daylight-directing systems be controlled in such a way as to reduce the artificial 

light demand, the heating requirements and the cooling requirements of the building? 

d) Which sensors are necessary to determine the state of the external situation (for example - 

diffuse / global radiation data for the façade orientations, color temperature of the sky, etc.) 

or how can the determination be carried out efficiently? 

e) How shading parameters can be taken into account as realistically as possible in a control 

system, for example with a compacted construction (but also mountain, trees, etc.) 

f) How can the mentioned problem situation be solved in an integral control concept? 

 Implementation of the control system in commercially available sensors and BUS 

systems 

 Simplified commissioning & maintenance of the control system with different or 

changed boundary conditions 

The scope of this Master thesis involves deep research and discussion on the specific parts of these 

above mentioned topics including further development ideas in the future.  
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1-2 Aim and objective of the study  
 
Daylight and thermal boundary conditions are essential criteria for pleasant sense of space. Only with 

comfortable workplace conditions, a high performance of employees can be achieved. At the same 

time thereby the foundation of life satisfaction is placed. Therefore, a predictive control daylight-

directing system (complex fenestration systems) considerably improves the quality of built 

environment by taking into account the dynamic behavior of a building, such as the external 

boundary conditions (weather, temperature, etc.) and the physiological impacts on human. 

 

FFG-research project, “VisErgyControl”, combines approaches from different pre-projects and 

develop a comprehensive solution. According to the latest research, the "melanopic" (non-visual 

effect) effectiveness is achieved through the intelligent and energy-optimized interplay of daylight 

and artificial light. At the same time responding to the satisfaction of users. These facts are integrated 

into the artificial light control algorithms and with special consideration for occupants from different 

age groups. The productivity of occupants, for example – office employees, is increased, by 

improving built environment conditions, for example, higher illuminance with reduced glare sources. 

The research priorities the seasonal differentiated coupling of sun protection and room occupancy 

including differentiated use of internal and external blinds. In addition, an algorithm for façade 

system dependent artificial lighting control is developed. 

  
For this study, control strategies will be examined according to energy and lighting efficiency 

requirements and user satisfaction. A new developed control module (based on Excel) within the 

research project will be theoretically investigated within this master thesis. Therefore, a coupling 

routine in MATLAB between the Simulation software TRNSYS and the Excel control tool will be 

worked out. An evaluation of the integrative energetic and daylight control strategy will be worked 

out by measurements on an outdoor façade test stand at University of Innsbruck (UIBK). The work 

of this master thesis also contributes in terms of optimization parameter identification of the thermal 

simulation modelling of representing the façade test stand (PASSYS-cell). Furthermore, the 

commands of the control of several strategies with a fixed pattern (dependent on certain input 

variables from external condition) will be investigated. The evaluation of control strategies for 

energy demand is prepared by means of a balancing of the measurement period in observation and a 

confrontation with a reference situation (reference strategy) and optimum situation (stationary 

strategy). Additionally, a representative floor plan of the Technical Faculty Building at University of 

Innsbruck building modelled in SketchUp and TRNSYS. Consequently, the control signals of the 

building control system and the KNX-signals for selected offices have to be evaluated to validate the 

TRNSYS thermal model. Besides, to the measured data of the temperature and illuminance sensors 

the blinds, lighting and window switch operations are evaluated. The new control module tool will 

also be implemented within technical faculty building model for further investigation.  

The most important contributions to the quality of this work are given with regards to: 

 Energy and Environment related aspects  

• Reduction of total energy consumption 

• Reduction of electrical energy consumption for artificial lighting 

 Thermal comfort  

• Comfortable surface temperatures  
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• High thermal comfort by adjusting the heating, ventilation and air conditioning to the 

daylight system 

 Non-Visual Comfort or Melanopic comfort 

• Activation & Relaxation by matched spectra 

• Ensuring a day / night rhythm by spectral change of artificial light source 

 

1-3 Research Project “VisErgyControl”  

 

A negative impact of a sustainable urban development through densification is reduced daylight 

autonomy. The aim of the project is to solve this problem by the implementation of an integral, 

simulation-based energy-efficient open loop daylight and artificial lighting control. The research 

project is focusing on the visual and non-visual (psychological) requirements of users while 

minimizing the energy consumption for heating and cooling. This will be achieved by the 

combination of intelligent sensor technology with simulation models as well as the current state of 

knowledge in the biological effects of day & - artificial light. This integral control concept is pre-

tested in a test cell without occupancy (outdoor test facility UIBK) and in a real office building 

(Technical Faculty building at University of Innsbruck) and by monitoring the retrofitted office 

building BIGMODERN subproject 9. 

The open loop control methodology of the project VisErgyControl contrast to a closed loop control, 

which is the standard at the moment. The optimal blind position for the shading and daylight 

redirection system as well as the dimming values for the artificial light groups for each time of day, 

depending on the given outdoor climate (solar radiation, illuminance levels on the respective facades, 

ambient temperature) will be determined by simulation, taking into account the climatic situation in 

the building and the physiological impact of the expected lighting scenery on humans. Individual 

room sensors are used for error correction and success control only. These methods, developed on a 

theoretical basis in the preliminary projects “K- Light (P01)” and “lightSIMheat” will be 

implemented in this project gradually into practice. The expense for the parameterization, 

commissioning and maintenance will be limited by an easy-to -use tool to a minimum.  

1-3-1 Passive solar test facility 

 

Sustainable building construction highly demands passive solar systems (PSC), in order to optimize 

the primary energy consumption of building sector in Europe. Modern equipment, such as advanced 

glazing and windows, has the potential to reduce heating and cooling load thus conserving energy in 

residential and commercial buildings. However, there is a lack of knowledge about thermal and solar 

characteristics in outside environment or the performance when applied into real buildings of this 

equipment. The PASSYS (Passive Solar Systems and Component Testing) project by the European 

Commission was launched in 1986, for the purpose of obtaining precise knowledge on advanced 

passive solar components (PSC) (Bourdeau & C., 1993). Passive solar systems testing results 

obtained from several test centers throughout Europe and North America recognizes the difficulty to 

draw general conclusions from occupied buildings. Unoccupied simple test cells therefore would be 

convenient to study behavior of passive solar systems effortlessly and to have standardized method 

of analysis and system configurations. Considering these aspects, within PASSYS, a decision was 
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taken to construct highly standardized test cells to provide a realistic and readily controllable test 

environment for a range of climatic condition within Europe and the PASSYS test cell is a product of 

that decision. The main purpose was the evaluation of the solar gain factor (g-value) of passive solar 

components and shading devices, but the u-value and the thermal capacity can also be obtained from 

outdoor tests. Such a test cell (PASSYS test cell) stands at University of Innsbruck in order to 

research on solar energy impacts in the context of build environment and this facility is extensively 

used for this study.  

   

Figure 2: PASSYS test cells at the UIBK campus (Left), indoor view of the test room with daylight system and LED 

lighting (right) 

1-3-2 Faculty of Technical Sciences building University of Innsbruck 

 

The building, used by the Faculty of Technical Sciences, was originally built in 1968. As an 

extensive renovation was necessary anyway, it was decided to improve the energy efficiency at the 

same time, with moderate additional expenditure. In close cooperation with the Passive House 

Institute, the planners developed an overall concept, which turned the eight-storied building into an 

exemplary project – it is currently the world’s largest building to be certified to the EnerPHit 

Standard. The refurbishment is one of the demonstration projects of the House of the Future plus 

(Haus der Zukunft) lead project BIGMODERN with exceptionally high quality standards in terms of 

energy efficiency and sustainability.  

   

Figure 3: Civil Engineering Building University of Innsbruck before (left) and after refurbishment (right) 

http://europhit.eu/content/enerphit
https://nachhaltigwirtschaften.at/de/hdz/
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After, renovation the building adopted an automation system for performing energy efficiency tasks 

and monitoring. The automatic artificial lighting concept includes a method of adjustable dimming of 

light depending on occupants need. The window (Appendix (I)) integrated shading louvers are 

controlled by illuminance sensors according to predetermined thresholds. Thus, it corresponds to the 

state of the art technology and is ideal for the comparison with the control concept which will be 

examined under this research project. A short summary of renovation is included in the Table 1. 

Table 1: Facts and figures of the renovation 

Facts and Figure after renovation 

Building Information 

 

Building type:  school | campus | university 

Location: A - 6020 Innsbruck (Tirol), Austria 

Number of units: 720 

Treated Floor Area according to PHPP: 8897m² 

Construction type: mixed construction (timber and masonry) 

Year of construction:  2014 

Mechanical systems 

 

Ventilation:  

 

central ventilation system, 2 air handling units 

- Central ventilation system in the existing utility room on roof 

- 2 ventilation units 

- Total current = max. 16380m³/h 

- Air exchange rate = 0.58 1/h (very dense coverage) 

- Heat availability level device > 75% 

Domestic hot water: The low hot water demand is covered with floor-mounted boilers 

PHPP values 

 

Air tightness:  n50 = 1/h 

Annual heating demand: 20kWh /(m²a) calculated according to PHPP 

Heating load: 24W/m² PHPP 

Primary energy requirement: 190 kWh /(m²a) on heating installation, domestic hot water, 

household electricity and auxiliary electricity calculated 

according to 

 

1-4 Energy saving potential of daylight and shading systems 

 

Occupant’s psychological and physiological satisfaction is highly influenced by the use of daylight in 

buildings, with its variations, its spectral composition, and the provision for external views. Ample 

supply of daylight within a built environment can positively influence the health of occupants, 

improving efficiency, reducing unnecessary sick leave and resulting in greater benefits for enhanced 

productivity. Carful design of daylighting systems can also bring tangible energy savings. To ensure 

energy savings, related factors should be taken into account, such as, energy use for artificial 

lighting, glare and other visual discomfort. However, the overall energy efficiency of windows 

depends also on thermal effects (e.g. solar gains and heat losses through glass) and their balance 

against heat production of artificial lighting systems (Altomonte, 2008). 

The importance of daylight has been reflected for centuries in building legislation worldwide. 

Current German codes state that every workstation in a new office building must be naturally lit and 

placed at no more than 7.5 meters from a window (Carmody, 2004). Figure 4 compares an example 

of the usage times of an administrative building (8:00 to 18:00) with the available daylight time.  

According to this figure, daylight is available in 85% of working hours. 
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Figure 4: Daylight Hours availability 

Transmission and protection of daylight are two conflicting needs which to be balanced in designing 

daylight strategies for building so that it reflects the needs of occupants. Energy efficiency measures 

with detailed daylight systems can however be a very complex task - often highly dependent on 

climate, latitude, orientation and functions - where many factors and variables can diverge from each 

other making selection and optimization extremely difficult. The objective for the designer is 

generally to identify the most appropriate properties of daylighting systems that provide adequate 

luminous levels and contribute to visual, thermal and non-visual comfort. To obtain maximum 

daylight autonomy systems should not block the sunlight ensuring well distribution by natural 

exposure. Currently, available products, for example - light-redirecting systems that deflect the light 

and allow the reflections from the ceiling, are rarely used. Studies show that with the light-guiding 

systems and customized control about 50% of energy can be saved for artificial light (B. Roisin, 

2008).  

Recent medical and biological research has indeed convincingly proved that daylight, other than 

providing visual comfort, has also important non-visual effect on most of the body’s biological 

processes. Three pathways have recognized by which luminous signals interact with human 

functions: visual, circadian and perpetual (Boyce, 2003). Visible radiation hence results in stimuli 

involving the whole of the physical (energetic exchanges), physiological (transformation of energetic 

fluxes into nervous stimuli) and psychological (brain interpretations of those stimuli) aspects that 

inform the body and the mind about the characteristics of the surroundings environment and 

contribute to the biological metabolism of the human organism. Therefore, both visual and non-

visual criteria have to be carefully applied to the design of the design of the daylighting systems to 

enhance energy savings in buildings, reduce artificial lighting demands, minimize heating and 

cooling loads by means of a thorough management of the natural light, and meet the complex 

luminous and biological requirements of occupants.  

Access of daylight through windows can also imply major drawbacks: direct sunlight, bright clouds 

and reflective surfaces can cause glare, contrast and serious visual impairment. Glare, in particular, is 

a serious source of visual strain that can prevent the viewer from executing task or cause a significant 

decrease in visual performance (Altomonte, 2008). Especially in modern offices, the extensive use of 

computer displays and visual technologies has recently caused the primary work gaze to shift from a 
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horizontal desk surface to a vertical display screen surface. Vertical windows can thus frequently 

constitute glare sources (e.g. from the sky vault, the sun, reflections off surrounding buildings, high 

contrast of luminance), while also internal surfaces (e.g. reflective or specular finishes) or artificial 

lighting installations can be at the origin of the discomfort. 

Good daylighting strategies start from exploring simple solutions (window size, placement, self-

shading, etc.) and then integrating advanced elements if required. As a matter of fact, the 

performances of complex and dynamic systems often depend on maintenance and durability of 

components, and should be adopted only in extreme situations. The positioning of shading devices 

for luminous and solar protection depends primarily on orientation: generally, horizontal for equator-

facing façades or vertical for eastern and western openings. If internal blinds are used for visual 

control – as it is often the case in offices - they should preferably be composed of light, diffusive 

material. In terms of operational strategies, preferably each individual occupant should be able to 

manage his luminous environment to suit his own preference. However, it has to be considered that 

when blinds are closed to reduce luminous discomfort, if manual operation is the only choice human 

‘inertia’ will often cause the blinds to be kept closed even after the source of disturbance has ceased 

(Escuyer & Fontoynont, 2001) 

 Proper daylight design should hence try to minimize the occurrence of the conditions under which 

actions aimed at reducing or eliminating the ingress of natural light arise (Boyce, 2003) and to 

develop methods whereby the actions taken to decrease or eliminate daylight penetration are reversed 

at the end of the day (e.g. with an automatic control of shading devices; (Lee & al., 2002). Several 

daylight-directing and composite shading systems have been developed to enhance daylight 

protection and distribution in spaces. These usually exploit the upper part of the window (clerestory) 

to provide light penetration deeper into the room in combination with a reflective ceiling, while the 

lower part of the vertical opening is often expressly designed to optimize visual performances (glare 

reduction) and to provide a view and a visual contact with the out of doors. For example, light 

shelves can be used to throw more light on the ceiling and then deeper into the spaces, delivering 

daylight at greater depths without significantly augmenting luminous levels near the window, whilst 

reducing glare in the areas close to the perimeter. Simultaneously, other than just improving the 

distribution of natural light, a light shelf may double as a solar protecting device, blocking direct sun 

when required (Altomonte, 2008) in Figure 5.  

  

Figure 5: Example of light shelves (Victoria, 2016) 
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Similarly, to protect from glare, to allow maximum ingress of natural light and for solar shading, 

classically blind systems can be applied. These systems are typically equipped with slats and the slats 

angle can be positioned according to requirement of occupant.  

 

Figure 6: Blind system for light redirecting (Martin, David, & Marion, 2015) 

The above design aspects are broadly discussed within the research project, “VisErgyControl”, to 

ensure a healthy daylighting design for built environment in the context of Austria.   

    

1-5 Thesis outline 

 

In the following sections, planned use of daylight usage and improvement on the condition indoor 

built environment is described. Chapter 2 starts with introducing the state of the art design practice of 

visual, thermal and melanopic comfort together with the insight healthy lighting design. In chapter 3 

a description is given of the used facilities and climate condition. Also, a part describes basic design 

of the PASSYS test cell. In chapter 4 the simulation tools TRNSYS17 is described with Multizone 

building model, modelling process of complex fenestration systems, TRNFLOW-model for 

designing HVAC system of the technical faculty building, parameter optimization method of 

PASSYS test cell and results of optimization. Last section of the chapter contains basics of the tool 

VEC which was developed in order to achieve a research aim. Chapter 5 includes data analysis 

process of the building automation system, thermal modelling in TRNSYS, implementation of VEC 

with TRNSYS and applied control strategies. Chapter 6 contains results and discussion of the overall 

study exclusively. Final part, chapter 7 has further development proposal for the project and the 

conclusion based on the outcome of the study. A research timeline prepared with set of activities 

involved for the whole process is included in Appendix (IX).  

Originally this Master thesis was planned to complete within 26 weeks. However, it was completed 

within 47 weeks. This unusual elongation caused by longer data acquisition period and other 

technical reasons.  



 
State of the Art Literature Review 

Kazi Alam                                                                                                                                                                                                            11 

Case studies on an integral, simulation based energy 
efficient open loop control for daylight and artificial lighting 

Chapter 2 STATE OF THE ART LITERATURE REVIEW 
 

2-1 Visual comfort  

 

Human eye can experience a specific portion of the electromagnetic spectrum which referred as 

‘Visible light’ in Figure 7. Radiant energy from light is transmitted, absorbed or reflected, when it 

strikes a surface.  From observer’s point of view, color of surface is only visible if the frequency of 

the spectrum reflected back to the eye of observer. The brighter the surface, the occurrence rate of 

reflection increase, likewise, darker surfaces absorbs more radiant energy with minimal reflection.  

 

Figure 7: Electromagnetic spectrum (Borisuit, 2013) 

Principally, ‘Comfort’ means the perception of well-being and aesthetics (Borisuit, 2013) and ‘Visual 

Comfort’ indicates the comfort to the sense and sight of observer, which mainly focuses on 

 light levels, contrast and glare 

 positive feelings of well-being 

 a pleasant state of physiological and psychological harmony  

 agreement on above mentioned criteria depending on many principles 

Appropriate illuminance in an environment depends on the task. Typically, working environment 

such as office room requires brighter light than living room. If the visual environment has more than 

the required illuminance it causes discomfort to occupants, which referred as ‘Glare’. For example, a 

general office room having illuminance level of more than 500 𝑙𝑥 causes discomfort to the eye of 

occupant in Figure 8. Glare protection is a primary condition for allowing visual comfort. From 

previous studies, it has been realized that workers who suffer the effects of glare constantly and 

successively can suffer from eye strain as well as from functional disorders. In addition to glare 

control, the prerequisites that an illumination system must fulfil in order to achieve visual comfort 

conditions are the following: 

 adequate contrast conditions, 

 rendering of colors, 
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 correlated color temperature, 

 absence of flicker effect or intermittent light (Weitlaner, Fusco, Bueno, & Guidolin, 2014) 

Light intensity parameters play an important to provide a visually comfortable environment for 

occupants. Non-image forming or non-visual effect of light, for example physiological and 

psychological interactions of human with their environment, has a significant impact on comfort 

level. Non-visual effects mean response of retinal illumination which is separate from aspects of 

vision (Lucas, 2013). One of the most influential responses is the phase resetting of human biological 

clocks or circadian clocks experienced by illumination. Healthy lighting conditions not necessarily 

mean only luminous conditions during daytime; Optimal lighting during dark periods for the sake of 

good health also concern these conditions (Borisuit, 2013). This topic of circadian clock is later 

discussed in the section Melanopic effect. 

 

Figure 8: Illuminance level of room use (Borisuit, 2013) 

Visual function parameters are used to determine whether a given lighting condition permits sight or 

visibility and are directly related to the physiology of the eye (IES, 1993). Generally, good visibility 

is defined by an adequate quantity of light for the expected visual task, uniform distribution of 

illuminance and luminance, sufficient directionality to model three-dimensional objects and surfaces 

(direction of incident light from the side or from above), the absence of glare, and sufficient spectral 

content to render colors accurately when required. 

2-1-1 Required illuminance level  

‘Design’ illuminance levels are based on task - viewer’s age, speed and accuracy requirements. Tasks 

are defined basically in two general categories, paper-based: requires two or three times more electric 

lighting than normal if no glare condition exists; computer-based or other self-illuminating tasks: 

requires rather low luminance level (Nancy, 2000). Energy balance for these cases depends on 

artificial lighting and thermal loads. This illuminance level can vary depending on geographical 

location. One particular reason for this is the variability of the daylight availability from the sun and 

sky conditions, the daylight systems are evaluated based on the quantity of illuminance provided at a 
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task over time (Nancy, 2000). In terms of illuminance criteria, a system considered as “good” if the 

system can meet the design illuminance requirement at a greater depths and for a greater percentage 

over the year compared to a conventional window system. This can be achieved by light redirecting 

systems implemented within fenestration system. For some countries, an absolute illuminance level 

is used in systematic evaluation. For other countries, particularly those that are dominated by cloudy 

sky conditions, the daylight factor or the ratio between the illuminance on an obstructed, horizontal 

surface, is used as a measure of light quantity in Figure 9. Because of the variability of daylight 

systems are evaluated based on the quantity of illumination provided at a task over time. For office 

work that involves both paper-based and computer-based tasks, the larger the number of hours per 

year that a system is able to meet but not grossly exceed the design illuminance level, the more 

successful the design.  

Visual discomfort and poor visibility may result if the distribution of light is not uniform. Uniformity 

of light desired across the working plane for good visibility. Light distribution is measured by 

luminance and illuminance ratios, typically across a horizontal work plane at a height of 0.8 m above 

the floor for paper or reading tasks. A systematic evaluation of daylighting systems is complicated by 

a number of factors, however: 

 variability in the position of sun  

 location of the task need to be considered from all views within a space to select several 

representative task locations  

 continuous surface luminance map if the direct sun is included  

 the luminance of exterior obstructions or the ground 

 occupants physiological and psychological perspectives (Nancy, 2000) 

 

Figure 9: If the indoor illuminance is 200 lux when the outdoor global illuminance is 10000 lux the factor is 2% (Nancy, 

2000) 

2-1-2 Glare Protection 
 

Glare is a visual condition which results in discomfort, annoyance and interference with visual 

efficiency or eye fatigue because of the brightness of a portion of the field of view. Direct glare is 

related to high luminance in the field of view. Reflected glare is related to reflections of high 

luminance. There are two particular kinds of glare cases possible for a lit-environment, discomfort 
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glare and disability glare. Discomfort glare is a sensation of annoyance caused by high or non-

uniform distributions of brightness in the field of view, on the other hand Disability glare Disability 

glare is caused when intraocular light scatter occurs within the eye, the contrast in the retinal image is 

reduced (typically at low light levels), and vision is partly or totally impeded (e.g., when the eye is 

confronted by headlights from oncoming automobiles) (Nancy, 2000). For both cases, there are no 

known satisfactory cases available for models to predict and evaluate these conditions. A daylighting 

design should be evaluated to determine whether there are strategies or features that enable occupants 

to control situations where the eye is forced to adapt to different brightness regions within the field of 

view. An assessment of glare case is based on size, luminance and number of glare sources, source-

task-eye geometry and background illuminance. The Daylighting Glare Index (DGI) is used to 

indicate the subjective response to a large-area glare source and can be calculated for a person facing 

the window or the side wall at various distances from the window wall (Nancy, 2000). For tasks 

involving a computer screen with an average luminance of 85𝑐𝑑/𝑚2, the maximum luminance level 

of surfaces within the field of view is 300𝑐𝑑/𝑚2, for tasks within the immediate background and 850 

𝑐𝑑/𝑚2 for tasks within the general background (IES1993b, 1993). 

 

Figure 10: Direct and reflected glare (Liao, 2016) 

To simplify analysis, several rules of thumb can be applied to evaluate daylighting systems. The 

values can be obtained from the ANSI/IES RP-1 guidelines (IES1993b, 1993) for office tasks using 

computer visual display terminals (VDTs). Other applicable standards include (CIE-117., 1995) for 

discomfort glare. The average luminance of any 0.6 by 0.6 m area within the field of view should be 

kept below 850𝑐𝑑/𝑚2. Glare sources must be kept out of the line of sight. For a horizontal view 

angle, sources within 50°-90° above the horizontal can cause high-angle or overhead glare. Visual 

discomfort or glare results from bright reflections off shiny surfaces. These veiling reflections reduce 

contrast and impair visibility. Daylighting systems can reduce or eliminate veiling reflections by 

controlling direct sun and luminance levels within the offending zone or the area viewed by the task 

surface. Visual Comfort criteria’s are already adapted to the control module tool (based on excel) 

within this research project; for example – to reach optimum illumination of the workplace 
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implemented control 500 lux, high daylight autonomy less artificial light demand by appropriate slat 

angle strategies, antiglare by sufficient systems and control strategies. 
 

2-2 Thermal comfort 

 

Thermal comfort is that condition of mind which expresses satisfaction with thermal environment 

(ASHRAE-55, 2004). In modern Industrial society human being spends most of the time in indoors. 

This has resulted in a growing understanding and interest in studying the influence of thermal 

comfort.   Human bodies perform significantly different depending on person. Due to that fact there 

is a wide variation of thermal sensation, both physiologically and psychologically. Occupant’s 

climate condition also varies depending on geographical location. Metabolism process in human 

body generates heat energy and must dissipate into the surrounding air or surfaces. Parallel to that 

information, thermal operating condition of human body has a narrower range than external thermal 

operating condition. High external temperature occupant’s bodies tend to overheat, because heat 

energy cannot be given off to external air or surfaces. Similarly, bodies experience the feeling of cold 

when the external temperature is low. Therefore, human thermoregulatory system seeks for heat 

balance.  Maintenance of heat is, however, far from being a sufficient condition for thermal comfort. 

Within the wide limits of the environmental variables for which heat balance can be maintained there 

is only a narrow interval which will create thermal comfort (FANGER, 1973). In practice, only a 

specific percentage of occupants in a space will be thermally comfortable. Therefore, researchers are 

developing systems which can satisfy a large number of occupants and increase the rate of 

dissatisfaction due to thermal discomfort. 

2-2-1 Factors affecting of thermal comfort 

 

Over the last century, considerable research has been undertaken on the factors that influence thermal 

comfort. To define the condition for thermal comfort, six primary factors should be addressed 

including several other secondary factors (ASHRAE-55, 2004). These primary factors are listed 

below.    

 Metabolic rate 

 Clothing insulation 

 Air temperature 

 Radiant temperature 

 Air speed 

 Humidity 

Depending on above factors the comfort zone can be determined. The PMV/PPD model for 

determining thermal comfort was developed by P. O. Fanger using heat balance equations and 

empirical studies about skin temperature to define comfort. Standard thermal comfort surveys ask 

subjects about their thermal sensation on a seven-point scale from cold (-3) to hot (+3). Fanger’s 

equations are used to calculate the Predicted Mean Vote (PMV) of a large group of subjects for a 

particular combination of above mention factors (FANGER, 1973). Zero is the ideal value, 

representing thermal neutrality, and the comfort zone is defined by the combinations of the six 
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parameters for which the PMV is within the recommended limits (-0.5<PMV<+0.5) (FANGER, 

1973). Although predicting the thermal sensation of a population is an important step in determining 

what conditions are comfortable, it is more useful to consider whether or not people will be satisfied. 

Fanger developed another equation to relate the PMV to the Predicted Percentage of Dissatisfied 

(PPD). This relation was based on studies that surveyed subjects in a chamber where the indoor 

conditions can be precisely controlled. This method treats all occupants the same and disregards 

location and adaptation to the thermal environment. It basically states that the indoor temperature 

should not change as the seasons do. Rather, there should be one set temperature year-round. This is 

taking a more passive stand that humans do not have to adapt to different temperatures since it will 

always be constant. ASHRAE Standard 55-2010 uses the PMV model to set the requirements for 

indoor thermal conditions. It requires that at least 80% of the occupants be satisfied. 

Though the body does a terrific job to regulate itself to reach an optimum comfort condition, it’s the 

individuality within a social space that concludes a perfectly thermal behavior. In fact, external 

temperature can influence the rate of metabolism even further. External temperature includes both 

mean air temperature and the mean radiant temperature in a confined space. The comfort zone is 

defined in terms of a range of operative temperatures that provide acceptable thermal environmental 

conditions or in terms of combinations of air temperature and mean radiant temperature that 

occupants find thermally acceptable (ASHRAE-55, 2004).  

 

Figure 11: Units of temperature needs to change (Boduch & Fincher, 2009) 

The mean radiant temperature or the operative temperature requires averaging the temperatures of 

each surface in the room. For example, an occupant experiences discomfort when the ceiling is 

greater than 5°C warmer or 14°C colder than the other surface temperatures in the room (Boduch & 

Fincher, 2009). The alternate surfaces temperature have wider margin which is 23°C for warmer 

walls and 10°C for cooler walls and vertical air difference of human body has range of 3°C (Boduch 

& Fincher, 2009). Relative humidity highly influences thermal comfort criteria. During evaporative 

cooling process of a body, overheating and sweating could be caused by exceedingly humid air. 

According to ASHRAE-55 standards, the humidity ratio should be at or below 0.012, which 

corresponds to a water vapor pressure of 1.910 𝑘𝑃𝑎 at standard pressure (ASHRAE-55, 2004). 

Temperature and relative humidity issues could be solved by elevating air speed though the precise 

relationships between increased air speed and improved comfort have not been established 



 
State of the Art Literature Review 

Kazi Alam                                                                                                                                                                                                            17 

Case studies on an integral, simulation based energy 
efficient open loop control for daylight and artificial lighting 

(ASHRAE-55, 2004). Finally, the aspect of clothing variability among occupants in a space is an 

important consideration for thermal comfort. 

 

2-2-2 Daylight influencing thermal comfort 

 

Daylighting systems have a great impact on thermal comfort. A cold window surface can increase 
thermal discomfort caused by longwave radiative exchange between the window and occupant in the 

winter, and a hot window surface can do the same during the summer. Convective heat exchange of 

air caused by cold window surfaces and infiltration can also cause discomfort. During winter period, 

short wave radiation from sun or the direct sun can contribute to greater thermal comfort. Generally, 

the thermal comfort of daylighting systems can be evaluated using simple measures. Therefore, 

options to control direct sun should be available within fenestration system. An insulated window 

will increase inside window surface temperatures and improve comfort during winter. On the other 

hand, well insulated wind with high g-value can cause overheating. Fenestration design has to be in 

balance to maintain thermal comfort criteria depending on weather condition. Local standards and 

guidelines that govern acceptable surface temperature, direct sun control, etc. should be followed. 

Windows and daylighting systems effect the distribution of daylight and the thermal load of a 

building. A daylighting system can help to decrease the heat gains in the building due to the 

favorable lumen per watt ratio of daylight and save on energy for cooling. This implies a specific 

amount and distribution of the daylight along with a properly working artificial lighting control. 

Daylight responsive control of lighting is often combined with thermal control. When no occupants 

are present thermal control will reduce heat gains in summer by closing the shades in daytime to keep 

out the heat and opening the shades during the night to cool by radiation. In winter this may be 

reversed. 

2-3 Melanopic effect 

 

Since the starting of industrial revolution, people spend most of their time indoor environments. 

Indoor environment is mostly dependent on artificially light. Adaptation of such lifestyle disconnects 

people from natural environment. Working shifts are mostly occupied during daylight hours and 

daylight illuminance in offices nowadays is below the required level due to size of the window. In 

some cases, office building does not have windows. As a matter of fact, the offices are illuminated 

with artificial light even though outdoor illuminances reach thousands of lux on an overcast day. The 

level of artificial lighting provided at a workplace is significantly lower than natural daylight. This 

situation, causes the disruption of biological clock of human, another way of explaining would be 

that, disorder causes in sleeping and waking phases (Schlie-Roosen, 2014 ). Such situations 

negatively affect psychological and physiological behavior of human causing serious health 

problems. Other than simply providing visual information, adequate light received during the day 

synchronizes the circadian clock, stimulating circulation, increasing the production of vitamin D, 

enhancing the uptake of calcium in the intestine, regulating protein metabolism, and controlling the 

level of hormones such as serotonin, dopamine (the ‘pleasure hormone’), cortisol (the ‘stress 

hormone’) and melatonin (the ‘sleep hormone’, which distributes internal temporal information to the 

body) (Altomonte, 2008). 
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A small group of light sensitive sensory cells in the eye sends signals to the biological clock. These 

so-called retinal ganglion cells are located in the deep layers of the retina and have a direct 

connection with the brain or, more specifically, with the superchiasmatic nucleus (SCN) of the 

hypothalamus (Schlie-Roosen, 2014 ). The SCN is the brain’s internal biological clock. In 2002, 

scientists identified a third photoreceptor in the retina alongside the cones (for color vision) and rods 

(for night vision) already known. These photoreceptors regulate the biological and non-visual 

metabolic process. The photosensitive ganglion cells report light stimuli to the SCN, ensuring that 

melatonin production slows down. Melatonin makes human feel drowsy, slows down bodily 

functions and lowers activity levels to facilitate a good night’s sleep. The non-visual effects 

facilitated by special photoreceptors containing the photosensitive pigment melanopsin (Schlie-

Roosen, 2014 ). Melanopsin plays a key role in the photoreceptors of the human eye. It responds 

particularly sensitively to blue light and therefore reliably prevents melatonin being released during 

the day (Schlie-Roosen, 2014 ). This discovery is leading towards a substantial revision of the 

characteristics that the luminous environment should have to sustain both the visual and the 

biophysical human well-being (Van Bommel, 2006).  

 
  

Figure 12: Internal configuration of eye photoreceptive cells (Altomonte, 2008) 

2-3-1 Lighting for non-visual effects  

 

For technical reasons and because of the need to save energy, lighting for non-visual effects cannot 

simulate natural daylight precisely. But it can provide valuable support. Studies show, for example - 

that 500 to 1500 𝑙𝑥 illuminance can be biologically effective at a workplace (Altomonte, 2008).  

Melanopically effective lighting can either be additionally activated or automatically regulated to 

compensate with step-less control for changes in daylight incidence (Altomonte, 2008). Another key 

consideration in designing artificial lighting for non-visual effects is the need to deliver the required 

illuminance at the accurate time. The greatest melanopic effect is achieved after a period of darkness, 

especially in the morning. Apart from supporting long-term diurnal synchronization, melanopically 

effective light can also be used to activate. In this case, for example, illuminance and color 

temperature are briefly raised at mid-day or early in the afternoon. In the evening, when activation is 
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undesirable, warm light colors and lowered illuminance prepare the body for sleep. From the 

definition of Daylight, the parameters for biologically effective light are:  

 illuminance 

 geometric plane 

 direction of light 

 color temperature  

 dynamism of light over the day and the seasons 

 

The brightness of daylight varies considerably, depending on geographical position, weather, season 

and time of day. In Central Europe, most interiors could be illuminated with natural light from 

around 8 a.m. through to 5 p.m. In the majority of cases, however, the daylight admitted by windows 

does not reach deep into the room.  

 

According to the studies on Melanopic effect by Bartenbach, per hour maximum 1000 lux of daylight 

or daily maximum 5000 lux daylight could achieve the required health condition in an office 

environment. Consequently, Bartenbach has developed a weighted illuminance function which is 

implemented in the result and discussion of the section. These criteria are implemented in this 

research project to further analysis of the model behavior if requirements to achieve a non-visual 

comfort are met or not. Furthermore, non-visual comfort in terms of melanopic effect is a topic of 

debate which needs in depth research for better understanding and developing systems according to 

occupant’s satisfaction.   

  

2-4 Innovative and healthy lighting design  

 

Natural light and artificial light both can be defined by quality, spatial distribution, spectrum, timing, 

duration while these characteristics interactively regulate visual and photo biological functions. 

Recent interior lighting design practice is governed by daylight even though human biological 

processes are exclusively adapted to the availability of outdoor illumination and to significant 

variations in daylighting level (Altomonte, 2008). Biological process can be disrupted if required 

daylight is not ensured and often access of daylight is compromised by the use of shading devices 

due to thermal comfort or luminous discomfort. Current emphasis on photo biological studies 

demands to raise illuminance level significantly in indoor space. Contrary to that, abundant and 

uncontrolled daylight access could increase the risk of thermal drawbacks such as heat losses in the 

winter and thermal gains in summer or visual discomfort. Spectral composition of daylight also plays 

major role in photo biological function. According to the Curve of Amenity in Figure 13 (Kruithof 

Diagram), the higher the overall illuminance, the higher the correlated color temperature. Besides, all 

these characteristics of daylight, evidence confirm that vertical illuminance entering the eye is a key 

factor in ‘healthy’ lighting (Altomonte, 2008). In practice, a well-balanced lighting system with 

combination of all these characteristics is only possible if the timing and the duration of light 

exposure are appropriate. Consequently, to meet at once visual and biological demands, a properly 

designed daylighting strategy should always try to find a balance between all the various factors at 

play. 

Thermal, visual and non-visual performance analysis of built environment necessitates consideration 

of very many aspects. Surface area properties of building envelope range from transparent to opaque.  
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Transparent areas are mostly considered as façade and opaque sections are usually wall construction. 

In order to allow natural light inside living and working area, transparent area comes under 

consideration. Increasing the transparent area properties increases the daylight autonomy inside the 

building reducing artificial lighting demand. Excessive daylight entry within the built environment 

can also effect negatively (for example - glare). As matter of fact, a well-balanced lighting system 

can enhance building performance as well as ensures healthy living condition influenced by daylight. 

Therefore, designing a façade is a complex challenge. Many requirements have to be fulfilled by the 

building’s envelope. As a result of different insulation properties and transparent areas across a 

façade, the energy performance within the building varies dramatically. In addition, the façade is 

rarely a static system. Due to the risk of overheating, an automated shading control strategy is often 

implemented, which ‘closes’ the façade in summer. This change reduces overheating but can also 

decrease daylighting, which in turn creates a higher demand for artificial light. A higher artificial 

lighting demand corresponds to increased electrical power demand and thus increased internal heat 

gains, which may then lead to increased cooling loads.  

A large number of façade systems are currently available on the market. Screens, venetian blinds or 

complex fenestration systems can all be installed in a building. Each system behaves differently with 

regards to the performance aspects mentioned above. Usually, the design of the façade and thus the 

transparent components is undertaken early on in the design phase of the building, which therefore 

defines the building behavior. 

 

Figure 13: Kruithof’s Curve of amenity  

Due to the interaction of thermal and lighting effects, a realistic estimation of energy demand and 

comfort analysis can only be achieved through a combined thermal and lighting evaluation. In order 

to estimate levels of daylighting, for example for the design of a daylight redirection system, a ray 

tracing simulation must be performed. Further to this, accurate evaluation of the demand for artificial 
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light as a result of daylighting levels can only be carried out using electrical light simulation. Finally, 

to calculate a realistic cooling and heating demand, a dynamic thermal simulation model is 

necessary. The independent simulation of each of these aspects requires an enormous preparatory and 

computational effort. Therefore, a combined analysis is not worked out in practice. A simulation 

routine which considers the complex interactions mentioned above with a quick intuitive interface, 

combined with less input effort and computational effort may be useful for design and optimization 

of energy efficient buildings. In particular, a very fast simulation tool would enable the evaluation of 

a multitude of facades and thus the determination of an optimal façade setting for a given orientation 

and climate. 

As a result, an integrative control module, VEC, combining lighting and thermal simulation was 

developed prior to this thesis project. Evaluation of the complex interactions of thermal and light 

process through a façade system is a demanding task. VEC module simplifies this demanding task. 

Besides energy demand, this tool also considers occupant satisfaction, for example - glare protection. 

Architects, building engineers, lighting designers and home owners can use VEC to comprehensively 

assess individual façade concepts along with building energy performance analysis. The model has 

been validated by comparison with experimental data and other state-of-the-art software and shows 

deviations less than 15% (Werner M. , 2016). Sophisticated lighting simulation components are pre-

calculated for a set of standard room setups within VEC module. This reduces the time required for 

simulation and simplifies the complex interaction between thermal and light energy performance 

aspects. 
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Chapter 3 FACILITY DESCRIPTION AND CLIMATE 

CONDITION 
 

3-1 PASSYS Test cell 

 

The PASSYS test cells are based on hard casing concept with a test room (13.8 m2 floor area and 38 

m3 volume) and an adjacent service room to the north containing measuring and air-conditioning 

equipment (BBRI, 1990). Two thermal zones of test cell, the test room and the service room, are 

divided by well insulated partition containing a sealed connecting door. The cells are prefabricated 

with steel frame filled with mineral wool. The test room has air changer rate of less 0.1 l/h. An 

opaque calibration wall comes with the test cells. The calibration wall has 400mm polystyrene 

insulation.  Within a detachable and insulated frame, the test specimen is mounted on the south 

aperture (area 7.6 m2).  The calibration wall has heat loss coefficient of 11 W/K (BBRI, 1990).  

Table 2: Dimensions of the PASSYS test cell 

 Length 

[m] 

Width 

[m] 

Height 

[m] 

Area 

[m2] 

Volume 

[m3] 

Outside overall 8.44 3.80 3.61 32.07 115.8 

Test room inside 5.00 2.76 2.75 13.08 38.0 

Service room inside 2.40 3.58 3.29 8.60 28.3 

Total mass approximately = 12,000 kg 

 

The cells are delivered with an opaque calibration wall. Calibration wall could be replaced with solar 

test component for testing; for example, façade systems. The construction material of the system is 

added to the appendix: Table below includes the u-value of the wall construction of PASSYS cell. 

The cell is highly insulated with a very low air exchange rate for analyzing solar component behavior 

as accurately as possible. Thermal conductances of the other walls in the test room zone are less than 

0.16 W/m2K. Thermal bridges occur due to construction of the PASSYS cell. The cell contains a data 

acquisition system. For data acquisition system, set of sensors are installed inside the cell. The 

sensors are reporting thermal, visual behavior of the cell. Test cell is also equipped with 

measurement devices which measures ambient temperature, heating power, cooling power, heat flux, 

test room temperature, service room temperature, surface temperatures, wind speed and direction. 

Heating and cooling system consists of three units: air distributions system; cooling unit and heating 

system with control device. Air distribution system consists of a fan unit and duct system and two air 

distribution hoses. Air circulation inside the test is a closed loop system. The main components of the 

cooling system are the refrigeration unit, the central unit and the cold water storage and the air-water 

heat exchanger. The main demands for the heating system are the high accuracy of measurement and 

continuous control of the heating power. Service room is equipped with a wall fan heater, a 

florescent light, electrical socket, one terminal box and interior stare case. Set point temperature for 

heating system is 20°C and for cooling system 26°C. 

 



  
Facility Description and Climate Condition  

Kazi Alam                                                                                                                                                                                                            23 

Case studies on an integral, simulation based energy 
efficient open loop control for daylight and artificial lighting 

 

Table 3:  Wall construction values (Optimized and from literature) 

 Optimized Literature 

 U-value U-value Thermal mass 

 [W/m2K] [W/m2K] [kJ/K] 

East Wall 0.111 0.088 2883.58 

West Wall 0.090 0.088 2883.58 

Ceiling 0.087 0.088 2883.58 

Floor 0.138 0.071 2167.33 

Partition Wall 0.196 0.128 1222.38 

South Wall 0.110 0.071 1000.72 

 

 

Figure 14: Schematic design of the PASSYS cell 

3-2 Technical planning faculty building 

 

A completely modernized building at University of Innsbruck demonstrates the energy saving 

potential available after the refurbishments. The heating demand of the building was reduced from 

180 kWh/m2a to just 21 kWh/ m2a (Krause, 2016). This building meets the standard for retrofit 

criteria of the EnerPHit. Ceilings and supports structure with the reinforced concrete retained, but the 

building envelope and building services were completely refurbished. In addition to a great increase 

in energy efficiency, this also led to substantially improved occupant comfort. Among other things, 

this was due to automatically controlled passive cooling at night via windows in summer, the supply 

of fresh air directly into the office areas through adequately dimensioned transferred air openings, 

and a good level of thermal protection of the façade. The efficiency of electrical equipment was also 

increased. Initially, before the refurbishment of the building, a thermal simulation model was 

prepared with the ‘Dynbil’ Software. The dynamic building simulation software Dynbil, developed 

by the PHI, allows a very detailed analysis of the thermal processes in the building. Within the 

software heat storage, solar heat gains, internal head loads, ventilation processes etc. can be analyzed 

with a temporal resolution of one hour or less. From this Dynbil thermal model all necessary 

information was adopted to model the university building in TRNSYS. The simulation investigated 

summer season from (1st July 2015 to 31st of August 2015) behavior of the building. New window 
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system and sun protection system was integrated in the refurbished building. To cool down the 

building, window performed night ventilation. Total south section area of 5th floor building was 744 

m2. The zones areas are ranged from 19 m2 to 33 m2. The corridor zone has biggest area (343 m2) as 

it used as a conference room, an office kitchen and a server room. 

Table 4: Areas of the thermal model of 14 zones 

# Thermal Zone Area  

[m2] 

                                  

 

 

 

 
Figure 14: SketchUp Model of the technical faculty building model 

1 ROOM_517   32 

2 ROOM_517A  19 

3 ROOM_518  29 

4 ROOM_518A  29 

5 ROOM_519  29 

6 ROOM_516   33 

7 ROOM_515  33 

8 ROOM_514  32 

9 ROOM_510  38 

10 ROOM_509A  38 

11 ROOM_509  38 

12 CORRIDOR  343 

13 ROOM_513  20 

14 ROOM_519A  29 

Total building area  =    744 m2  

 

In Table 5, a detailed description of the building construction materials is included. In order to 

simulate the building behavior (assuming summer months) these detailed construction information 

was utilized to construct a thermal model in TRNSYS.  

Table 5: Wall construction with layer thickness and material properties 

Wall type Materials type Properties Thickness 

[m] CONDUCTIVITY 

[kJ / h m K] 

CAPACITY 

[kJ / kg K] 

DENSITY 

[kg / m3] 

Inside Wall 

Galvanized Steel 216 0.504 7800 0.005                

Mineral Wool ROH 0.1548 0.9 25 0.08            
Galvanized Steel 216 0.504 7800 0.005                

Outside Wall 

Mineral Wool 035 0.126 0.85 45 0.24              
Concrete 50.04 1.06 2400 0.06         
Pu Rigid Foam 035 0.126 1.4 35 0.04               
Reinforced Concrete 82.8 1.116 2400 0.1         

Floor/Ceiling 

Concrete Floor 5.04 1.06 2400 0.06          
Reinforced Concrete Roof 82.8 1.116 2400 0.25              
Air Cavity  7.488 1 1.2 0.34         
Mineral Wool 040 0.144 0.84 30 0.03 
Gypsum Plaster Fire Protection Boards 0.756 1.05 900 0.013 
Mineral Wool 040 0.144 0.84 30 0.03                          
Sheet Metal 270 1 7900 0.001 
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3-2-1 Building automation Systems at Faculty Building  

 

An intelligent building automation, mentoring and controlling system is the basis of energy saving 

concept. To achieve energy saving target, building automation system was installed KNX bus system 

(Appendix (VIII)) at the Technical faculty building in the University of Innsbruck. Under the KNX 

systems artificial light and shading system is controlled automatically. 

Artificial lighting control by KNX system 

Light sensor measures the brightness on the underlying working surface. Then, actual brightness and 

target brightness are compared. If the actual brightness is lower than the target brightness, the sensor 

sends a telegram to lighten. If the actual brightness is more than the target brightness, the brightness 

sensor transmits a telegram for dimming the artificial light. Recipient of the dimming telegrams uses 

KNX-DALI gateway. This sends the appropriate dimming control values over the DALI bus to the 

DALI ballasts in the lighting. The lights can be switched on via the bus by the sensor or a bus button 

and automatic daylight-dependent control can be activated. The button can be used to manually 

override or for set point adjustment. Optionally, it is possible to turn brightness control and lighting 

level through a centrally controlled switch. 

 

Figure 15: Artificial light dimming control by KNX bus system 
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Regulation strategy of shading devices 

 

Shading system control depends on the solar radiation sensor installed on the top of the building. 

Positioning depends on the required daylight, operative room temperature. Through the slats gaps 

sunlight can enter. However, diffuse daylight can still well-lit the working surface area and 

contribute to the glare-free lighting. The weather station provides comprehensive functions for the 

efficient control of sun protection systems of a building. This provides the ability to define up to 

eight facade surfaces, which are automatically and independently controlled. The sun position is 

calculated from the geographic location, the time and date. Time and date are provided by the 

integrated GPS receiver. The shading system adjusted so that they are always positioned 

perpendicular to the sun. This leads to an optimal use of daylight in the room and so to reduce the 

energy consumption of lighting. In a KNX system functions as such are stored separately in the 

actuators. To protect occupant from glare, façade-based control of the shading device via two sensor 

systems (indoor air temperature & pyranometer at the Facade) was installed in the faculty building. 

This automated façade control system operates in between the period 1st April to 30th September 

during summer months. From 1st October to 31st March, façade is manually operated. 

 

Figure 16: Shading system control by KNX bus system 

I. Façade-type control via measured room air temperature + 0.5 (≈ Operating room 

temperature summer): Opening and closing of shading device depending  with 7 

temperature sensors (Red marked: T1-T7 in Figure 17) 

 

 

 

 

 

# Temperature Blind Position Slat Position Remarks 

0 < 22°C 0% 0° Retracted 

1 ≥ 22°C 33% 45° Starting position 

2 ≥ 23°C 100% 45° Middle position 

3 ≥ 25°C 100% 90° End position 
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II. Façade dependent control via pyranometer (PV module, measured variable W / m²) to 

west, east and south façade: Opening of shading device depends on the pyranometer per 

facade east, south, & west oriented. (Blue marked: S1-S3 in Figure 17): 

 

a) While in Position 0:  

If, 

 S1 ≤ 80 W / m² then, shading device remains in position 0 

S2 ≤ 80 W / m² then, shading device remains in position 0 

S3 ≤ 80 W / m² then, shading device remains in position 0  
 

b) While in position 1 - 3:  

If, 

S1 ≤ 80 W / m² then, activated shading device is moved to position 0 

S2 ≤ 80 W / m² then, activated shading device is moved to position 0 

S3 ≤ 80 W / m² then, activated shading device is moved to position 0 

 

Figure 17: Technical facullty building plan (5th floor) 

Regulation strategy of window ventilation 

For window ventilation, an automated actuator control via temperature sensors (internal air and 

outside air temperature) was installed in the building for opening façade integrated windows in 

between the period of 1st April to 30th September during summer months. Also, in this case from 1st 

October to 31st March, opening of the windows are manually operated. During strong wind and rain 

the systems remains closed. 

I. Façade-dependent control: Automatic window opening via ΔT = measured room air 

temperature + 0.5 (≈Operating room temperature summer) - measured outside air 

temperature: Opening and closing condition depends on 7 temperature sensors for indoor 

temperatures (Red marked: T1 – T7 in Figure 17) and 4 temperatures sensors for outside air 

temperatures (Blue marked: TA1 – TA4 in Figure 17). The four main facades are separately 

controlled.   
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a. Ventilation during day (Active: 1st April to 30th September, Monday - Friday, 7 - 21h) 
 

Initial condition and interval check of manual user override (e.g., every 2-3h): 

Window East  = OPEN at condition: x̅ (T1, T2, T3) ≥ 23 ° C and TA1 = x̅ (T1, T2, T3) - 0.5 

Window South  = OPEN at condition: x̅ (T3, T4, T5) ≥ 23 ° C and TA2 = x̅ (T3, T4, T5) - 0.5 

Window West  = OPEN at condition: x̅ (T5, T6, T7) ≥ 23 ° C and TA3 = x̅ (T5, T6, T7) - 0.5 

Window North = OPEN on condition: x̅ (T1, T7) ≥ 23 ° C and TA4 = x̅ (T1, T7) - 0.5 

 

Window East = CLOSED at conditions: x̅ (T1, T2, T3) ≤ 20 ° C or TA1 = x̅ (T1, T2, T3) 

Window South  = CLOSED at condition: x̅ (T3, T4, T5) ≤ 20 °C and TA2 = x̅ (T3, T4, T5)  

Window West  = CLOSED at conditions: x̅ (T5, T6, T7) ≤ 20 ° C or TA3 = x̅ (T5, T6, T7) 

Window North            = CLOSED at conditions: x̅ (T1, T7) ≤ 20 ° C or TA4 = x̅ (T1, T7) 

 

b. Ventilation during night (Active: 1st April to 30th September, Monday - Sunday, 21 - 7h) 

Window East = OPEN at condition: x̅ (T1, T2, T3) ≥ 23 ° C and TA1 = x̅ (T1, T2, T3) - 0.5 

Window South  = OPEN at condition: x̅ (T3, T4, T5) ≥ 23 ° C and TA2 = x̅ (T3, T4, T5) - 0.5 

Window West  = OPEN at condition: x̅ (T5, T6, T7) ≥ 23 ° C and TA3 = x̅ (T5, T6, T7) - 0.5 

Window North = OPEN on condition: x̅ (T1, T7) ≥ 23 ° C and TA4 = x̅ (T1, T7) - 0.5 

 

Window East  = CLOSED at conditions: x̅ (T1, T2, T3) ≤ 20 ° C and 01.04.-15.05. Or 01.09.-30.09  
 

Or  x̅ (T1, T2, T3) ≤ 18 ° C 
 

Window South  = CLOSE at conditions: x̅ (T3, T4, T5) ≤ 20 ° C and 01.04.-15.05. Or 01.09.-30.09  
 

Or  x̅ (T3, T4, T5) ≤ 18 ° C 
 

Window West  = CLOSED at conditions: x̅ (T5, T6, T7) ≤ 20 ° C and 01.04.-15.05. Or 01.09.-30.09  
 

Or  x̅ (T5, T6, T7) ≤ 18 ° C 
 

Window north  = CLOSED at conditions: x̅ (T1, T7) ≤ 20 ° C and 01.04.-15.05. Or 01.09.-30.09  
 

Or  x̅ (T1, T7) ≤ 18 ° C 
 

Saturday Sunday: 
 

Window East  = CLOSED at 7h 

Window South  = CLOSED at 7h 

Window West   = CLOSED at 7h 

Window North  = CLOSED at 7h 
 

II. Building–wide control: Supported window ventilation with ventilation system (effect of 

activation of the core) over ΔT = Measured room air temperature + 0.5 (≈ Operating 

room temperature summer) - Measured outside air temperature: Ventilation system 

switching control depends on 1 temperature sensor in the core zone for indoor temperature 

(Green marked: TK8 in Figure 17) and 4 temperature sensors for outside air temperature (Blue 

marked: TA1-TA4 in Figure 17). 
 

a. ON = Ventilation unit is centrally controlled in 100% exhaust air mode:  

(Active: 1 April to 30 September, Monday - Sunday, 23 - 6h) 
100% exhaust air = ON          under conditions: window OPEN   and      TK8 ≥ 25 ° C 

 

b. OFF = The ventilation unit is switched to normal operation:  

(Active: 1 April to 30 September, Monday - Sunday, 23 - 6h) 
100% exhaust air = OFF         under conditions: window CLOSE  or           TK8 ≤ 18 ° C 
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3-3 Measured climate data from  

 

For the purpose of analyzing building behavior primary input data is the climate data for the specific 

location. It is necessary to obtain accurate dataset in order to predict building behavior accurately. 

Two different weather data files obtained from ZMAG Innsbruck and METEONORM software was 

used for the research project. 

3-3-1 ZAMG Innsbruck (Type_99) 

 

Zentralanstalt für Meteorologie und Geodynamik (ZAMG) offers a broad range of services, from 

weather forecasts to climate and earthquake monitoring as well as the constant analysis and 

prediction of atmospheric pollutants. For the purpose of building simulation, ZMAG weather data 

was obtained and used with a specific component (TYPE_99) in the building simulation software 

TRNSYS 17. Type_99 is later discussed in the simulation tools description section under TRNSYS 

17 simulation studio.   

3-3-2 METEONORM  

 

The data files distributed with TRNSYS 17 that were generated using METEONORM are distributed 

under license from Meteotest. All files were generated using default options in METEONORM 

Version 5.0.13. The "TMY2" output format is used because it is easily read by Type 89 and 

Type109. The weather and radiation data is based on monthly values that METEONORM generates 

stochastically to hourly values (TRNSYS-17, 2012). METEONORM is a comprehensive 

meteorological reference. METEONORM gives access to a catalogue of meteorological data for 

solar applications and system design at any desired location in the world. 
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Chapter 4 TOOLS DESCRIPTION AND SIMULATION 

METHODOLOGY 
 

4-1 TRNSYS17 Simulation Studio 

 

TRNSYS, the transient systems simulation program with a modular structure, is a well-known 

software package that simulates behavior of transient systems, such as dynamic built environment. 

The modular feature of TRNSYS provides user to handle the software flexibly, and facilitates the 

addition to the program of mathematical models not included in the standard TRNSYS library. The 

standard TRNSYS library comprises a large number of components (TYPEs) generally found in 

thermal and electrical energy systems, as well as component routines to handle input of weather data 

or other time-dependent forcing functions and output of simulation results. TRNSYS’s source code is 

consists of two parts:  one of these is the kernel which acts like a brain and another one is the 

extensive library of components, each of which models the performance of one part of the system 

(TRNSYS-17, 2012). The simulation environment of TRNSYS is composed of a suite of programs: 

 The TRNSYS simulation studio  

 The simulation engine (TRNDLL.dll) 

 Executable of simulation engine (TRNExe.exe) 

 The Building input data visual interface (TRNBuild.exe) 

 The Editor known as TRNSED applications (TRNEdit.exe) 

 TRNFLOW - A module of an air flow network for coupled simulation  

 

4-1-1 Geometrical setup in SketchUp 

 

TRNSYS simulation process needs 3D geometry to obtain surface information for radiation 

calculations. TRNSYS add-on, called TRNSYS3d, has been developed to easily input geometric 

information into the building model. This plug-in has limitations, for example - creating non-

geometry data, such as materials, constructions, controls, internal heat gains, HVAC equipment and 

systems, etc., is not possible. To model any geometry, it is recommended to pre-define thermal zones 

before drawing. Thermal zones are allowed to have common vertex point, adjacent faces or disjoint, 

but penetration is not acceptable. Obstructions are considered as two-dimensional planar polygons 

with zero transparency. All walls, windows and obstructions are considered   as    planar    non-self-

intersecting    polygons    without holes.  Windows are sub surfaces of walls. The edges of a polygon 

are restricted to straight lines.  The boundary of a polygon is represented by an ordered list of its 

vertices.  Point heat sources and local comfort positions are represented by a vertex. The building and 

its obstructions are defined in a so-called world coordinate system (TRANSSOLAR, 2012).   
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Figure 18: Simple 3D geometry using Trnsys3d in SketchUp. 

 

 

4-1-2 Type 56 Multi-zone building model and mathematical description 

 

Multi-zone building model imitates the thermal behavior of a building divided into different thermal 

zones. In the initial steps, pre-processer program must be executed. TRNBUILD reads in and 

processes a file containing the building description and generates two files that will be used by the 

TYPE 56 component during a TRNSYS simulation. The building model in TYPE 56 is an energy 

balance model. This component requires 3 parameters to process. The first parameter is the 

FORTRAN logical unit for the data file with building data (*.BUI). The second parameter is a star 

network calculation switch. The last parameter is a weighting factor for operative temperature. The 

operative room temperature is a function of both the air and surface temperatures in the zone: 

   𝑇𝑜𝑝  =  𝐴𝑜𝑝 ∗ 𝑇𝑎𝑖𝑟  + (1 − 𝐴𝑜𝑝) ∗ 𝑇𝑠𝑢𝑟𝑓 

Here, 

𝑇𝑜𝑝   = Operative room temperature  

𝑇𝑎𝑖𝑟  = Ambient temperature 

𝑇𝑠𝑢𝑟𝑓  = Surface temperature  

𝐴𝑜𝑝  = Weighting factor for operative room temperature 

This temperature is used most often in room comfort analysis simulations. The inputs and outputs of 

TYPE 56 depend upon the building description and options within the TRNBUILD program. 

TRNBUILD generates an information file describing the outputs and required inputs of TYPE 56. 

Thermal Zone 

3D geometry 
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Figure 19: Schematic workflow of TRNSYS simulation process 

There are two ways to model the equipment for heating, cooling, humidification, and 

dehumidification. The two methods are similar to the "energy rate" and "temperature level" control 

modes available in the TYPE 12 and 19 load models. With the "energy rate" method, a simplified 

model of the air conditioning equipment is implemented within the TYPE 56 component. The user 

specifies the set temperatures for heating and cooling, set points for humidity control, and maximum 

cooling and heating rates. These specifications can be different for each zone of the building. If the 

user desires a more detailed model of the heating and cooling equipment, a "temperature level" 

approach is required. In this case, separate components are required to model the heating and/or 

cooling equipment. The outputs from the TYPE 56 zones can be used as inputs to the equipment 

models, which in turn produce heating and cooling inputs to the TYPE 56 zones (TRANSSOLAR-

Energietechnik, 2012). Simulation models in the thermal building simulation consist of a plurality of 

partial models which interact with one another. In order to be able to compare the different 

simulation models for complex fenestration systems, the differences in the individual spatial models 

have to be worked out in advance: 
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Dynamic heat conduction 

The one-dimensional heat transport in components can be described via the heat conduction. In this 

case, the material properties are independent of time and temperature and only change as a function 

of the limiting level. The wall can thus be described with sufficient accuracy over the one-

dimensional heat conduction equation: 

𝜌𝑐
𝑑𝑇

𝑑𝑡
= −

𝑑

𝑑𝑥
(𝜆

𝑑𝑇

𝑑𝑥
) 

There are several possibilities to solve this one-dimensional heat conduction equation. TRNSYS uses 

the transfer function (CTF = Conduction Transfer Function) to solve the equation. 

In principle, a transfer function is generated from a state space model of a wall. The transfer function 

is generated in 5 steps (Benoit Deleroix, 26-28 August 2013). 

 Determination of the number of nodes and their positions 

 Generation of the state space model 

 Discretization of the state space model 

 Calculation of transfer coefficients 

 Check the generated coefficients 

 

Figure 20: 3-nodes example (Benoit Deleroix, 26-28 August 2013) 

The transfer coefficients are calculated using the transfer function. The one-dimensional heat flow to 

the interior q̇s,i and to the outside q̇s,o is calculated from the surface temperatures and the transfer 

coefficients: 

�̇�𝒔,𝒊 = ∑ 𝒃𝒔
𝒌𝑻𝒔,𝒐

𝒌 −

𝒏𝒃𝒔

𝒌=𝟎

∑ 𝒄𝒔
𝒌𝑻𝒔,𝒊

𝒌 − ∑ 𝒅𝒔
𝒌�̇�𝒔,𝒊

𝒌

𝒏𝒅𝒔

𝒌=𝟏

𝒏𝒄𝒔

𝒌=𝟎

 

     

�̇�𝒔,𝒐 = ∑ 𝒂𝒔
𝒌𝑻𝒔,𝒐

𝒌 −

𝒏𝒂𝒔

𝒌=𝟎

∑ 𝒃𝒔
𝒌𝑻𝒔,𝒊

𝒌 − ∑ 𝒅𝒔
𝒌�̇�𝒔,𝒊

𝒌

𝒏𝒅𝒔

𝒌=𝟏

𝒏𝒃𝒔

𝒌=𝟎

 

Here: 

𝑇𝑠,𝑖
𝑘 ; 𝑇𝑠,𝑜

𝑘 =  𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑎𝑛𝑑 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 − 𝑘∆𝑡 
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𝑞𝑠,𝑖
𝑘 ; 𝑞𝑠,𝑜

𝑘 =  𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑎𝑛𝑑 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 ℎ𝑒𝑎𝑡 𝑓𝑙𝑜𝑤 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 − 𝑘∆𝑡  

The transfer coefficients are given by the U-value and describe the dynamic behavior of the wall: 

as
o = bs

o = cs
o = ds

o = Ug,s 

ak = bk = ck = dk = 0  for k > 0 

ak = outside CTF coefficient 

bk = cross CTF coefficient 

ck = inside CTF coefficient 

dk = flux CTF coefficient 

External convective heat transfer 

In TRNSYS there is no possibility to have external convection coefficients internally calculated. 

Either the convection coefficient is entered via a fixed value for each surface or manually calculated 

externally and read in as input. 

Internal convection heat transfer 

In TRNSYS, there are two possibilities for calculating the internal convection coefficient: 

Fixed value input: 

The coefficient is read as a constant. There is the possibility of time-dependent constants or 

externally calculated constants. 

Internal calculation: 

The coefficient is calculated internally using a natural convection model as a function of the 

temperature difference, the orientation of the surface and the direction of the heat flow: 

ℎ𝑐𝑜𝑛𝑣,𝑖𝑛 = 𝐴(𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑎𝑖𝑟)
𝐵 

Here: 

ℎ𝑐𝑜𝑛𝑣,𝑖𝑛 =  𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 

𝑇𝑠𝑢𝑟𝑓;  𝑇𝑎𝑖𝑟 = 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑛𝑑 𝑟𝑜𝑜𝑚 𝑎𝑖𝑟 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 

𝐴, 𝐵 = 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠 

 

Long-wave radiation exchange 

The long-wave radiation exchange takes place both between space and environment as well as within 

the space between the room surfaces. The relevant material property for the long-wave radiation is 

the emission degree ε. It depends on temperature, irradiation angle and wavelength. 
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Long-wave external radiation exchange 

The external surfaces of the building envelope are in a long-wave radiation exchange with the sky 

and the environment. In TRNSYS17 a fictive sky temperature Tfsky is calculated for the external 

long-wave radiation exchange. The fictitious sky temperature is a temperature weighted for each 

surface according to view factors, depending on the sky temperature and soil temperature. The soil 

temperature is assumed equal to the ambient air temperature. 

 

The net energy exchange is calculated taking into account the emission level of the surface and the 

temperatures: 

 
𝒒𝑳𝑾𝑹,𝒆 = 𝜺𝝈𝑭𝒔𝒌𝒚(𝑻𝒔𝒖𝒓𝒇

𝟒 − 𝑻𝒇𝒔𝒌𝒚
𝟒 ) 

𝑇𝑓𝑠𝑘𝑦 = (1 − 𝐹𝑠,𝑠𝑘𝑦)𝑇𝑠𝑔𝑟𝑑 + 𝐹𝑠,𝑠𝑘𝑦𝑇𝑠𝑘𝑦 

Here: 

𝜀         = 𝑙𝑜𝑛𝑔 − 𝑤𝑎𝑣𝑒 𝑒𝑚𝑖𝑠𝑠𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 

𝜎        = 𝑆𝑡𝑒𝑓𝑎𝑛 − 𝐵𝑜𝑙𝑡𝑧𝑚𝑎𝑛𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 [𝑊/(𝑚^2 𝐾^4 )] 
𝐹𝑠𝑘𝑦    = 𝑉𝑖𝑒𝑤 𝑓𝑎𝑐𝑡𝑜𝑟 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑤𝑎𝑙𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑛𝑑 𝑠𝑘𝑦 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 

𝐹𝑎𝑖𝑟    = 𝑉𝑖𝑒𝑤 𝑓𝑎𝑐𝑡𝑜𝑟 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑤𝑎𝑙𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑛𝑑 𝑎𝑖𝑟 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 

𝑇𝑠𝑢𝑟𝑓  = 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 [°𝐶]  

𝑇𝑠𝑘𝑦   = 𝑆𝑘𝑦 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒[°𝐶] 

𝑇𝑓,𝑠𝑘𝑦 = 𝑓𝑖𝑐𝑡𝑖𝑡𝑖𝑜𝑢𝑠 𝑆𝑘𝑦 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 [°𝐶] 

Long-wave internal radiation 

 

TRNSYS 17 offers two possibilities to calculate the internal long-wave radiation exchange. In a 

standard model, the radiation gains are divided according to the area ratios. In the detailed models, 

however, the radiation exchange is calculated using a view factor. 

 

Standard model: 

 

All surfaces are assumed to be black for the long-wave radiation exchange as well as for the internal 

radiation gains. These profits are distributed by area. The amount of internal radiation gains in a zone 

absorbed by a given area: 

 

𝒇𝟏,𝒔 =  
𝑨𝒔

∑ 𝑨𝒔
𝒔𝒖𝒓𝒇𝒂𝒄𝒆𝒔

 

Detailed model: (Gebhart method) 

 

For the calculation of the long-wave radiation currents, TRNSYS 17 uses the so-called flexing 

factors, which are described by the visual factor FA→B, in the detailed radiation model. The view 

factor is only dependent on the geometric properties of the surfaces. It is the diffuse radiation portion 

of a surface A directly on a surface B (Aschabe, Hiller, & Weber, 2008). The so-called Gebhart-

Matrix Gir,j→k is defined as the part of the emitted radiation of the area Aj, which reaches the area Ak 

and is absorbed there. Multiple reflections are also included. Gir,j→k encompasses all paths for 
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reaching the surface Ak, but the direct path and all paths through one or more reflections. The 

abbreviation IR stands for "infrared", the long-wave range of the radiation spectrum. 

 

 

Figure 21: Single-effects of the area 𝑨𝒋 on 𝑨𝒌 (Aschabe, Hiller, & Weber, 2008) 

Under these assumptions, the dimensionless barking matrix can be calculated internally for long-

wave radiation internally: 

 
𝑮𝒊𝒓 = (𝑰 − 𝑭𝝆𝒊𝒓)

−𝟏𝑭𝜺𝒊𝒓 

Here: 

ρir = reflection matrix 

εir = Emission matrix 

I   = unit matrix 

F  = View factors 

 

From the Gebhart matrix an auxiliary matrix can be determined with the dimension [W/K4 ], which 

is used internally to calculate the long-wave radiation: 

 
�̇�𝒊𝒓 = 𝑮𝒊𝒓

∗ 𝑻𝟒 

Here: 

𝐺𝑖𝑟
∗  =  (𝐼 − 𝐺𝑖𝑟

𝑇  )𝐴𝜀𝜎 = 𝑎𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦 𝑚𝑎𝑡𝑟𝑖𝑥 

𝐺𝑖𝑟
𝑇  =  Transposed by 𝐺𝑖𝑟  

𝜎    = 𝑆𝑡𝑒𝑓𝑎𝑛 −  𝐵𝑜𝑙𝑡𝑧𝑚𝑎𝑛𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  [𝑊/(𝑚2𝐾 4)] 

𝐴    = 𝑎𝑟𝑒𝑎 𝑚𝑎𝑡𝑟𝑖𝑥 

 

Radiation model of a thermal zone 

 

Unlike the standard model (Figure 22, left) to version TRNSYS16.1, TRNSYS17 has a detailed 

model (Figure 22, right). In the standard model, a star node and a temperature node are assumed in 

the space. The individual surfaces stand in a combined long-wave and convective exchange to the 
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star node or to one another. The air node is convectively coupled to the star node, but is not directly 

related to the individual surfaces. No different temperature layers can be modeled. 

 

In the detailed model, there is no fictitious mixed star node. This is a two-node zone model. The 

model performs a separate calculation of long-wave radiation exchange between surfaces (radiative) 

and convectively with one or more air nodes. 

 

 

Figure 22: Standard model and detailed radiation model (TRNSYS, 2011) 

Shortwave radiation exchange external 

 

The heat flow in a wall is calculated on the basis of the absorbed radiation on the external surface: 

 
𝑸𝒔𝒐,𝒆𝒙𝒕 = 𝜶 ∙ 𝑰𝒕𝒐𝒕,𝒕𝒊𝒍𝒕 

Here: 

a         =  solar absorption of the surface 

Itot,tilt = Global radiation on the inclined surface 

Global radiation is the sum of direct and diffuse radiation. The diffuse radiation consisted of the 

diffuse radiation of the sky and the diffuse reflected ground radiation. The reflected ground radiation 

depends on the ground reflection. It is determined from the soil properties and the possible snowy 

surface. The radiation on the external surface can be calculated in TRNSYS either via a radiation 

regenerator (Type 15) or internally in the building model (Type 56). For the modeling of shading 

systems, however, an internal calculation is mandatory in order to keep the directional information of 

the incident radiation within the zone. 

 

Short-wave radiation exchange intern 

 

Standard model: 

 

In the standard model, the solar radiation is distributed to the surfaces within a zone according to a 

user-defined weighting factor ("geosurf"). The sum of all geosurfing factors within a zone is always 

1. 
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𝑰𝒃𝒆𝒂𝒎,𝒂𝒃𝒔,𝒊 = 𝒇𝒈𝒆𝒐𝒔𝒖𝒓𝒇,𝒊  ∑𝑰𝒃𝒆𝒂𝒎,𝒕𝒓𝒂𝒏𝒔,𝒌

𝒌

 

Here: 

𝐼𝑏𝑒𝑎𝑚,𝑎𝑏𝑠,𝑖     = 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑠𝑜𝑙𝑎𝑟 𝑑𝑖𝑟𝑒𝑐𝑡 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑛 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑖 

𝐼𝑏𝑒𝑎𝑚,𝑡𝑟𝑎𝑛𝑠,𝑘 =  𝑠𝑜𝑙𝑎𝑟 𝑑𝑖𝑟𝑒𝑐𝑡 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑤𝑖𝑛𝑑𝑜𝑤 𝑘 

𝑓𝑔𝑒𝑜𝑠𝑢𝑟𝑓,𝑖       =  𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑓𝑜𝑟 𝑑𝑖𝑟𝑒𝑐𝑡 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑛 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑖 

𝛼𝑠,𝑖                 = 𝑠𝑜𝑙𝑎𝑟 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑜𝑛 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑖 

All materials are assumed to be diffuse reflectors, thus the reflected direct radiation becomes diffuse 

radiation. The diffuse radiation is weighted according to the absorption weighted on the surfaces: 

 

𝑓𝑑𝑖𝑓,𝑠,𝑠 =
(1 − 𝜌𝑑𝑖𝑓,𝑠)𝐴𝑖

∑ (1 − 𝜌𝑑𝑖𝑓,𝑠)𝐴𝑖𝑖
 

Here: 

𝑓𝑑𝑖𝑓,𝑠,𝑠 = 𝑠𝑜𝑙𝑎𝑟 𝑑𝑖𝑓𝑓𝑢𝑠𝑒 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑖 

𝜌𝑑𝑖𝑓,𝑠 = 𝑠𝑜𝑙𝑎𝑟 𝑑𝑖𝑓𝑓𝑢𝑠𝑒 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑖 

𝐹𝑜𝑟 𝑤𝑎𝑙𝑙𝑠    𝜏𝑠 = 0     𝜌𝑑𝑖𝑓,𝑠 = 1 − 𝛼𝑠      𝑤𝑖𝑡  𝛼𝑠 = 𝑠𝑜𝑙𝑎𝑟 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑖   

𝐹𝑜𝑟 𝑤𝑖𝑛𝑑𝑜𝑤                     𝜌𝑑𝑖𝑓,𝑠 = 1 − 𝛼𝑑𝑖𝑓,𝑠 − 𝜏𝑑𝑖𝑓,𝑠      

𝑓𝑑𝑖𝑓,𝑝𝑟,𝑠 = 𝑓𝑑𝑖𝑓,𝑠,𝑠 =

∑
𝐼𝑡𝑟𝑎𝑛𝑠,𝑑𝑖𝑓,𝑤

1 − 𝑓𝑑𝑖𝑓,𝑠,𝑤
−

𝐼𝑡𝑟𝑎𝑛𝑠,𝑑𝑖𝑓,𝑠

1 − 𝑓𝑑𝑖𝑓,𝑠

𝑒𝑥𝑡.𝑤𝑖𝑛𝑑
𝑤=1

∑ 𝐼𝑡𝑟𝑎𝑛𝑠,𝑑𝑖𝑓,𝑤
𝑒𝑥𝑡.𝑤𝑖𝑛𝑑
𝑤=1

 

 

Detailed model: (Gebhart method) 

 

Similar to the long-wave radiation, the assumption is made for the formation of the Gebhart matrix: 

 

 All surfaces are assumed to be transparent (opaque surfaces are considered later) 

 Radiation leaving a surface is given a positive sign 

 ρdif,sol is the hemispherical solar reflection 

Under these assumptions, the dimensionless bark matrix can be calculated internally as in the case of 

the long-wave radiation: 

𝐺𝑑𝑖𝑓𝑠𝑜𝑙 = (𝐼 − 𝐹𝜌𝑑𝑖𝑓𝑠𝑜𝑙)
−1

𝐹(𝐼 − 𝜌𝑑𝑖𝑓𝑠𝑜𝑙) 

Here: 

𝐼 = 𝑢𝑛𝑖𝑡 𝑚𝑎𝑡𝑟𝑖𝑥 

𝐹 = 𝑉𝑖𝑒𝑤 𝑓𝑎𝑐𝑡𝑜𝑟𝑠 
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From the Gebhart matrix an auxiliary matrix can be determined with the dimension [m2] which is 

used internally for the calculation of the diffuse solar radiation. 

 

4-2 Modelling of complex fenestrations systems 
 

Complex fenestration systems (CFS) offer a high energy saving potential together with occupant 

satisfaction. Modelling of CFS depends on several perspectives, for example- visual, thermal and 

psychological comfort. CFS allows high daylight illuminance thus reduces artificial light demand. 

Besides, this system reduces solar gain and cooling demand in summer season. CFS modelling 

depends on combined optical and thermal façade modelling approach. Optical modelling comprises 

of BSDF approach and thermal modelling is based on ISO 15099 standards (ISO-15099, 2003) 

 

For the modelling of complex fenestration systems in TRNSYS, a new model was developed 

(Schöttl, 2013). The code for this was implemented as a beta version in the multi-zone building 

model. An internal exchange is then made between the building model and the glazing model similar 

to the existing window model in Type 56 (Hiller, 2014). The thermal and optical model approaches 

for the imaging of complex fenestration systems in TRNSYS also related to this work. Compared to 

conventional glazing systems, CFS including a shading layer (venetian blinds, screens or woven 

shades) shows a bidirectional scattering of the radiation striking the shading layer. Several 

investigations were already done in the modeling of venetian blinds incorporating with glazing 

layers.  

 

4-2-1 Thermal modelling using ISO 15099 standard 

 

The thermal modeling is carried out separately from the optical calculation. Systems without BSDF 

data can also be used. The calculation per se is based on the model of ISO 15099, 2003. It is assumed 

that all gas gaps can be aerated and thus the gas temperature Tg is calculated in addition to the front 

and rear-side temperatures Tf and Tb. 

 

 

 

Figure 23: Thermal exchange processes in the window system (Schöttl, 2013) 
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Figure 23 shows the thermal exchange processes in the window system as implemented in the new 

TRNSYS model. Short- and long-wave radiation currents are indicated in red and the heat flows 

from convection and heat conduction are blue. The radiation currents Si are produced by a uniform 

absorption of the solar radiation over the thickness of the disk. The radiosities Jf,i and Jb,i describe the 

emitted, transmitted (only in the case of lamellar systems) and the reflected long-wave radiation 

component. The current ql,i is produced by the heat conduction through the solid layer. The currents 

qcf,i and qcb,i are formed by convection between the gas and the solid layers. In the case of 

ventilation of the gas intermediate space, a heat flow qven is also produced which influences the gas 

temperature. This results in the following equation system: 

 

Front i:  

 

0 = 𝑞𝑓,𝑖 −  𝑞𝑐𝑓,𝑖 − 𝐽𝑓,𝑖 + 𝐽𝑏,𝑖−1 

Backside i: 

 

0 = −𝑞𝑏,𝑖 +  𝑞𝑐𝑏,𝑖 + 𝐽𝑓,𝑖+1 − 𝐽𝑏,𝑖 

Gas layer i: 

0 = 𝑞𝑐𝑓,𝑖+1 −  𝑞𝑐𝑏,𝑖 + 𝑞𝑣𝑒𝑛,𝑖 

 

Radiative heat transfer - heat radiation 

 

For the calculation of the radiosities TRNSYS uses a recursive solution algorithm. Thereby, the rate 

of radiation energy emitted by a surface can be represented without matrix formulation. In addition to 

emissivity, any transmitted or reflected radiation is taken into account. Analogous to heat conduction 

and convective heat transfer, the heat radiation and thereby the radiative heat exchange coefficient 

can be quasi-linearized: 

𝑞𝑟𝑎𝑑,𝑏,𝑖 =
𝐽𝑓,𝑖+1 − 𝐽𝑏,𝑖

𝑇𝑓,𝑖+1 − 𝑇𝑏,𝑖
(𝑇𝑓,𝑖+1 − 𝑇𝑏,𝑖) 

ℎ𝑟𝑎𝑑,𝑏,𝑖 =
𝐽𝑓,𝑖+1 − 𝐽𝑏,𝑖

𝑇𝑓,𝑖+1 − 𝑇𝑏,𝑖
 

  The following applies analogously: 

𝑞𝑟𝑎𝑑,𝑓,𝑖 =
𝐽𝑏,𝑖+1 − 𝐽𝑓,𝑖

𝑇𝑏,𝑖+1 − 𝑇𝑓,𝑖
(𝑇𝑏,𝑖+1 − 𝑇𝑓,𝑖) 

ℎ𝑟𝑎𝑑,𝑓,𝑖 =
𝐽𝑏,𝑖+1 − 𝐽𝑓,𝑖

𝑇𝑏,𝑖+1 − 𝑇𝑓,𝑖
 

Conductive heat transport - heat conduction with source temperature 

 

For the modeling of the heat conduction in the layers, the following assumptions are made in 

TRNSYS: 
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• The absorption of the solar radiation is independent of the location and thus a homogeneous 

source of the radiation in the pane 

• A quasi-stationary behavior is assumed since the heat capacity of the disk is negligibly small 

• The thermal conductivity is almost independent of temperature 

• The cross-sectional area is constant over the thickness t 

• The temperature gradients orthogonal to the disc are neglected 

 

From these assumptions, the Fourier heat equation and further simplifications and transformations, 

the following equation results for the heat flows: 

 

𝑞𝑏,𝑖 =
𝜆𝑖

𝑡𝑖
(𝑇𝑏,𝑖 − 𝑇𝑓,𝑖) −

𝑆𝑖

2
 

𝑞𝑓,𝑖 =
𝜆𝑖

𝑡𝑖
(𝑇𝑏,𝑖 − 𝑇𝑓,𝑖) −

𝑆𝑖

2
 

From the equation it can be seen that half of the solar radiation flows into the front and half into the 

back. 

 

Convective heat transport - heat transfer to the gas 

 

The equation of the convective heat flow is given by: 

 

𝑞𝑐 = ℎ𝑐𝑣  ∙ (𝑇𝑓 − 𝑇𝑔) 

The convective heat transfer coefficient hcv can be empirically calculated from the flow velocity of 

the gas and the heat transfer coefficient in stationary gases. 

 

Characteristics 

 

In addition to the window temperatures there are two other parameters which are important for the 

evaluation of glazing. The two parameters are the U-value and the total energy transmittance (g-value 

or SHGC). The heat flow q̇int from the inside to the interior is decisive for both: 

 
�̇�𝑖𝑛𝑡 = 𝜏𝐼𝑠 + ℎ𝑐𝑣,𝑖𝑛𝑡  ∙ (𝑇𝑏,𝑛 − 𝑇𝑎𝑖𝑟,𝑖𝑛𝑡) + 𝐽𝑏,𝑛 − 𝐽𝑖𝑛𝑡 + �̇�𝑣𝑒𝑛,𝑖𝑛𝑡 

The heat transfers of the glazing system without the source heat through solar radiation I_s is 

described by the U value: 

𝑈 =
1

𝑅𝑔𝑒𝑠
=

�̇�𝑖𝑛𝑡(𝐼𝑠 = 0)

𝑇𝑒𝑥𝑡 − 𝑇𝑖𝑛𝑡
 

The effect of the solar radiation on the glazing system is taken into account with the g-value. It 

collects all the heat records that enter the interior of the room, for example - the difference between 

the heat flow to the interior and the heat flow to the interior without solar influence: 

 

𝑆𝐻𝐺𝐶 =
�̇�𝑖𝑛𝑡 − 𝑞̇

𝑖𝑛𝑡(𝐼𝑠 = 0)

𝐼𝑠
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4-2-2 Optical modeling with BSDF data 

 

BSDF (Bidirectional Scattering Distribution Function) describes the way radiation incident interacts 

with a complex surface including the amount and direction of reflected and transmitted solar 

radiation. It is a combination of two different methods BRDF (Bidirectional reflectance distribution 

function) and BTDF (Bidirectional transmittance distribution function). These two methods look into 

scattering on a complex surface. The method of BSDF (bi-directional scattering distribution 

functions) was introduced by (Klems, 1993) and describes a flexible method to calculate the bi-

directional solar transmission of a CFS by simple matrix multiplications. The ratio of incident to 

transmitted radiant energy calculates the transmission factor. For exactly two 3D angular pairs that 

define the direction of the incident and emergent radiation, describes as follows:  
 

𝜏 =
𝐼𝑜𝑢𝑡(𝜃𝑜𝑢𝑡, 𝛾𝑜𝑢𝑡)

𝐼𝑖𝑛(𝜃𝑖𝑛, 𝛾𝑖𝑛)
= 𝑓(𝜃𝑜𝑢𝑡, 𝛾𝑜𝑢𝑡 , 𝜃𝑖𝑛, 𝛾𝑖𝑛) 

 

For simulating daylight transmitted by a complex fenestration system (CFS) it is particularly suitable. 

A CFS, which transmits light in non-specular directions, is differentiated from a simple glazed façade 

which only transmits light in the specular direction. This non-specular behavior arises the question of 

diffusivity of the transmission and reflections  

 

  

Figure 24: Optical modelling with BSDF data (left) (Schöttl, 2013); classification of patches to Klems (right) (Schöttl, 

2013) 

The calculation of the optical properties of the CFS is not carried out internally in TRNSYS, but is 

instead stored in WINDOW 7 (LBNL-Windows7.3, 2014). For each glazing or shading 

configuration, the BSDF matrices must be provided for short-wave radiation, transmission and 

reflection (front / rear) of the overall system. The configuration can be changed in any time step 

depending on the irradiation. By means of bilinear interpolation of the values from the BSDF 

matrices corresponding to the irradiated Klems patches, the optical properties can be determined for 
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each time step. The irradiation vector for external windows is calculated in each iteration step. It 

depends on the selected radiation calculation mode. The diffuse radiation incident on an inclined 

surface is divided into up to four parts. In space, the direct component and an integrated value for the 

diffuse radiation are then used to distribute the radiation from the distribution vector (Hiller, 2014). 

4-2-3 Discretization Klems  

 

Klems angle basis, divides these transmission and reflection hemisphere in to 145 patches (Klems, 

1993). The patches are classified according to radiance. The illuminance of each patch on the 

window surface assuming a diffuse-isotropic radiation distribution is about equal. 

If further assumed, the radiation hits exactly on a patch which result 145 values for the patches of 

emergent radiation. This can be created for each patch, resulting in a 145 x 145 matrix of values, both 

for transmission and for reflection. With the radiation density Iin⃗⃗⃗⃗  at the front of the hemisphere can 

be obtained by multiplication are determined with the BSDF- matrix, the radiation distribution on the 

rear side of the hemisphere. 

𝑰𝒐𝒖𝒕
⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝑲𝑰𝒊𝒏

⃗⃗⃗⃗  ⃗ 

 

4-3 TRNFLOW-model for airflow simulations 

 

TRNFLOW is used to design the window ventilation and airflow model of technical faculty building. 

It is the integration of the Multizone air flow model COMIS (Conjunction of Multizone Infiltration 

Specialists) into the thermal building module of TRNSYS (Type 56). With TRNFLOW the air flows 

between zones (coupling), from outside into the building (infiltration) and from the ventilation 

system (ventilation) can be calculated. The data for both models can be input with the enhanced user 

interface TRNBUILD, which stores it in the BUI file.  

The thermal and the air flow model are linked as black boxes. For simplification, in Figure 25 the 

information flow between the two models is represented by one room air temperature node and one 

air flow variable. In fact, there are at least as many air temperature nodes as there are rooms in the 

building and each node has at least one air flow. In the solution process, the air flow model starts 

with the input node temperatures ϑin,1 and calculates the corresponding air flows �̇� each node. These 

flows are used in the thermal model, which calculates the output room temperatures ϑout,1. With an 

iterative solver algorithm the input temperatures set is found which matches the output temperatures 

set (TRNFLOW, 2005). 
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Figure 25: Schematic workflow of TRNFLOW (TRNFLOW, 2005) 

4-3-1 Mathematical Description: 

 

The airflow model is based on a network model of the building. Figure 26 shows an example airflow 

network. The nodes are linked by nonlinear conductances, modelling the air paths (air flow 

components like cracks, openings, ducts, etc.). Using air mass conservation in each node, a system of 

nonlinear equations is built and solved to determine the node pressures and the mass flows in each 

link. 

 

Figure 26: Network model of the building (TRNFLOW, 2005) 
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Air flow Nodes 

 

Four classes of nodes are used to define the air flow network: constant pressure nodes, thermal 

zones, auxiliary nodes, and external nodes Figure 26. Each node has a reference height. The 

reference height of external nodes and constant pressure nodes is defined as the building 

reference level. The reference heights of the thermal zones and the auxiliary nodes are defined in 

relation to the building reference level according to TRNFLOW manual. The node pressures are 

defined as the pressure differences between the total pressure in the node and the ambient barometric 

pressure at the building reference level (TRNFLOW, 2005). With constant pressure nodes a fixed 

pressure at the outside of the building can be defined in relation to the ambient barometric pressure. 

Thermal zones correspond to the zones in the thermal model. It is assumed that each thermal zone is 

homogeneous in temperature composition, and can be represented by a node with single values for 

temperature, humidity, pressure, and possibly for each pollutant concentration. The temperature and 

the humidity are calculated in the thermal model for each thermal zone and are passed to the airflow 

model. External nodes represent the wind pressure at the outside of the building. Pressure 

coefficients, relating the wind pressure at the building to the dynamic pressure of the wind velocity, 

can be attributed to external nodes for several wind directions. 

 

Air Link Types 

 

There are different classes of link types (air flow components). Each has its own mass flow equation 

as a function off the pressure difference. 

 

𝑚 ̇ = 𝑓 (𝛥𝑝) 

 

Crack: This component uses the power law form to express the leakage characteristic of cracks: 

 

𝑚 ̇ = 𝐶𝑠  ⋅  (𝛥𝑝)𝑛 

Where, 

𝐶𝑠 =  air mass flow coefficient [kg/s @ 1 Pa] 

n =  air flow exponent [−] 
 

Duct: Flow in a straight duct is characterized by the friction loss and the dynamic losses due to 

fittings. 

 

�̇� =  𝐴√
 𝛥𝑝. 2 𝜌

𝜆 ⋅  
𝑙
𝑑

+  𝜁
 

Here, 

 

𝐴 =  𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑢𝑐𝑡 [𝑚2] 

𝑙  =  𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑢𝑐𝑡 [𝑚] 

𝑑 =  ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑢𝑐𝑡 [𝑚] 

𝜌 =  𝑎𝑖𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 [𝑘𝑔/𝑚3] 
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𝜆 =  𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 

𝜁 =  𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑙𝑜𝑠𝑠 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 

 

Large Vertical Openings: As the pressure difference between two zones with different air 

densities is a function of the height z, the flow in a large opening has a vertical velocity profile. 

A numerical integration of this profile results into an air mass flow for both flow directions: 

�̇�12  =  𝐶𝑑  ∫ √2𝜌(𝑧)𝑓12 (𝑧) 

𝐻

0

 ⋅ 𝑉(𝑧) ⋅ 𝑑𝑧 

With:     𝑓12(z) =  {
∆𝑝(𝑧)                , 𝑖𝑓 ∆𝑝(𝑧) > 0  

0                       , 𝑖𝑓∆𝑝(𝑧) < 0
   

�̇�21  =  𝐶𝑑  ∫ √2𝜌(𝑧)𝑓21 (𝑧) 

𝐻

0

 ⋅ 𝑉(𝑧) ⋅ 𝑑𝑧 

With:     𝑓21(z) =  {
− ∆𝑝(𝑧)             , 𝑖𝑓 ∆𝑝(𝑧) > 0  

0                       , 𝑖𝑓∆𝑝(𝑧) < 0
   

 

Where: 

 

𝐶𝑑      =  𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 [−] 

𝑉(𝑍) =  𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑝𝑒𝑛𝑖𝑛𝑔 𝑎𝑡 𝑡ℎ𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 𝑍 [𝑚] 

         𝑓𝑜𝑟 𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑜𝑝𝑒𝑛𝑖𝑛𝑔𝑠 𝑉(𝑍)  =  𝑉(𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑜𝑝𝑒𝑛𝑖𝑛𝑔)  

𝐻      =  ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑝𝑒𝑛𝑖𝑛𝑔 [𝑚] 

12    =  𝑓𝑙𝑜𝑤 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑧𝑜𝑛𝑒 1 𝑡𝑜 2 

 

 

Figure 27: velocity profile in the large vertical opening 
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4-3-2 Driving Force – wind pressure 

 

The wind pressure on a façade is defined as the difference between the local pressure on the surface 

and the static pressure in the undisturbed wind on the same height. The relation factor of this pressure 

difference to the dynamic pressure of the reference wind velocity 𝑣0 is known as wind pressure 

coefficient or 𝐶𝑝-value. The wind pressure can be calculated with the 𝐶𝑝-value according to 

following equation: 

 

∆𝑝𝑤 = 𝐶𝑝

𝜌

2
(𝑣0)

2 

 

∆𝑝𝑤  =  𝑤𝑖𝑛𝑑 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒: 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑛 𝑡ℎ𝑒 𝑓𝑎ç𝑎𝑑𝑒 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑠𝑡𝑎𝑡𝑖𝑐 

𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑢𝑛𝑑𝑖𝑠𝑡𝑢𝑟𝑏𝑒𝑑 𝑤𝑖𝑛𝑑 𝑜𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 [𝑃𝑎] 

𝐶𝑝     =  𝑤𝑖𝑛𝑑 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 [−] 

𝑣0     =  𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑤𝑖𝑛𝑑 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑎𝑡 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 [𝑚/𝑠] 

𝜌      =  𝑎𝑖𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 [𝑘𝑔/𝑚3] 

 

 

Cp as mentioned above, for TRNFLOW simulations wind pressure coefficients are needed as input 

for external nodes. This coefficient describes the wind pressure distribution on the envelope of a 

building. The ratio of the surface dynamic pressure to the dynamic pressure in the undisturbed flow 

pattern is measured at a reference height. For this project, corresponding  Cp value was obtained from 

the manual MacroFlo Calculation Methods manual (IES-LTD, 2016).  

4-3-3 Discharge coefficient Cd 

 

For top hung window system at technical faculty building model it was necessary to calculate 

discharge coefficient. The discharge coefficient Cd is the reduction of airflow across openings due to 

contraction of the flow and friction and turbulence losses. It depends on the shape of the opening and 

surrounding conditions. The relationship describing the airflow through an opening is based on the 

Bernoulli equation with steady, incompressible flow (TRNFLOW, 2005). The most commonly used 

expression for the airflow rate through an opening is 

 

𝑄 = 𝐶𝑑. 𝐴. √2∆𝑝/𝜌 

 

4-4 Parameter optimization tool GenOpt 
 

GenOpt is an optimization program which has been developed for determining optimum value of an 

objective function that is evaluated by an external program with less labor time. An objective 

function finds out the values of user-selected design parameters such as annual energy demand, peak 

electrical demand or overall energy production of Photovoltaic panels, leading to best operation of a 

given system (IBPSA 2001). To solve complex engineering problems, designers and engineers use 

system simulation by means of numerical optimization process which requires high labor time if 

done manually. Mostly, building simulation programs, such as TRNSYS, EnergyPlus, DOE-2 

SPARK, etc., are used as external programs for GenOpt.  
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4-4-1 Working principle 

 

GenOpt requires input templates for particular simulation program. For this project TRNSYS input 

files (*.DCK and *. B17) used to generate templates. Generation of templates requires replacing 

variable names in input files with different values selected by the optimization algorithm. GenOpt 

then launches the simulation program, reads the function value being minimized from the simulation 

result file, checks possible simulation errors and then determines a new set of input parameters for 

the next run. The whole process is repeated iteratively until an optimum value of the function is 

found. If the simulation problem has some underlying constraints, they can be taken into account 

either by a default implementation or by modifying the function that has to be optimized.  GenOpt 

offers a default scheme for simple constraints on the independent variables (box constraints), as well 

as a formalism that allows adding constraints to the simulation problem by means of so-called 

penalty or barrier functions. For example, GenOpt could be used to find the window area on the 

different facades of a house that minimizes annual energy use subject to the constraint that each area 

must be within user-specified minimum and maximum values. In the most general form, the 

optimization problems addressed by GenOpt can be stated as follows: Let 𝑋 be a user-specified 

constraint set, and let 𝑓: 𝑋 →  𝑅 be a user-defined cost function that is bounded from below. The 

constraint set 𝑋 consists of all possible design options, and the cost function 𝑓 (·) measures the 

system performance. GenOpt tries to find a solution to the problem 

 

𝑚𝑖𝑛 𝑓 (𝑥) 

𝑥 ∈ 𝑋 

 

 

 

Figure 28: Workflow diagram of GenOpt (Wetter, 2000) 

This problem is usually “solved” by iterative methods, which construct infinite sequences, of 

progressively better approximations to a “solution”, i.e., a point that satisfies an optimality condition. 

If 𝑋 ⊂  𝑅𝑛, with some 𝑛 ∈  𝑁, and X or 𝑓 (·) is not convex, we do not have a test for global 

optimality, and the most one can obtain is a point that satisfies a local optimality condition. 

Furthermore, for 𝑋 ⊂  𝑅𝑛, tests for optimality are based on differentiability assumptions of the cost 
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function. Consequently, optimization algorithms can fail, possibly far from a solution, if 𝑓 (·) is not 

differentiable in the continuous independent variables. Some optimization algorithms are more likely 

to fail at discontinuities than others. GenOpt has algorithms that are not very sensitive to (small) 

discontinuities in the cost function, such as Generalized Pattern Search algorithms, which can also be 

used in conjunction with heuristic global optimization algorithms (Wetter, Generic Optimization 

Program User Manual Version 3.1.0, 2011). 

4-4-2 Optimization Algorithm 

 

For this project, Hybrid global optimization algorithm (GPS and PSO) was used to find the parameter 

value of the PASSYS cell. This algorithm is already integrated with GenOpt. This hybrid global 

optimization algorithm starts by doing a Particle Swarm Optimization (PSO) on a mesh for a user-

specified number of generations. Afterwards, it initializes the Hooke-Jeeves Generalized Pattern 

Search (GPS) algorithm using the continuous independent variables of the particle with the lowest 

cost function value. 

 

 If the optimization problem has continuous and discrete independent variables, then the discrete 

independent variables will for the GPS algorithm be fixed at the value of the particle with the lowest 

cost function value. Also, users can easily implement their own optimization algorithms by extending 

the superclass Optimizer that offers access to the GenOpt kernel. Details can be found in the GenOpt 

manual (Wetter, 2011). Also, a list of available optimization algorithm is given below. 
 

Table 6: Implemented optimization algorithm 

Optimization Algorithms 

Generalized Pattern Search algorithms (GPS) 

Particle Swarm Optimization algorithms (PSO) 

Hybrid global optimization algorithm (GPS and PSO) 

Discrete Armijo Gradient algorithm 

Nelder and Mead's Simplex algorithm 

Golden Section and Fibonacci algorithms 

4-5 Detailed description of VEC module  

 

Sophisticated lighting simulation components are pre-calculated for a set of standard room setups within 

VEC module. This reduces the time required for simulation and simplifies the complex interaction 

between thermal and light energy performance aspects. Another key advantage is that, user of this tool 

requires no detailed simulation expertise to operate.  

 

4-5-1 Physical modelling of room 
 
VEC module evaluates a cuboid shaped geometry as room setup for the simulation. Simulation with 

varying room lengths (4 m – 8 m), widths (2 m – 10 m) and heights (2.5 m – 4 m) can be performed and 

evaluated for selected façade conditions (Werner M. D.-M., 2014). The façade is divided into three 

horizontal sections and each section can be equipped with a particular façade system. This modular 

concept of façade allows new systems to be implemented in the future. Seasonal control strategies 



  
Tools Description and Simulation Methodology  

Kazi Alam                                                                                                                                                                                                            50 

Case studies on an integral, simulation based energy 
efficient open loop control for daylight and artificial lighting 

(summer and winter) can also be applied in this model. Furthermore, shading cases are applicable for 

evaluation using a horizontal obstruction (0° - 45°) and overhang (0 m – 2 m).   
 

Table 7: Possible façade system configurations 

 
Interaction of daylight, artificial light and thermal aspects in VEC model include five specific modules; 

Climate, Daylight, Artificial Light, Thermal and Occupant & Control.  This realistic distribution of the 

modules has a simplified approach to simulate appropriate interactions of thermal and lighting 

phenomena.  Following Figure 30 shows the work flow each module executed for an instantaneous time.   

 

Figure 30: Workflow diagram of VEC module 

4-5-2 Climate module 

 
Climate module is the primary input module for VEC. Meteorological data from several sources, for 

example TMY3 (Typical Meteorological Year), is used as input data for the Climate module. Output data 

generated from this module are horizontal illuminance, irradiation and outdoor temperature. Three 

Façade systems options: 

 

 

Figure 29: VEC module building model 

Opaque 

No system (glazing only) 

Clear screen (internal/external); 

Transmission (0 – 0.5); Reflection 

(0.1 – 0.8) 

Diffuse screen (internal/external); 

Transmission (0 – 0.5); Reflection 

(0.1 – 0.8) 

External venetian blind (0° 

horizontal, fix 45°, Cut-Off) 

Daylight redirection blinds (fix 

0°, Cut-Off, Retro) 
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modules are dependent on climate module; Daylight module, Occupant & Control Module, Thermal 

module.  

 
Table 8: Output of climate module 

 Climate Module Output Dependent Module 

1 Horizontal illuminance [lx] (diffuse, direct) Daylight  

2 Irradiation [W/m²] (diffuse, beam) Occupant & Control 

3 Outdoor temperature [°C] Thermal  

4-5-3 Daylight module 

 

VEC requires daylight module to predict yearly daylighting levels of investigated room model with 

an adaptive and simplified daylight coefficient approach (Bourgeois, 2008).  In that case, direct and 

diffuse illuminances are pre-calculated for all the configurations of rooms and façade system settings.  

For an efficient pre-calculation, “three-phase method” (Ward G. R., 2011) is used base on the 

validated simulation software RADIANCE (Ward G. a., 1998). The "three-phase method" is a means 

to perform annual simulation of complex and/or dynamic fenestration systems. Flux transfer is 

broken into the following three phases for independent simulation: 

 

i. Sky to exterior of fenestration 

ii. Transmission through fenestration 

iii. Interior of fenestration into the simulated space 

 

Flux transfer form sky to exterior of fenestration derived through a matrix multiplication using a sky 

vector. Following that, bi-directional scattering distribution function (BSDF) method defines 

transmission through fenestration. Finally, the interior of the fenestration into the simulated space at 

the measurement points, flux transfer is calculated for diffuse and direct irradiation. These factors are 

pre-calculated and stored in a database. Based on the user input in the excel tool, the relevant 

daylight factors are retrieved from the database and multi-dimensionally interpolated (Appendix (VII)). 
The resulting factors for direct and diffuse irradiation are multiplied by the available external 

daylight levels according to the climate data, yielding the hourly interior illuminance levels at the 

measurement points. Similarly, the luminance levels at the inner side of the façade are calculated. 

The resulting interior daylight illuminance values are then used to calculate the continuous daylight 

autonomy (Reinhart, 2007) and are also used as input in the artificial light module to determine the 

daylight-dependent electric lighting. This whole process is undertaken for two measurement points 

(in Figure 31) which represent an area nearby to the façade (MA1) and an area for from the façade 

(MA2). The luminance values are fed back to the Occupant and Control module as a control factor 

for adaptive façade systems, and for evaluations of visual comfort (luminance exceeding). 

4-5-4 Artificial Light module 
 

Electric power for designated lighting solution is calculated from day light entry data from daylight 

module with artificial module. This module also considers control strategies for the lighting unit 

inside the room. Number of luminaries and level of illuminance required determined by the lumen 

efficiency methodology (LiTG-Publ.Nr.3.5, 1988).  This module allows choosing from combination 

of 60 different luminaire light distributions. Five basic light distributions curves determine the 

luminaire configurations which are distinguished by direct and diffuse components.  
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Figure 31: Measurement points of the VEC module 

Artificial light module addresses an application scenario of room model containing two measurement 

points; MA1: immediate to window zone and MA2: far from window zone, as well as two variables 

for luminaire groups (L1 and L2). Required illuminance and light spill ratio calculation sets the 

dimming values for both measurement points. Consideration of light spill ratio is necessary because 

target illuminance value could be underestimated otherwise. In this case, Daylight entry has no 

influence while setting the initial dimming values of target illuminance. In every time step, 

optimization of artificial light supplement takes place to achieve essential illuminance level.  VEC 

module determines electric power requirement for an input of thermal module from dimming levels, 

the determined number of lighting units, the specified connected load and the selected lamp dimming 

characteristics.   

4-5-5 Occupant & Control Module 

 

Occupant and control module works as a core part of VEC module. It combines control strategies for 

the façade and artificial light which regulates heating and cooling load and also the behavior of 

occupants. The three different façade configurations in the room model (Figure 29) play a 

signification role for VEC module. First façade setting (FA1) considers no glare and sun protection 

scenario. The second setting (FA2) considers glare protection, for example in winter when the sun is 

at low angle. Lastly, for the third setting both glare and sun protection is considered, for example in 

summer case when the sun is at higher angle. In each time step, façade configurations are set 

depending on glare and sun protection.  The case of glare can be detected by the exceeding of a 

luminance threshold at the inner side of the façade.     
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Table 9: Façade situations depending on base, winter and summer period 

Defining of façade situations 

 1 2 3 

Period: Base Situation 

(whole year) 

Winter Situation 

(only heating period) 

Summer Situation 

(only cooling period) 

Case of: Case of: no glare, no 

sun protection 

glare 

 

glare and / or 

sun protection 

 

Artificial light has three different settings in the module. During occupancy hours, artificial light is 

fully switched on the first settings. On the other hand, second and third settings have the functionality 

to switch artificial light on or off and dim lighting units.  

Table 10: Artificial lighting setting for the VECmodule 

Artificial light Settings 
 Occupant  Control Effect 

Glare Luminance limit 

(Lint > threshold 

[cd/m²]) 

- 

 

Shaded façade state 

is chosen 

Overheating - Radiation limit 

(Iext > Threshold 

[W/m²]) 

Shaded façade state 

is chosen 

Artificial 

Light 

 

• 100% on 

• On/Off 

Daylight Dimmable 

 

Determination of the Artificial 

Light Demand 

Solar heat gains coefficient (SHGC) method 

 

Heat gain caused by solar radiation highly influences the settings of façade. Occupant and control 

module calculates solar heat gain coefficient information obtained from the façade system. For each 

façade system, 145 normalized SHGC values discretized following Klems’ proposal (Klems, 1993) 

are prepared and stored in a database. Using this approach, 145 SHGCs (𝑆𝐻𝐺𝐶𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐,𝑘
𝑓𝑎𝑐𝑎𝑑𝑒

 ) are 

calculated for each façade system, including a reference glazing, and then divided by the SHGC for 

normal incidence of the reference glazing (𝑆𝐻𝐺𝐶𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐
𝐺𝑙𝑎𝑧𝑖𝑛𝑔,⊥ 

). For the purpose of this simulation, the 

Windows 7 tool (http://windows.lbl.gov/software/window/7/) is used. 

 

𝑆𝐻𝐺𝐶𝑘
𝑓𝑎𝑐𝑎𝑑𝑒

=
𝑆𝐻𝐺𝐶𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐,𝑘

𝑓𝑎𝑐𝑎𝑑𝑒

𝑆𝐻𝐺𝐶𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐
𝐺𝑙𝑎𝑧𝑖𝑛𝑔,⊥ 

∗  𝑆𝐻𝐺𝐶𝑈𝑠𝑒𝑟
𝐺𝑙𝑎𝑧𝑖𝑛𝑔,⊥ 

      𝑘 = 1,… ,145 

With the input of the SHGC for normal incidence of the user-defined glazing system 

(𝑆𝐻𝐺𝐶𝑈𝑠𝑒𝑟
𝐺𝑙𝑎𝑧𝑖𝑛𝑔,⊥ 

) the VEC tool evaluates 145 different SHGCs (𝑆𝐻𝐺𝐶𝑘
𝑓𝑎𝑐𝑎𝑑𝑒

) of the complete façade 

system (fenestration + shading system). 

4-5-6 Thermal Module 

 
Thermal module is a simplified model which allows a quick and realistic evaluation of performance 

according to building physics following the standard of EN 13790 (Austrian_Standards_Institute, 

2008). An illustration of resistance-capacity model shows the skeleton of thermal module in Figure 
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32. Model contains three air node; mass (𝜃𝑚), radiation (𝜃𝑠),) and air temperature (𝜃𝑎𝑖𝑟) and 

connected with conductances 𝐻𝑡𝑟,𝑚𝑠 and 𝐻𝑡𝑟,𝑖𝑠. Insulation properties of fenestration and exterior wall 

conductances are considered as 𝐻𝑡𝑟,𝑒𝑚 and 𝐻𝑡𝑟,𝑤. Interior walls, floor and ceiling are assumed 

adiabatic. Variable input data are the exterior temperature (𝜃𝑒, from Climate Module), solar heat gain 

(𝛷𝑠𝑜𝑙, from the Occupant and Control Module) and variable internal load (𝛷𝑖𝑛𝑡) composed of electric 

lighting demand (from Artificial Light Module).  

 

 
Figure 32: Resistance- capacitance model of the thermal module 

 

Infiltration, ventilation system, natural ventilation through window and night ventilation considered 

with the conductance 𝐻𝑉𝑒. The infiltration and ventilation system is summed up in an energy 

equivalent air exchange rate. Integration of a passive cooling system is another feature for thermal 

module. Variable  𝐶 𝑚 defines the effective thermal capacity of the building. The mass temperature 

from the previous time step is used as initial value for the next time step. The output values are 

therefore the internal air temperature and the heating and cooling demand, under consideration of an 

internal minimum and maximum temperature range. If no active cooling system is installed, the 

overheating frequency can also be calculated. 
 

4-5-7 Applied strategies in VEC 

 

Several strategies were tried out to evaluate the VEC module including the test on a combination of 

shading systems. These strategies depend on the tilt angle the shading systems and energetic 

calculations. Two basic strategies were tried and test for this project: Reference and Stationary. 

Reference  

Reference strategy is more like a conventional manual shading control. For reference strategies, glare 

criteria as discussed earlier in the VEC module is all the year activated. The tilt angle of the slat was 

45° if the global vertical radiation during summer months on the façade reaches to 150 W/m2 or 
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above. If the global vertical radiation is less than 150 W/m2, then blind systems would be completely 

retracted. This strategy uses the external Raffstore for the shading system. 

Stationary  

Stationary strategy uses an intelligent control function. Stationary strategies decide the optimum slate 

position by calculating the lowest energy demand out of 257 slat angle combination of combining 

two façade systems (FA2 and FA3). Each façade system (FA2 and FA3) has the capability of varying 

its slat angle range from 0° to 75° with an increment of 5°. Energy demand assumed as the heating 

and cooling can occur over the year however cooling demand is not taken into account if the outside 

temperature is not over 15°C. 

 

4-5-8 Shading system integration in VEC 

 

The VEC module has the capability to be integrated with different kind of shading systems those are 

available in the market.  For the comparison of models two distinctive shading systems were 

implemented in the VEC module: External Raffstore and light re-directing system. Two sets 

combinations were used for the simulation. Both the façade section FA3 and FA2 (Figure 29) were 

equipped with External Raffstore in the first set of combination. For the second set of combination, 

section FA2 remained the same, only section FA3 was replaced with light re-direction system.  

Façade with External Raffstore  

This system contains an external Raffstore (outside) and two glazing layer. In between the glazing 

layers two fluid layers were present. Layer 1 contained only air and layer 9 with was filled with 10% 

of air and rest is Argon gas. Glazing with the ID number 7197 has a solar transmission factor of 

0.842 and with ID number 7110 has the solar transmission factor 0.588. The dimensions are given in 

Table 11  followed a geometrical figure the system.  

   

 
 

Figure 33: Geometrical definition - external Raffstore 

   

   
   

Table 11: Dimensions of façade with External Raffstore 
 

ID External Raffstore  [mm] 

22072 BSDF (Raffstore – 00deg) 80.0 
1 Gas 1 (Air) 15.0 
7197 Glazing 1 (ip_fl_4.ipe) 4.0 
9 Gas 2 (Air, 10%; Argon, 90%) 16.0 
7110 Glazing 2 (ip_ipl4E.ipe) 4.0 
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Façade with light re-directing system 

Façade integrated light re-directing system contains 3 glazing layers and three fluid layers. Light 

redirecting system stands in between the glazing system. Layer 1 contained only air and layer 9 with 

was filled with 10% of air and rest is Argon gas. Glazing with the ID number 7197 has a solar 

transmission factor of 0.842 and with ID number 7110 has the solar transmission factor 0.588. The 

dimensions are given followed by a geometrical figure of the system. 

 

   

 
 

Figure 34: Geometrical definition - light re-directing system 

 

   
   
Table 12: Dimensions of façade with light re-directing 

system 

ID Re-directing system [mm] 
7197 Glazing 1 (ip_fl_4.ipe) 4.0 

1 Gas 1 (Air, 100%) 10.0 

22056 BSDF (UL30 _ Warema_00deg) 80.0 

1 Gas 1 (Air, 100%) 10.0 

7197 Glazing 1 (ip_fl_4.ipe) 4.0 

9 Gas 2 (Air, 10%; Argon 100%) 16.0 

7110 Glazing 2 (ip_ipl4E.ipe) 4.0 
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Chapter 5 SIMULATION PROCESS 
 

5-1 Data Analyze 

 

In the beginning of the simulation process, data collected from several sources was post-processed. 

Blind positioning, window opening factor and lux value obtained from KNX Bus system analyzed 

with MATLAB. Calibration measurement data from PASSYS cell facility was obtained from 

measurement devices at the cell. Later, post-processed datasets used for the analysis of thermal 

model setup in TRNSYS. 

 

5-1-1 Building Automation Data Processing and Analyze 

 

Telegram received from KNX bus system encoded in XML (Extensible Markup Language) format. 

Recorded data within the XML files needed to be processed so that collected information is human-

readable and could be used for further analysis. Group monitoring tool of Diagnostics functions 

within ETS software observes activity on the bus and has the ability to export the data in CSV 

(Comma-Separated Value) format. For this study one of the objectives is to analyze the building 

behavior of the main building of the Faculty of Civil Engineering. To analyze building behavior, 

recorded Telegrams were exported in CSV format. Finally, CSV files were read in MATLAB to form 

a data structure and was used it for further analysis with TRNSYS.  

The main building of the Faculty of Civil Engineering consists of eight stories and Unit of Energy 

Efficient Building is located on 5th floor. At this unit, the rooms are equipped with actuators for 

positioning blinds and top-hung windows. Blind positioning system is automated during the summer 

period depending on the building control system mentioned above. In addition to that, night 

ventilation system is implemented using top-hung windows.  Installed artificial lighting units are 

controlled with an automated dimming system. All of these automated systems are installed within 

KNX bus system. 

 

Behavioral analysis with Group Monitoring data  

Group monitoring records the telegram in group telegrams. These telegrams are then exported into 

CSV format. CSV files exported from group monitoring section provide a set of information in the 

form of Table 13.  To determine the status or position of blind, window and lux value, necessary 

information can be found in three specific columns. These columns are named as ‘ZielName’ 

(Destination address), ‘Zeit’ (Time) and ‘Info’ (Position/Status). For example, if the ‘ZielName’ has 

a row entry as ‘'F518a Jal05A3 Pos' at the time '2015-07-01 07:01:21.008' and corresponding ‘Info’ 

row has hexadecimal value ‘FF’, this means at that specific time in room number 519 the window 
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was closed. To extract this information, form the CSV files manual behavioral analysis was 

performed.  This behavioral analysis included several tests on a room 518a at 5th floor of the building 

at University of Innsbruck. Tests involved manual positioning of blind, window and measurement of 

lux value. These test procedures were documented and validated against the entry in CSV file which 

was recorded as a telegram. The outcome of these manual tests procedures are summarized in the 

Table 14 and Table 15 given below. 

Table 13: Typical CSV file format exported from ETS 

 

# Zeit Ziel-Name Info 

6472 06:38.6 F518a Jal05A3 LZ $0  

6500 06:53.4 F518a Jal05A3 KZ $1  

8956 11:58.4 F518a Jal05A3 LZ $1  

6504 06:53.6 F518a Jal05A3 Pos $D4 

6501 06:53.5 F518a Jal05A3 Pos $D4 

6503 06:53.5 F518a Jal05A3 Pos $D4 

6502 06:53.5 F518a Jal05A3 Pos $D4 

4289 01:21.1 F518a Jal05A3 Pos $FF 

 

Table 14: Color interpretation of Table 13 

Column Ziel-Name (Destination Name) 

RED: Indicates the device type; here, ‘F’ = window, ‘R’ = blind, ‘L’ = lighting/lux value 

GREEN:

  

Indicates the room number where the device is located; for example: 518a, 518, 519a 

etc. 

BLUE:   Indicates the reporting type; here, ‘POS’ = position of the device, ‘LZ’ = device in 

operation and ‘KZ’ = user interruption during automation / instantaneous operation 

(changing slat angle for the blind system).   

(Note: Lux sensor has a different format in the recorded CSV file ) 

 

Table 15: Interpretation of values from Table 13  

Coulmn Info  

Reading  of Hexadecimal Value from ‘Info’ column 

LZ/KZ 

Info  

(for Blind 

Positioning ) 

Action 

Info  

(for Window 

positioning) 

Action 

$00 Moves Up $00 
Window 

opens 

$01 Moves Down $01 
Window 

closes 

POS 
Absolute or Relative position of Blind and Window (read from corresponding 

info row) 

m-files structure to analyze CSV files 
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Analysis of exported CSV files required two m-files; a) KNXdata.m and b) analyse_knxdata.m. 

Descriptions of these files with a simple workflow diagram of the data reading process are given 

below.  

 
 

Figure 35: Workflow MATLAB script to read KNX data 

 

 

a) KNXdata.m 

 

Reads in KNX-data in CSV-files and concatenates data in a single time line. All CSV-files in the 

Data is sorted by time and saved in a data structure in the file "knxData.mat".  Input data is used as 

relative path of the folder containing CSV-files and for output Data structure with time sorted KNX-

data obtained from CSV-files. This file has four nested function. These functions are: 
 

i. KNXreadCSV  
 

This nested function converts KNX-data, which has been exported to a CSV-file into a data structure. 

Input data is the name of the CSV-files. Output is data structure with a field for following columns of 

the KNX-data stored in the CSV-file: 'Zeit', 'Flags', 'QuellAdresse', 'Quell-Name', 'ZielAdresse', 

'ZielName', 'Rout', 'Typ', 'Info'. 
 

ii. KNXstruct 
 

This section reads in all CSV-files listed in "fileList" and forms a data structure. Cell array 

containing CSV-file-name-strings, which have been exported from ETS5 (KNX-software) and have 

not already been read in into "knxData.mat" are the inputs for this function. The data structure 

contains one field for each CSV-file in the current folder. 

 

iii. KNXconcat  

 

KNXconcat concatenates data structures. To avoid reading file from several structures with KNX 

data from CSV-files this section is used. Concatenated structure is then used by the following 

function KNXsort. 

iv. KNXsort 
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This final section sorts new data into existing data "knxData.mat". Data is sorted in descending order 

depending on time.  

 

b) analyse_knxdata.m 

 

Outcome of behavioral analysis with group monitoring tool was used in this section of the m-file. 

The data stored in "knxData.mat" is used for finding out the blind and widow position. New structure 

was formed depending on the location where devices (blind and window actuator) are installed.  This 

structure has a time series of 15 minutes’ interval.  Initially this m-file had the capability to analyze 

the data worth of two months. However, it is possible also possible to analyze data on a larger time 

scale though the source code is not generic enough. At the end of the analysis, m-file plots a graph 

for each device behavior over the period of two months.  

 

i. Defining the device names and time series  

 

"knxData.mat" contains all data from group monitoring tool. Only specific part of this data is useful 

for further analysis. For that, device names were first defined within specific variables. Time series 

of two months (15 minutes’ interval) was also defined in this section.  

 
Table 16: Sensors prefix in the KNX bus system 

Window  Blind  Light Sensor 

1 F509   1 R509   1 L509 Luxwert 

2 F509a   2 R509a   2 L509a Luxwert 

3 F510  3 R510  3 L510 Luxwert 

4 F513   4 R513   4 L513 Luxwert 

5 F514  5 R514 O  5 L514 Luxwert 

6 F515  6 R514 S  6 L515 Luxwert 

7 F516  7 R515  7 L516 Luxwert 

8 F517  8 R516  8 L517 Luxwert 

9 F517a  9 R517 S  9 L517a Luxwert 

10 F518   10 R517 W  10 L518 Luxwert 

11 F518a  11 R517a  11 L518a Luxwert 

12 F519   12 R518   12 L519 Luxwert 

13 F519a  13 R518a  13 L519a Luxwert 

   14 R519     

   15 R519a    

 

ii. Filtering and structuring data from the KNX mat file  
 

Previously defined device names were filtered from the "knxData.mat" file using predefined 

MATLAB function called ‘cellfun’ which then stored in a structure.  After that, ‘dataset’ function 

was used to form a table of filtered data.    

 

iii. Blind positioning and fitting data in time series 
 

This section contains most critical part of the m-file. Blind and windows positions can be set both 

manually and automatically. During summer period, the blinds are automatically controlled 

depending on specific criteria (operative temperature, outside temperature and irradiance). Manual 

Automation of blind 

1 R:Fassade Ost Pos 

2 R:Fassade Süd Pos 

3 R:Fassade West Pos 
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handling of blind sends data to the bus system for individual device. On the other hand, automatic 

blind positioning performed in group of blind devices; for example, position of blind for all the east 

blind systems are controlled together in a group according to the table above. To acquire the absolute 

position of each blind system, this section combines information of both manual and automatic 

operation. In Appendix (IV), the work flow is included of this section is included. 
 

iv. Plotting the graphs 
 

Finally, all structured data plotted into graphs for each device with the respective room number. 
 
5-1-2 Calibration measurements of the PASSYS-Cell 
 

For the calibration measurement of the PASSYS cell was equipped with several sensors. Following 

table lists all the data collected from the sensors of the PASSYS cell. Figure 36 shows the location of 

the temperature sensor inside the PASSYS cell. Data collection was based on time Step of 1.5 

minutes’ interval. Collected data was used for the parametric optimization model to build a PASSYS 

cell model virtually which is fitting to the reality.  

Table 17: Calibration measurement data from PASSYS Cell 

Measured Data 

Data Type  Information  

Surface Temperature – 

Outside 

5 different wall orientation except the south facing calibration wall 

Surface Temperature – 

Inside 

5 different wall orientation except the south facing calibration wall 

Room Temperature Test room, Service room 

Power data Heating, transmission loss through calibration wall, heat gain from 

ventilation device 

Ambient Data Ambient Temperature, Relative humidity 

 

 

Figure 36: Temperature sensor location inside the PASSYS cell 
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5-2 Thermal model setup 

 

This study required two thermal models setup in TRNSYS for investigating the idea of the innovative 

lighting design. First model, integrated the VEC module into the idealistic PASSYS cell model in 

TRNSYS. The thermal model for the PASSYS cell was validated by parametric optimization and 

was designed to replicate the actual model virtually which stands at University of Innsbruck. Using 

this model, VEC module outcomes were observed and documented in the result and discussion 

section. Second thermal model uses VEC module for each thermal zone of technical building model 

having an active façade system.  

5-2-1 Thermal model of PASSYS Cell with VEC 

 

Dimensions of the PASSYS cell situated at the University of Innsbruck were overtaken to define the 

geometry, for the evaluation of VEC module using PASSYS Cell as room model (Figure 37). The 

dimensions of geometry are within the range of VEC module specified range. For simplification, 

overhang and horizontal obstruction was excluded from the model. The model includes three façade 

systems. Façade system 1 (FA1) has an opaque construction. Rest of the façade systems contains 

glazing system. Façade system 2 and 3 both can be integrated with different type of shading system. 

For this model, external Raffstore and light re-directing shading system were used. Upper glazing 

area (FA3) of façade system is smaller comparing to lower glazing area (FA2). As described earlier, 

PASSYS Cell has two thermal zones: test room and service Room. Service room excluded from the 

model for simplification of the model. TRNSYS3d plugin used to draw this model on Google 

SketchUp. The model in SketchUp is saved in *.IDF (Intermediate data format) format to use further 

modelling process. 

 

Figure 37: Implemented façade system in accordance with VEC module 
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Model Setup in TRNSYS  

The 3D Multizone Building Project wizard used to build up the PASSYS cell model. At the 

beginning, the wizard requires for a rotation angle, weather data (*.tm2) and TRNSYS3D drawing 

file (*.IDF). Weather data used for this particular project was generated from the METEONORM 

software. The wizard read in the *.IDF file and based on the information therein, generated building 

description (*. b17), a TRNSYS input (*.DCK) file and a TRSYS Project file (*.tpf).  

 

 

Figure 38: PASSYS cell with VEC module - schematic workflow in TRNSYS 

Initially, the geometry was imported to TRNSYS simulation studio using the 3D Multizone Building 

Project wizard. The blue solid line in the TRNSYS workflow diagram (Figure 38) shows the initial 

connections after the 3D geometry was imported (Appendix (V)). The following steps are performed 

during the import: 

 

 sorting of zones/air nodes and surfaces 

 numbering of surfaces 

 volume calculation 
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 surfaces with the construction type “Virtual Surfaces” aren’t imported as heat transfer 

surfaces into TRNBuild  

 generating of a *. b17 file and opening of the file in TRNBuild 

 generating of corresponding *_b17_IDF file with the same order of zones and surfaces and 

the same surface numbers. (Note: In TRNSYS 17, this file was used to go back from 

TRNBuild to the Trnsys3d GUI. In Version 17.1, IDF files can be exported directly from the 

BUI file 

 

Modification of the project with simulation studio 

Since the wizard uses the feature “internal radiation calculation” for surface orientations, the 

equation card “Radiation” isn’t connected to the building, but connected to the online component for 

user information. In TRNBUILD non-geometric objects, such as window type, wall materials, 

constructions, schedules, internal heat gains, heating, cooling, controls etc. are added. The 

connections lines (except the blue color line) were later modified according to the need of the project. 

 

VEC Module Integration Using Type 155  

 

Type 155 is TRNSYS library component under the section Utility. This type calls an external 

program, MATLAB, in order to perform functions which are not part of the TRNSYS or prepared by 

third party. For the purpose of integrating VEC module this type was used. PASSYS cell requires the 

shading configuration, internal gain (for artificial lighting) values from VEC module to perform 

simulation. To connect VEC and PASSYS model, MATLAB (Type 155) works as a mediator. 

MATLAB collects the weather data and feeds the information to VEC and receives information after 

VEC performs its calculations. Type 56 then receives this information and applies on the thermal 

model of PASSYS. In between, this information exchanges process two equation blocks were used. 

Equation block used for input side performs unit conversion (kJ/hr.m2 to W/m2) of weather data 

(Input type 8 to 11). The second equation block was used in output side to read the blind 

configuration for Type 56 which explained in the following section. 

Table 18: Required input and output values of VEC module using TYPE 155 

#  Input Type  #  Output Type 

1 Year  1 Blind Check (Boolean Value) 

2 Month  2 Blind Slat Angle of FA3  

3 Day  3 Blind Slat Angle of FA2 

4 Hour  4 Internal gain from Artificial lighting 

5 Minute  5 Cooling Demand  

6 Second  6 Heating Demand 

7 External-temperature [°C]  7 Air temperature of the room 

8 Radiation global vertical [W/m²]  8 Operative temperature of the room 

9 Radiation diffuse vertical  [W/m²]  9 Melanopic Effect measuring point 1 

10 Radiation global horizontal [W/m²]  10 Melanopic Effect measuring point 2 

11 Radiation diffuse horizontal   [W/m²]    

12 Illuminance global horizontal [lx]    

13 Mass Temperature (Time step before) [°C]    
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Blind Configuration  

 

VEC module generates slat positions (in degrees) of the blind which is an input for the shading 

control for PASSYS room. Type 56 is unable to read this angular information. Therefore, an equation 

block (Blind Configuration) is used to convert slat angle to configuration number so that it could be 

connected with the BSDF blind system installed in Type 56 window model. Followings tables shows, 

the corresponding slate angles of BSDF configuration number. BSDF configuration numbers are 

generated by the WINDOW 7.3 of LBNL.   

Table 19: Corresponding slate angles to BSDF configuration number for AR system 

# Slat Angle BSDF Configuration  

Number  

1 No blind 230 

2 0° 231 

3 5°/10° 232 

4 15° 233 

5 20°/25° 234 

6 30°/35° 235 

7 40°/45° 236 

8 50°/55°/60° 237 

9 60°/70°/75° 238 

 

Mass temperature (Type 93) for Instationary VEC model 

 

Using type 93, the inside surface temperature (north wall) of previous time step of the current 

simulation time step is collected. Inside surface temperature is an input for the VEC module when it 

is implemented with instationary strategy. 

 

Modification of the building description (TRNBUILD) 

Modifications, adaption and extensions of the building description are performed with TRNBUILD 

(using the „Edit building” right-mouse-menu on the TRNSYS simulation Studio) to design an 

identical model as described in VEC module. For the Type 56 model of PASSY the following regime 

data was defined for the air-nodes description.  

 

Gains: Artificial light gains from VEC module is input for the Type 56, defined as GAIN001. 50% 

of the absolute gain from artificial lighting system (in VEC) applied as convective power for the 

Type 56 model and the rest of the absolute gain as radiative power.   

 

Ventilation: Night ventilation system was included in Type 56 model with three specific activation 

criteria with the help of an equation block. Night ventilation is active only during cooling period 

(2400 to 7200 simulation hours). The ventilation system triggers if the following criteria meets.  

   

 if the surface temperature of the north surface of the room is greater 19°C  

 if the difference between outside and inside temperature is more than 2°C  

 if the time is between 21:00 hours to 06:00 hours 
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Heating system:  An active heating system was created in the Type 56 model. This system has a set 

point temperature of 20 °C (minimum). Which means the heating systems operates if the air 

temperature of the Type 56 model is at 20 °C. Sensible heating power was set to unlimited. Also, the 

humidification system was turned off. 

 

Cooling system: An active cooling system was created in the Type 56 model. This system has a set 

point temperature of 26 °C. Which means the cooling systems operates if the air temperature of the 

Type 56 model is at 26 °C. Sensible heating power was set to unlimited. Also, the dehumidification 

system was turned off. 

 

Wall construction: Additionally, wall construction of the model was also modified. The Type 56 

model uses wall configuration from parameter optimization of the PASSY cell. This is a medium 

ranged wall with a thickness of 0.158 m. Consists of three massive layers and one massless layer. 

The U-value of the wall is 0.581𝑊/𝑚2𝐾. This wall construction was used for the whole building 

envelope. The walls are kept adiabatic except south oriented wall to match the VEC module. 

 

Integrated shading control for external façade system on Type 56 model uses a detailed mode. This 

detailed mode requires a *.DAT file generated by LBNL Windows & Daylighting Software (rest of 

the information in “Window Type” manager is generated automatically).  

 

Outcome of the PASSYS model 

 

The online plotter with file (Type65a) is used to display selected system variables while the 

simulation is progressing. This component allows TRSYS user to observe the behavior of the Type 

56 model in each times step and store this data in a specific file type. In this instance of the Type65a 

online plotter, data sent to the online plotter is automatically printed, once per time step to a user 

defined external file. TRNSYS supplied unit descriptors (kJ/hr, kg/s, degC, etc.), if available, will be 

printed along with each column of data in the output file. The PASSYS model has for outcome is 

divided into three specific sections.  
Table 20: Type65a data output for the thermal model 

# Output of Temperatures   # Other outputs 

1 Ambient Temperature  1 BUI Heat Demand 

2 Air temperature from BUI   2 BUI Cool Demand 

3 Operative Temperature from BUI  3 VEC Cool Demand 

4 Air temperature from VEC  4 VEC Heat Demand 

5 Operative Temperature from VEC  5 Melanopic Effect Measuring point 5 

   6 Melanopic Effect Measuring point 6 

 

Simulation variants for the thermal model 

 

Simulation variants consisted of three thermal models as discussed in the previous section. First 

thermal model considers the Reference strategy in the VEC module for simulation. Second and third 

model considers Stationary strategy. Moreover, second and third model contains a two different 

façade configuration. Second model was equipped with External Raffstore systems for the upper part 

of the façade (FA3) and also the lower part of the façade (FA2). On the other hand, third model was 

equipped with Light re-directing shading systems for the upper part (FA3) and lower part remained 

same as the second model. Following table contains a graphical intepreation of the models.  
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Table 21: SketchUp models of Strategies that used for VEC module 
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5-2-2 Thermal model setup of the technical faculty building model in TRNSYS 

 

The technical faculty building consists of eight floors. Solar entry had a high influence on the 

building form south oriented section of the building. Therefore, the southern half of the 5th floor (in 

Figure 39) was selected for the simulation. The simulation of this thermal model predicts the summer 

behavior of the building. The weather data for the two months of summer was obtained from ZAMG. 

Surrounding building and trees does not block solar radiation on the south oriented section; therefore, 

the shading system could be determined exclusively. 

 

 

Figure 39: South section of the Technical faculty building for the thermal design 
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The zone model in Dynbil software divided in 8 zones. Zone 7 was marked as a communal zone. 

Zone 6 was is a hallway. Zone 1 to 5 was assumed as office rooms (in Figure 40). However, for 

simulation of daylight entry in each room was necessity for this project, for that design was divided 

into 14 thermal zones for TRNSYS simulation (in Figure 40). 

 

 

Figure 40: Zone modelling with Dynbil 

Due to the fact that TRNSYS has different approach for the heat transfer and ventilation systems, 

three zones were neglected from Dynbil model; zone 8, zone 9 and zone 10, to setup the TRNSYS 

thermal model. In the Dynbil model, system these three zones were used to create a network of the 

heat transfer and ventilation system. Also, Dynbil model was made before the refurbishment of the 

building. After the refurbishment the floor plan has changed. Therefore, the geometrical model of 

Dynbil and TRNSYS simulation models have dissimilarities. Figure 41 shows the thermal zoning to 

analyze technical faculty building in the form of SketchUp model.  

 

Input parameters 

In addition to all required variables, such as geometry, components exterior/interior, climate data set; 

three most important parameters were also analyzed:   internal heat sources, ventilation concept and 

window characteristics then adopted in the thermal simulation. For the simulation of Dynbil model 

three variants were prepared. First variant (current) retained the current condition, second variant 

simulated standard refurbishment condition and the last one develops the thermal envelope with 

maximum heat protection. To analyze this project, first and third variants were used. 
 
Internal heat gain 

Prior to the simulation of the variants, all possible internal heat sources were evaluated. This 

information was taken over from the Dynbil models and implemented in TRNYS model. As this 

building is an office building, the occupancy schedule only taken account during weekdays. Internal 

gain due to human was overtaken from the library of TRNBUILD (PERS_ISO02). Lighting sources 

gain consisted of convective gain of 12.6 𝑘𝐽/ℎ and radiative gain of 5.4 𝑘𝐽/ℎ relative to floor area. 

Working equipment includes mostly gain from computing and electronic devices. Stand by systems 

considers devices which were in operation during the non-occupancy hours. The flood model 

contains a server section which has convictive gain of 581𝑘𝐽/ℎ. After the renovation, the lighting 
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system had an automated control system depending on depending on daylight by KNX bus systems. 

The table below shows the hourly determined load profile during summer period. 

 

 

Figure 41: Thermal zoning of the technical building for TRNSYS 

 
Table 22: Gains with schedule for the thermal model of technical faculty building 

  
  Hours 

  
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 0 

Person   
                                                

Convective  156 kJ/h 

Radiative       68 kJ/h 

100% 
                

                    
            

50% 
                                                

Lighting 

                         Convective  12.6 kJ/h 

Radiative       5.4 kJ/h 

 

50% 

                                                

Working equipment 

 
                         Convective    690 kJ/h 

Radiative       138 kJ/h 

100% 

                

                    

            

50% 

            

                            

        

Standby Devices 
 

                        Convective  

     South         54   kJ/h 

     East           65   kJ/h 

     West          49   kJ/h 

     Small         33   kJ/h  

     Corridor   581   kJ/h 

100% 

            

                            

        

   50% 

               

                    

            

Server 
 

                                                

Convective    581 kJ/h 

 

100% 
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Ventilation concept with TRNFLOW 

Ventilation system of the technical faculty building model was designed with TRNFLOW. Natural 

ventilation occurred from the external node (EN_001) to the thermal node for each room by the 

window or large opening. Wind pressure coefficients values for the external node (EN_001) were 

overtaken from Air infiltration and Ventilation Centre’s publication ‘Air Infiltration Calculation 

Techniques’ (IES-LTD, 2016). The window configurations are top hung window as discussed in the 

earlier section of this document. In the large opening type manager (Appendix (I)), the top hung 

window was designed. The height of the opening is 1.72 m and the width is 1.4 m. Pivoting axis is 

situated at the top of the window as it is a top hung window. Window opening factor of the building 

was adopted from the KNX_Data processed in MATLAB. Night ventilation is also adopted in the 

design. The discharge coefficient (𝐶𝑑 − 𝑣𝑎𝑙𝑢𝑒) obtained using the ‘MacrFlo Calculation Method’ 

(IES-LTD, 2016). The discharge coefficient of a large opening is the ratio between the real flow rate 

through the opening and the theoretical flow rate calculated with the Bernoulli equation. For this 

model completely opened and completely closed opening 𝐶𝑑 − 𝑣𝑎𝑙𝑢𝑒 was 0.448. Wind velocity 

profile was adopted from a model previously worked out (in Table 23). 

 
Table 23: Velocity profile of wind for TRNFLOW model 

# Direction angle Velocity exponent 

1 0.00 0.3 

2 90.00 0.2 

3 180.00 0.4 

4 270.00 0.2 

 
Table 24: Wind pressure coefficient 

Wind direction EN_001 EN_002 

0.0 0.550 0.550 

22.5 0.450 0.450 

45.0 0.240 0.240 

67.5 -0.180 -0.180 

90.0 -0.615 -0.615 

112.5 -0.538 -0.538 

135.0 -0.410 -0.410 

157.5 -0.333 -0.333 

180.0 -0.290 -0.290 

 

The exhaust air from each room is transferred to corridor (zone Room_Corridor) by rectangular duct 

systems. From the corridor zone most of the air is sucked by a fan designed with in the model and 

released to an external node (EN_002). Figure 42 shows the airflow network of the building model of 

south side. Required flowrate for the corridor zone was 514𝑚3/ℎ. In order to reach the flowrate a 

suitable fan was selected. Other Mechanical ventilation systems for the supply of fresh air into rooms 

were also modelled in TRNBLD. According to the calculated flow rate of the corridor zone fan curve 

was designed. Air exchange rate 1/h was used to calculate the required flow rate of the corridor zone. 

The pressure difference values were adopted from a similar building model which was previously 

design for one of the research studies.  
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Figure 42: TRNFLOW model of the building (left); Fan curve for TRNFLOW mode (right) 

Existing façade system modelling shading  

 

For the purpose of comparing building behaviour bweteen the existing façade system and VEC 

integrated façade systems, several TRNSYS models were generated. One of the design model 

contains the existing façade system and the other model contains VEC integrated façade systems. As 

discussed earlier, the existing façade system is automatically controlled by implemented KNX 

system. KNX automation data, which was analyzed by MTALAB, for the shading system opening 

factor then used in the model for simulation. KNX data has a value in from 0 to 1. 0 means the 

shading system is completey closed and 1 means the shading is clompletey closed. Implementation of 

these factors directly to TRNSYS as a FC-factor (external shading factor) would make the model 

unrealistic. With the value 1 for FC-factor means that there is no solar heat gain in the room because 

it assumes as there is no blind included in the model and vice versa for value 0. Therefore, work 

arround was applied to solve this issue. To implement this façade in TRNSYS, two model were 

preapred for the calculation solar heat gain coefficient of the façade with and without the venetian 

blind in the software WINDWOS 7.3 (Table 25). From this two models a logical solar heat gain 

faraction was calculated (0.7) and applied as input for the FC-factor together with KNX opening 

factor. The existing façade systems contains 3 glazing layers and 3 fluid layers.  
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Table 25: Existing façade system modelling with WINDOW 7.3 

With Blind (45° slat angle)  Without Blind 

ID Existing façade system [mm]  ID Existing façade system [mm] 

7197 Glazing 1 (ip_fl_4.ipe) 4.0  7197 Glazing 1 (ip_fl_4.ipe) 4.0 

1 Gas 1 (Air, 100%) 10.0  1 Gas 1 (Air, 100%) 48.8 

22056 0.4” Venetian Blind  28.8  7199 Glazing 2 (ip_fl_6.ipe) 6.0 

1 Gas 2 (Air, 100%) 10.0  9 Gas 2 (Air, 10%; Argon 90%) 16.0 

7199 Glazing 2 (ip_fl_6.ipe) 6.0  7111 Glazing 3 (ip_ipl6E.ipe) 6.0 

9 Gas 3 (Air, 10%; Argon 100%) 16.0  9 Gas 3 (Air, 10%; Argon 90%) 16.0 

7111 Glazing 3 (ip_ipl6E.ipe) 6.0  7199 Glazing 4 (ip_fl_6.ipe) 6.0 
       

U-Value – 0.791 W/m2-K  U-Value – 0.791 W/m2-K 

SHGC – 0.483  SHGC – 0.143 
 

 
 

 
 

 
 

 
 

Table 26: Slat configuration of the venetian blind system 

Slat width [mm] 40.80 

 

Spacing [mm] 30.40 

Rise [mm] 4.00 

Blind thinckness [mm] 28.84 

Tilt angle 45° 

 

 
Figure 43: Thermal model of the technical building in TRNSYS simulation studio 
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5-2-3 Modelling and parameter Identification of the PASSYS Cell 

 

This section describes the parameter identification for thicknesses of wall layers and thermal 

capacitance of air of a PASSYS test cell at University of Innsbruck. Figure 44 below shows the 

PASSYS Test cell facing southwards. For the simulation of VEC module behavior with the 

innovative façade system, it is necessary to replicate for simulation model.  Dimensions of the test 

room are height 2.75 m, width 2.76 m and depth of 5 m with an adjacent service room. The boundary 

conditions of the PASSYS cell were measured over the two weeks’ period (4th of January 2016 to 

18th January 2016). This parameter identification problem optimizes root mean squared value of the 

overall difference between measured data (inside surface temperature of 5 surfaces and air 

temperature) and simulated data. In Figure 44, PASSYS test cell was modelled using SketchUp and 

third party plug-in, TRNSYS3D. There are two thermal zones for the model, test room and service 

room. Measurement data includes surface temperatures of walls (inside and outside), Room 

Temperature (Test and Service), power required for heating, losses through south oriented wall 

(calibration wall), ambient data (ambient temperature and relative humidity) and heat gain through 

ventilation device. The south oriented wall or the calibration wall kept as adiabatic wall. Rest of the 

walls assumed as non-adiabatic. Transmission heat loss measured through the south wall is an input 

for the cooling service for the room. The cell has no active cooling service during the measurement 

period but heating service was active. Heating power measured over the measurement period and 

used as an input for the model. Service room walls designed as adiabatic with ideal heating and 

cooling systems, as the focus of the study was to replicate the model of the PASSYS cell. Infiltration 

of the cell was measure as 0.4 ACH at negative 50 Pascal. Ventilation system inside the model 

consists of a fan. Heat gain from the fan was also measured and used as an input for the model. 

Following table shows the lower bounds, initial values, upper bounds and steps of independent 

parameters and all these are continuous. 

  

 

Figure 44: Parameter identification model of PASSYS 

 

Transmission loss 

through 

calibration wall 

Adiabatic with 

ideal heating and 

cooling 

Walls with 

boundary condition 

�̇� heat 



 
Simulation Process 

Kazi Alam                                                                                                                                                                                                            74 

Case studies on an integral, simulation based energy 
efficient open loop control for daylight and artificial lighting 

 
Table 27: Lower bound, initial values, upper bounds and steps of independent parameters 

#  Lower bound Initial Upper Step 

1 Thermal Capacitance of Air 33 43.2 53 0.01 

2 STYROPOR thickness of East wall 0.08 0.4 0.5 0.001 

3 STYROPOR thickness of West wall 0.08 0.4 0.5 0.001 

4 STYROPOR thickness of Test to Service wall 0.08 0.25 0.5 0.001 

5 STYROPOR thickness of Ceiling  0.08 0.4 0.3 0.001 

6 STYRODUR thickness of Floor 0.08 0.4 0.5 0.001 

7 CHIPBOARD thickness of East wall 0.005 0.02 0.025 0.001 

8 CHIPBOARD thickness of West wall 0.005 0.02 0.025 0.001 

9 CHIPBOARD thickness of Ceiling  0.005 0.02 0.025 0.001 

10 Concrete thickness of Floor 0.01 0.08 .0085 0.001 

 
 

Setup of the parameter Identification problem 

 

Next steps are the task of specifying parameter’s range in the input files, cost function identification 

in the output file that needs to be minimized, specifying optimization algorithm, the simulation 

program startup process and determining the location of the input and output files. 

 

GenOpt manual explains detailed information of running the parametric identification process 

including mathematical description of the algorithm to be used for the process. While we outline all 

necessary steps to set up an optimization run, we have to refer to the GenOpt manual for a more 

detailed explanation of the various keywords, as well as for the mathematical description of the 

optimization algorithm. Based on Figure 28, the outline of how GenOpt performs the simulation runs 

as follows: GenOpt reads the simulation input template files, which are nothing but the simulation 

input files where the numerical values of each independent parameter was replaced by its variable 

name. GenOpt then replaces these variable names by numerical values (which were determined by 

the chosen optimization algorithm) and writes the simulation input files. Afterwards, GenOpt starts 

the simulation program, waits until the simulation is completed, and then reads the simulation log 

files and the simulation output file. The simulation log files indicate whether the simulation had an 

error. If not, GenOpt searches the objective function value in the simulation output file. An 

initialization file tells GenOpt where all files are located. The command file lists the independent 

parameters and their bounds. It also specifies what algorithm should be selected from GenOpt's 

algorithm library to perform the optimization. The configuration file tells GenOpt what messages in 

the log file indicate a simulation error, and how GenOpt has to start the optimization (Wetter, 2000). 

 

i.Specification of Independent Parameters 

 

Following Table 28 lists the input files that need to update before the optimization run. Table 
29Replacement of each numerical value that has to be optimized with a variable name in the 

simulation input file. Each variable name needs to be enclosed in percentage signs to distinguish 

variable names from other text in the input files. The variables within the percentage signs 

(%capTR%, %thi1% etc.) are the name of the independent parameters. The name has to be specified 

in the optimization command file. To do that an equation block was used in TRNSYS simulation 

studio (by manually editing in *.DCK file) to make a connection between the optimization file and 
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the simulation input file. Table 30 shows the specification of all independent parameters listed for 

optimization command file. 

 
Table 28: Input files needed to update 

Input Files   

Initialization: Specification of file location 

 (Input files, output files, log file, etc.) 

Command: Specification of parameter names, initial values, 

 bounds, optimization algorithm, etc. 

Configuration: Configuration of simulation program 

 (Error indicators, start command, etc.) 

Simulation input template: Templates of simulation input files 

 
Table 29: variable defining in the template file 

 
Table 30: Parameter specification in optimization command file 

Parameter specified in Optimization Command file 

Parameter {Name    = ctr1; Min     = 33     ;Ini    = 43.2; Max     = 53     ;Step    = 0.01 ;Type     = CONTINUOUS;} 

Parameter {Name    = h1;Min        = 0.08  ;Ini    = 0.4; Max       = 0.5    ;Step    = 0.001;Type    = CONTINUOUS;} 

Parameter {Name    = h2;Min        = 0.08  ;Ini    = 0.4;Max       = 0.5     ;Step    = 0.001;Type    = CONTINUOUS;} 

Parameter {Name    = h3;Min        = 0.08  ;Ini    = 0.25;Max     = 0.3     ;Step    = 0.001;Type    = CONTINUOUS;} 

Parameter {Name    = h4;Min        = 0.08  ;Ini    = 0.4;Max        = 0.4    ;Step    = 0.001;Type    = CONTINUOUS;} 

Parameter {Name    = h5;Min        = 0.08  ;Ini    = 0.4;Max        = 0.5    ;Step    = 0.001;Type    = CONTINUOUS;} 

Parameter {Name    = h6;Min        = 0.005;Ini    = 0.02;Max      = 0.025;Step    = 0.001;Type    = CONTINUOUS;} 

Parameter {Name    = h7;Min        = 0.005;Ini    = 0.02;Max      = 0.025;Step    = 0.001;Type    = CONTINUOUS;} 

Parameter {Name    = h8;Min        = 0.005;Ini    = 0.02;Max      = 0.025;Step    = 0.001;Type    = CONTINUOUS;} 

Parameter {Name    = h9;Min        = 0.01  ;Ini    = 0.08;Max      = 0.085;Step    = 0.001;Type    = CONTINUOUS;} 

 

ii. Specification of Algorithm 

 

GenOpt contains a library of optimization algorithms for different kind of optimization problem. In 

the optimization command file, optimization algorithm was specified. This section has following 

formation in the optimization command file:  

 
 
 

Replacement of each numerical value 

CAPACITANCE = %capTR% 

WALL OUTWALL_PASSYS_L_E 

 LAYERS   = CHIPBOARD_KAURAMIN_1 STYROPOR_1 STEEL_GALVANIZED_1 MINERAL_WOOL_1 STEEL_SHEET_1 
 THICKNESS= %thi6%               %thi1%     0.002            0.05         0.002 

WALL OUTWALL_PASSYS_L_W 

 LAYERS   = CHIPBOARD_KAURAMIN_1 STYROPOR_1 STEEL_GALVANIZED_1 MINERAL_WOOL_1 STEEL_SHEET_1 
 THICKNESS= %thi7%               %thi2%     0.002            0.05         0.002 

WALL WALL_TEST_TO_SERVICE 

 LAYERS   = CHIPBOARD_KAURAMIN_1 STYROPOR_1 STEEL_GALVANIZED_1 MINERAL_WOOL_1 

CHIPBOARD_KAURAMIN_1 
 THICKNESS= 0.02               %thi3%    0.001            0.05         0.02         

WALL OUTWALL_PASSYS_L_C 

 LAYERS   = CHIPBOARD_KAURAMIN_1 STYROPOR_1 STEEL_GALVANIZED_1 MINERAL_WOOL_1 STEEL_SHEET_1 
 THICKNESS= %thi8%                %thi4%      0.002            0.05         0.002 

WALL FLOOR_PASSYS_L 

 LAYERS   = FLOORING_1 CONCRETE_B6D_1 STYRODUR_40_1 STEEL_SHEET_1  

 THICKNESS= 0.003      %thi9%           %thi5%           0.002 
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Algorithm{ 
  Main = GPSPSOCCHJ; 
  NeighborhoodTopology = vonNeumann; 
  NeighborhoodSize = 20; 
  NumberOfParticle = 70; 
  NumberOfGeneration = 170; 
  Seed = 1; 
  CognitiveAcceleration = 2.8; 
  SocialAcceleration = 1.3; 
  MaxVelocityGainContinuous = 0.5; 
  MaxVelocityDiscrete = 4; 
  ConstrictionGain = 0.5; 
  MeshSizeDivider = 2; 
  InitialMeshSizeExponent = 0; 
  MeshSizeExponentIncrement = 1; 
  NumberOfStepReduction = 4; 
} 

 

This specification causes GenOpt to use the Hybrid Generalized Pattern Search Algorithm with 

Particle Swarm Optimization Algorithm, and to pass few additional parameters to the algorithm 

(Wetter, 2011). In the optimization command file, Optimization Settings has to be specified where 

the maximum number of iterations and some other parameters that were commonly used by all 

optimization algorithms. The settings are as follow: 

 
OptimizationSettings { 
    MaxIte = 3000; 
    MaxEqualResults = 6; 
    WriteStepNumber = false; 
} 

 

iii. Specification of Simulation Program 

 

To specify how GenOpt can start the simulation program, and what messages in the simulation log 

file indicate an error of the simulation program it is necessary to indicate. This information is stored 

in the simulation configuration file. GenOpt's installation already contains such files for TRNSYS 

and various simulation programs (e.g., DOE-2, SPARK, EnergyPlus, etc.). The user does not need to 

modify these files. (Wetter, 2000) 

 

iv. Cost Function Value to be minimized 

 

Since TRNSYS write their output in text files that contain the function values and additional text, it 

is necessary to specify how GenOpt can locate the objective function value in the simulation output 

file. The output file for this project looks like. 

 
Minimum Integrated Values 
Label not available 
Minimum Value   +0.1063361962498584E+05 
Time of Minimum   +0.7500000000000000E+03 
Sum (note: sums are set to zero for inputs that were not integrated.) 
Label not available 
Total   +0.1063361962498584E+05 
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Then, the function value to be read from the output file is beyond the strings “Total”. Therefore, it is 

specified in the optimization configuration file a section of the form 

 
ObjectiveFunctionLocation {   
    Name1      = "dTmin"; 
    Delimiter1 = "Total" ;  
} 

 

Cost Function 

 

For building performance, analysis error can be defined as the difference between a predicted value 

and a measured value. In the present case, the error calculated for summation of the indoor air 

temperature and inside surfaces temperature averaged in the test room. Calculation of Cost function 

skipped first 50 hours to stabilize the model up to certain level.  

 

𝑅𝑀𝑆𝐷 = √
∑ (𝑚𝑎𝑖 − 𝑠𝑎𝑖)

2 + ∑ ∑ (𝑚𝑠𝑗𝑖 − 𝑠𝑠𝑗𝑖)
25

𝑗=1
𝑛
𝑖=1

𝑛
𝑖=1

𝑛
 

 

Here, 

𝑚𝑎𝑖    = measured air temperature  

𝑠𝑎𝑖      = simulated air temperature value that are read from TRNSYS 

𝑚𝑠𝑗𝑖    = measured inside surface temperature of different orientation of the wall  

𝑠𝑠𝑗𝑖     = simulated inside surface temperature of different orientation of the wall  

 

File Location 

 

As the last step, the optimization configuration file where all the files are located needed to specified. 

At the end this process, the simulation process was performed. 
 

5-3 Integrative simulation setup and control strategy implementation 
 

This section describes the inclusion of VEC module with thermal modules prepared in TRNSYS. For 

coupling the thermal module with VEC a TRNSYS library component, Type 155, was used. Type 

155 calls MATLAB as an external program to communicate with VEC. Later in this section, 

implementation of Python script which runs simulation with different strategies is described.  

5-3-1 Coupling routine in MATLAB between TRNSYS and VEC-module 

 
Primary objective for this project is to perform a feasibility analysis for different innovative façade 

settings. In order to do that, a façade system both physically and virtually installed on a PASSYS cell 

test cell following the façade configuration specified in VEC module. The same façade configuration 

was also tried out virtually on the south section of fifth floor at the main building of the faculty of 

civil engineering of the University of Innsbruck. Virtual model or simulation model for these cases 

were prepared using TRNSYS Multizone Building (Type56 - TRNBUILD) which included the VEC 

module for analyzing thermal, visual and non-visual comfort criteria. To integrate the VEC module 
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in a TRNSYS simulation, a specific type of component, Type 155, was chosen because the module is 

based on Excel and Type 155 links TRNSYS and VEC module.  

 
TYPE 155: TRNSYS-VEC link 

 

This TRNSYS Type implements a link with MATLAB. The connection uses the MATLAB engine, 

which is launched as a separate process. The FORTRAN routine communicates with the MATLAB 

engine through a Component Object Model (COM) interface. Type 155 can have different calling 

modes (e.g. iterative component or real-time controller). There are no specific limits on the number 

of inputs, outputs, or instances of Type 155 in a simulation. For this project, MATLAB version 

2012b is used. (TRNSYS, 2011) 

 

 
Figure 45: Workflow diagram in TRNSYS with Type 155 

Component configuration 

 

Parameters 

 

 Parameter 1 is a Mode reserved for future use. 

 The number of inputs and outputs are set by Parameters 2 and 3 

 Parameter 4 (Calling Mode) describes the iterative behavior of this component. The values 0 

and 10 are defined: 

o 0: Standard Iterative component (called at each call of each time step).  

o 10: Non-iterative component called at the end of each time step, after integrators and 

printers - This is suitable for a controller that calculates its outputs for one-time step 

based on the converged ("measured") values of previous time step. (Appendix (VI)) 

 

MATLAB m-file 

 

Type 155 uses a m-file which is simple text file which contains MATLAB commands. The path and 

filename of MATLAB file are provided in a LABEL statement. The given pathname for this 
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simulation was Relative to the deck (default if no path is specified) and the filename was 

Type155_CallingMatlab_new3.m (Appendix (VI)) 
 

Structure of the m-file 
 

The same m-file will be called at each call to MATLAB. Hence, the m-file must handle the different 

TRNSYS calls. The m-file called by Type 155 is a MATLAB "batch file", not a function (variables are 

created by TRNSYS in the main workspace). MATLAB does not only receive the inputs in trnInputs but 

also other information about the simulation: 
 

 trnInfo (a copy of the INFO array) 

 trnTime (simulation time) 

 trnStartTime (simulation start time) 

 trnStopTime (simulation stop time) 

 trnTimeStep (simulation time step) 

 mFileErrorCode (see here below) 
 

MATLAB must return outputs in trnOutputs. In order to prevent memory access violations in case 

the m-file fails, TRNSYS creates the output array (trnOutputs) with the correct size before running 

the m-file. All errors will result in nice error handling and not a memory access violation as long as 

no reduction the size or deleting the output array occurs in the m-file. Another mechanism is 

implemented to prevent TRNSYS from continuing a simulation in case the m-file fails. Before 

running the m-file, TRNSYS creates a variable called mFileErrorCode which is initialized to 1. If the 

value of that variable is not zero when MATLAB returns, the simulation will stop and TRNSYS will 

display an error message with the value of mFileErrorCode. This can be used by the m-file to give a 

hint about what happened if the value of mFileErrorCode is incremented at different places in the m-

file (TRNSYS, 2011). The m-file can be divided into five primary sections to simplify the approach 

of VEC module integration. These sections are described below. 
 

Table 31: Input and output of Type155 

#  Type of Input  # Type of Output 

1 Year  1 Boolean value for blind (on/off)  

2 Month  2 Upper Angle of blind (FA3) 

3 Day  3 Lower Angle of blind (FA2) 

4 Hour  4 resultierende Ev TL Bereich MP5 [lx] 

5 Minute  5 resultierende Ev TL Bereich MP6 [lx] 

6 Second  6 Indoor air temperature [° C] 

7 External-temperature [°C]  7 Indoor temperature (operative) [° C] 

8 Radiation global vertical [W/m²]  8 Cooling demand [W/m²] 

9 Radiation diffuse vertical  [W/m²]  9 Heating demand [W/m²] 

10 Radiation global horizontal [W/m²]  10 Electric Light W/m² 

11 Radiation diffuse horizontal   [W/m²]    

12 Illuminance global horizontal [lx]    

13 Mass Temperature (Time step before) [°C]    
 

 Process Inputs and global parameters 

This section processes input data which is linked with Type 155.  

 First call of the simulation: initial time step 

In this section, MATLAB creates a local OLE (Object Linking and Embedding) Automation 

server, where 'Excel.Application' is the programmatic identifier of an OLE-compliant COM 
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(Component Object Model) server. Returns ‘Excel’, is a handle to the default interface of the 

server. Using this facility VEC module was integrated with TRNSYS simulation and made it 

available throughout all iterative calls in TNRSYS.     

 Very last call of the simulation  

In the very last step of simulation, the Excel file is saved and closed.  

 Post convergence calls: store values 

This is an extra call that indicates that all Units have converged. However, this section was 

not used for the simulation purposes.  

 All iterative calls 

Every iterative call of the simulation process obtains information from weather input data 

(Table 31) and replaces the specific cell on the Excel workbook of VEC module to find out 

the required output (Table 31). 

 

5-3-2 Establishing Analyzing routine in Python 
 

For the analysis of the thermal model of PASSYS test cell with VEC module in TRNSYS, several 

simulations were performed. Each simulation requires a certain amount of time. In order to run all 

the simulation and store the results within a specific directory wrapper script was created using 

Python. Each indusial simulation variant needs specific type of files and procedures to follow. 

Therefore, user command is required for individual simulation variant. This wrapper script runs all 

the simulation variants autonomously. As results, human effort is reduced. The script is divided into 

several sections. At the beginning, required locations of the simulation variants are located. Besides, 

installed directory of TRNExe.exe is located to perform simulations. Following that, the destinations 

are stored in variables to obtain necessary data to run simulation and to store results. For example, 

the section below of the script locates the current folder and stores the folder location in a variable 

called ‘Folder’. In the next step, script looks up the name of the VEC module from a specific folder 

for available variants model to perform the simulation and creates a list of prompt strategies. These 

prompt strategies are listed at initial the stage while running the script. Prompt part allows the user to 

choose from the list which simulation variants to perform.  

 prompt_strategy = raw_input( 
  "Enter the strategy number(s, seperated by space):\n"+ 
  "\n".join(promtlist)+"\n") 
 

A function called ‘replaceline’ makes the necessary changes to the *.DCK file and *.BUI file of 

PASSYS thermal model. User commands which needed to be performed in order to run simulation 

variants are worked out with this function. 

 def replaceLine(file_path, pattern, newline): 
 #Create temp file 
 fh, abs_path = mkstemp() 
 with open(abs_path,'w') as new_file: 
  with open(file_path) as old_file: 
   for line in old_file: 
    if fnmatch(line,pattern): 
     new_file.write(line.replace(line,newline)) 
    else: 
     new_file.write(line) 
 

In the next steps using the function ‘replaceline’, TRNSYS runs all simulation variations with prompt 

strategies of user choice. Command ‘Call’ used in the script used to run ‘TRNExe.exe’. 
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Chapter 6 RESULTS AND DISCUSSION 
 

6-1 Outcome of parameter identification 
 

To solve the parameter identification, hybrid generalized pattern search algorithm with particle 

swarm optimization algorithm was used. Using this algorithm, the cost function mentioned in the 

previous section was parametrized. Table 32 shows the initial values and the values corresponding to 

the minimizer of the cost function, and Figure 46 shows the values of a specific section of iteration. 

To achieve the minimum, 13828 iterations were required. Since the algorithm required the cost 

function value at some points than once, a total of 7591 TRSNYS simulations were performed by 

GenOpt. One of the primary reasons for a large number of iterations is small step number for the 

variables. Also, the variables are continuous in behavior.  

 The parametric identification of this model reduces the thermal capacitance of air by 20%. This 

could mean that the air inside the room had less moisture content in the air to store heat. On the other 

hand, insulation thickness of the material STYROPOR was decreased on most of the wall except the 

ceiling. The upper bound of the ceiling thickness is 0.4 m in the literature and reached the peak at the 

end of the optimization process. This is because the ceiling was entirely exposed to solar radiation of 

the PASSYS cell assuming that heat gain through ceiling was greater compared to the other wall 

constructions. Wall to service and floor experiences the maximum decrement in terms of thickness of 

STYROPOR material, almost 50% in both cases. PASSYS cell is lifted above from the ground 

therefore the outside surface of the floor is not in contact with the ground. Additionally, the floor was 

not directly exposed to solar radiation and heat exchange occurs in between the outside air and the 

floor, this could result in high heat losses through the floor. Wall to service has a very low overall 

thickness and heat transmission through this was higher than other walls. Besides, thickness of the 

materials with higher thermal mass (Chipboard and Concrete) were also decreased. Materials with 

high thermal mass can store heat which later could cause overheating; therefore, parametric 

optimization reduced these thicknesses.  

Table 32: Initial and parametrized value of the wall thickness and air capacitance 

Parametric optimization variables Initial Value 

[m] 

Parametrized value 

[m] 

Thermal Air Capacitance 43.2 34.75 

STYROPOR thickness of East wall 0.4 0.30125 

STYROPOR thickness of West wall 0.4 0.381875 

STYROPOR thickness of Test to Service wall 0.25 0.13475 

STYROPOR thickness of Ceiling  0.4 0.4 

STYRODUR thickness of Floor 0.4 0.203375 

CHIPBOARD thickness of East wall 0.02 0.012125 

CHIPBOARD thickness of West wall 0.02 0.013 

CHIPBOARD thickness of Ceiling  0.02 0.010875 

Concrete thickness of Floor  0.08 0.018875 

Minimized Cost function value  =    1.362682 
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Figure 46: Part of parameter optimization result 

6-1-1 Fitting the parametric optimization properties 
 

The initial material properties (from literature) before optimization were used to simulate a thermal 

model and compare the measurement data with simulated data. This comparison shows a RMSD 

value of 2.76. Materials properties obtained from the parameter optimization process then used in a 

separate identical TRNSYS thermal model for simulation that fits into two weeks’ measurement 

period of the PASSYS. Two weeks’ worth data was collected from the period of 19th January till 2nd 

of February 2016. A collection of data consists of the similar data type used to analyze the thermal 

model as Table 17. Figure 47 shows the measured and simulated curves of the test room air 

temperature of the PASSYS cell. RMSD value is 0.98 of the simulated curve fitting to the measured 

curve.  

  

Figure 47: Comparison between simulation and measured test room test room air temperature from fit period (left); and 

initial period (right) 

The following figures are the comparison of inside surfaces temperatures (measured vs. simulated) of 

the PASSYS envelope except the south wall. Simulated inside surface temperatures have the same 
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pattern as for all the PASSYS cell envelope constructions as measured values. However, slight 

deviation was observed between measure and simulated cases.  

  

Figure 48: Comparison between simulation and measured test room surfaces (inside) temperatures of ceiling and floor  

  

Figure 49: Comparison between simulation and measured test room surfaces (inside) temperatures of ceiling and floor 

 

Figure 50: Comparison between simulation and measured test room surfaces (inside) temperatures of north wall 
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6-1-2 Validation of parametric optimization model 

 

Finally, materials properties were overtaken again from the parametric optimization to build up a 

thermal model for validation. Validation period takes into account of 5 days’ worth measurement 

data for the comparison of the validation model. Measurement dataset has the identical data type as 

in Table 17. Reported data stored in every 1.5 minutes. Figure 51 shows the comparison of 

simulation and measure test room air temperature and Figure 52, Figure 53 and Figure 54 shows the 

comparison of the inside surfaces temperatures of the PASSYS envelope. RMSD value for the 

validation period is 1.36. RMSD value is higher than fitting period on the other hand lower than 

simulation model with initial materials properties. 

 

Figure 51: Comparison between simulation and measured test room air temperature from validation period 

The following figures are the comparison of inside surfaces temperatures (measured and simulated) 

of the PASSYS envelope except for the south wall. Again, the simulated inside surface temperatures 

have the same pattern as for all the PASSYS cell envelope constructions as measured values. 

However, slightly higher deviation was observed between measure and simulated cases compared to 

the curve fitting period. 

  

Figure 52: Comparison between simulation and measured test room surfaces (inside) temperatures of floor and ceiling 
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Figure 53: Comparison between simulation and measured test room surfaces (inside) temperatures of west and east wall 

 

Figure 54: Comparison between simulation and measured test room surfaces (inside) temperatures of north wall 
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model which predicts the primary energy demand, melanopic effect, inside surface temperature of the 
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6-2 Simulation variants analysis on PASSYS Cell  

 

The simulation variants for the PASSYS cell thermal model include three thermal models: One of the 

models follows Reference strategy and the other two models follow the Stationary strategy. In the 

first part of the analysis Reference and Stationary is compared with external Raffstore façade system. 

Second section compares Stationary strategy with external Raffstore with the light redirecting 

system. The third section compares the models if the light redirecting system if increasing the glazing 

area has any greater influence on the model or not. Final section discusses the slat angles distribution 

together with the comparison of glazing surface temperature (inside) upper and lower part of the 

25

30

35

40

45

50

0 15 30 45 60 75 90 105 120 135

Te
m

p
e

ra
tu

re
 [

°C
]

Simulation Hours

West

T_Meas_west °C
T_Sim_West °C

25

30

35

40

45

50

0 15 30 45 60 75 90 105 120 135

Te
m

p
e

ra
tu

re
 [

°C
]

Simulation Hours

East

T_Meas_east °C

T_Sim_East °C

25

30

35

40

45

50

0 15 30 45 60 75 90 105 120 135

Te
m

p
e

ra
tu

re
 [

°C
]

Simulation Hours

North

T_Meas_north °C
T_Sim_North °C



  
Results and Discussion 

Kazi Alam                                                                                                                                                                                                            86 

Case studies on an integral, simulation based energy 
efficient open loop control for daylight and artificial lighting 

façade system. Comparison models predict the primary energy demand (heating systems, cooling 

systems and artificial lighting systems), thermal comfort criteria (PMV/PPD, Room temperature and 

operative temperature) and melanopic effect in the PASSYS cell. From the literature primary energy 

demand factors taken are as follow artificial lighting system 2.4, heating system 0.68 and cooling 

system 0.96. 

6-2-1 Comparative analysis between Reference and Stationary strategy  

 

Reference and stationary strategy applied on the PASSYS cell with external Raffstore to compare the 

primary energy demand, thermal comfort and the melanopic effect, inside glazing surface 

temperature and slate angle frequency. This analysis is based on monthly and yearly data.   

Energy demand 

According to the Figure 55 primary energy demand for the heating system for the Reference case is 

29.34  𝑘𝑊ℎ/𝑚^2 /𝑦𝑒𝑎𝑟 and for the Stationary model 12.78𝑘𝑊ℎ/𝑚^2 /𝑦𝑒𝑎𝑟 which means almost 

56% reduction of primary energy demand for heating. This clearly indicates that the energy demand 

is reduced with Stationary strategy though it predicts 5 times more cooling demand than the reference 

case. As the PASSYS cell is highly insulated it had higher cooling demand that was predicted during 

simulation period, even during spring and autumn months. This is avoided by allowing occupants to 

open the window for ventilation when the outside temperature is lower 15°C. Daily energy demand 

for the reference case is higher than stationary strategy almost every day of the year except summer 

months as summer months. In reality, it is not expected that occupants turn on heating system during 

summer month in Austria. Though for both strategies heating energy demand is predicted during 

summer. As PASSYS system is not exactly fitting to the reality and below the set point temperature 

(20°C) the heating system starts operating automatically. Nevertheless, an overall reduction in energy 

demand is 30%.   

  

Figure 55: Primary energy demand (left) and daily energy demand (right) (Reference vs. Stationary with external 

Raffstore) 

Artificial light 
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The following carpet plots shows the daily pattern of the aritificial lighting demand, heating demand 

and cooling demand. According to the plots, during winter months 20 𝑘𝑊ℎ/𝑚^2  is required to light 

up the reference cases. For the stationary case the demand is even higher for the winter months. This 

is because during winter the shading system blocks the horizontal solar radiation in order to protect 

from glare. As a result, artificial light required to light the up the working plane. Heating energy 

demand pattern shows more heating demand for the reference case. This could be caused due to slat 

blinds angle. In Figure 57, the slat angle is for reference case is mostly in 0° which allows more heat 

loss through the façade. As a result heating demand is higher. On the other way, for protecting the 

occupant  from glare, the reference case uses 45° slate angle it increases aritifical light which can be 

seen from primary energy demand plot. From the heating energy demand plot, autumn and spring 

months are also having higher demand for the reference case compared to stationary case. However, 

overall heating energy demand is reduced in the stationary case.  

 

 

Figure 56: Annual carpet plot for artificial light (left) and heating (right) energy demand   

Vertical solar radiation during summer months is blocked by stationary strategy mostly compared to 

reference strategy. As a result, carpet plots for cooling demand for the reference case is lower during 

summer months compared to stationary case. In the carpet plots there are sharp cut of heating and 

cooling demand this is because model adopts the workings hours as this study only looks at the 

behavior of office building. Heating system is always in operation for this model. 

 

  

Figure 57: Annual carpet plot for cooling energy demand (left); Slat angle frequencies of reference strategy (right) 
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Melanopic effect  

Melanopic effect measured by mean value of per working day of each month for the monthly 

melanopic effect curve and mean value of per working day of each month for the yearly melanopic 

effect curve divided by 5000 lux hours to obtain the percentage value. Reference strategy has on an 

average of 40% of daylight availability to reach the 5000 lux on a monthly basis. Annual data shows 

almost 20% more daylight availability for the stationary case compared to reference case. Daily 

carpet plot has a trend of evenly distributed daylight hours for the stationary case 1000 blx. ‘blx’ is 

weighted daylight distribution value invented by ‘Bartenbach’. This weighted function takes low 

daylight hours higher priority and the high daylight hours as low priority. For the Reference case the 

carpet plots shows lower daylight autonomy within the range 600 blx to 200 blx which is lower in 

than stationary case. 

  

Figure 58: Melanopic effect comparison annually and monthly (left) and carpet plot for daily melanopic effect (right) 

 

Thermal comfort criteria 

Comparative analysis of thermal comfort is analyzed by two methods: by comparing room 

temperature and operative temperature and with Fanger PMV/PPD method. Stationary case has the 

higher operative temperature than the reference case (in Figure 59); the reason could be that the 

temperature of inner surface of glazing is higher compared to the glazing temperature of reference 

case. Figure 60 shows a comparison between the inside glazing surface temperature of lower and 

upper part of the façade using reference and stationary strategies; the data for the plots were sorted by 

smallest to largest values. According to these graphs, for both upper and lower façade’s inside 

surface temperature is higher for stationary strategy compared to reference case. This is because 

stationary strategy allows more daylight entry than reference case. Besides the Fanger PMV/PPD 

plot indicate that occupants may feel a sensation of cold temperature with reference strategy; whereas 

the stationary strategy allows a well distributed thermal sensation inside the room for the occupants.    
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Figure 59: Comparison of room temperature and operative temperature (left); PMV and PPD comparison (right) 

Insides glazing surface temperatures for upper and lower part of the façade comparison shown below 

in the graph. Reference strategy has a lower temperature pattern than stationary. As reference 

strategy has either 0° or 45° angle for the slat position and majority of the simulation time it 

remained in 0°. That means the shading system was open allowing more heat loss through the 

glazing.  

  

Figure 60: Inside glazing surface temperature of lower and upper part of the façade using reference and stationary 

strategies 

6-2-2 Comparative analysis of Stationary strategies  
 

Stationary strategy applied on the PASSYS cell with external Raffstore and light re-directing shading 

system to compare the primary energy demand, thermal comfort, the melanopic effect, inside glazing 

surface temperature and slate angle frequency. This analysis is based on monthly and yearly data.  

Energy demand 

According to the Figure 61 primary energy demand for the heating system for the stationary case 

with external raffstore is 12.78 𝑘𝑊ℎ 𝑚2⁄ /𝑦𝑒𝑎𝑟 and for the Stationary case with light redirecting 

shading system  11.76 𝑘𝑊ℎ/𝑚^2 /𝑦𝑒𝑎𝑟 which both the strategies has almost similar primary energy 

demand for heating. The cooling primary energy demand is 5.52 𝑘𝑊ℎ/𝑚^2 /𝑦𝑒𝑎𝑟 for the stationary 

case with external raffstore and 4.48 𝑘𝑊ℎ/𝑚^2 /𝑦𝑒𝑎𝑟 for the Stationary case with light redirecting 
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shading system. Slightly decreased in stationary case with  light redirecting shading system though 

no significant improvement for using light redirecting shading system. It is predicted that light 

redirecting systems allow more daylight which in turn reducing the artificial light demand. The 

analysis shows the light redirecting system is not performing better compared to external raffstore 

because the primary energy demand for the light redirecting system has higher artificial light is 

higher. Nevertheless, a slight increase in overall energy demand has been predicted with external 

Raffstore compared to light redirecting system. 

  

Figure 61: Primary energy demand (left) and daily energy demand (right) (Stationary with external Raffstore vs. 

Stationary with light re-directing system) 

Both shading system cases have the same pattern of energy demand for heating, cooling and artificial 

light demand. The comparisons show no improvement of using light-redirecting system. However, 

the VEC module and applied strategies are still at a stage of development and there are a lot of 

factors involved which could be wrongly utilized. Therefore, even if there are no such improvements 

judging by this comparison below, there are still possibilities of improvement until the research 

project concludes. 

 

  

Figure 62: Annual carpet plot for artificial (left) and heating (right) energy demand 
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Figure 63: Annual carpet plot for cooling energy demand 

The slat angle frequency for 0° angle and blind retracted position is not included in the graph. 

However, there were a lot of 0° and blind retracted position reported for the VEC module. The reason 

for this is the daylight factor taken from the façade system had values which were unexpected and 

needs to look deep into it. From the graph it can be seen that 75° angle has a high number of 

occurrence this is because of avoiding overheating.   

  

Figure 64: Slat angle frequencies of Stationary strategy with light re-directing (left) and external Raffstore (right) shading 

system 

  

Figure 65: Melanopic effect comparison annually and monthly (left) and carpet plot for daily melanopic effect (right)  
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Melanopic effect  

As similar as heating energy demand the, melanopic effect comparison shows no improvement as 

expected. According to result in Figure 65, availability of daylight radiation is almost 60% of 

annually and monthly value varies in between the range of 40% and 80%. 

Thermal comfort criteria 

 

Thermal comfort analysis shows similar pattern while comparing both strategies using room 

temperature and operative temperature curve. The Fanger PPD/PMV curve has no significant change 

with comparative analysis. This could mean that the occupants living in an indoor environment 

incorporated with external Raffstore or light redirecting systems have no difference in feeling of 

thermal sensation.   

   

Figure 66: Comparison of room temperature and operative temperature (left); PMV and PPD comparison (right) 

Inside glazing surface temperature shows similar pattern in the Figure 67 (left) for lower part of the 

façade. Unlike the other comparison the light redirecting façade system incorporated in the upper 

(FA3) part shows significant rise in temperature in Figure 67 (right). This change in temperature 

leads to further analysis of the strategies with varying façade system in the course of performing 

primary energy demand comparison which is documented in the following section.  

  

Figure 67: Inside glazing surface temperature of lower (left) and upper (right) part of the façade using stationary 

strategies  
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6-2-3 Primary energy demand comparison with varying façade height  

 
Initially, the VEC room model has a height of 0.7 m for upper part (FA3) of the façade and 1 m for 

the lower part of the façade (FA2). Inside glazing surface temperature fluctuation in the previous 

section, leads to varying the façade height in VEC module and re-evaluate the primary energy 

demand with stationary strategy. Figure 68 shows the comparison of primary energy demand; on the 

left figure the upper façade part height was changed to 1 m and lower façade part to 0.7 m which 

reduces the primary energy demand for artifical light. However, overall energy demand has an 

increase. Right side of the Figure 68 shows overall decrease in energy demand with light redirecting 

systems. Therefore, it can be concluded that changing façade height has no significant difference in 

comparison between light redirecting and external raffstore shading system.  

  

  

Figure 68: Primary demand comparison by varying the façade height for light re-directing system (1m/0.7m left; 

0.5m/1.2m right)  

6-3 Comparative analysis of VEC strategies at the technical faculty building  

 
Thermal model of technical faculty building was incorporated with VEC façade systems to analysis 

the performance of VEC stationary strategy. A validation model was prepared before analyzing to 

compare the measured room temperature of the building zones. The validated model adopted the 
VEC module for further for further analysis.  

6-3-1 Validating of simulation model  

 
Validation model Compared the simulation model with temperature and ventilation rate (Appendix 

(I)) to check the validity of the model. Room temperatures of rooms of the technical building were 

analyzed. RMSD value is given in the model. The room 509 has higher a higher RMSD value 

compared to other rooms. VEC module pre-calculates solar heat gain coefficients for specific room 

dimensions. All the rooms (compared in Figure 69) except room 509 have almost similar dimension 

Artificial light Artificial light 
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as PASSYS cell. During simulation room dimensions kept similar in the VEC module, therefore it is 

assumed that room 509 with large room area showed higher deviation in comparison of measured to 

simulated values. 

  

  

Figure 69: Comparison of simulated room temperatures with measured values for 4 rooms 

6-3-2 Comparative analysis of stationary strategies 

 
This section describes the comparative analysis of stationary strategies was taken account of two 

shading systems; external Raffstore and light redirecting system for the building performance 

analysis for east, west and south oriented façades of the building. VEC module was implemented in 

every orientation because the solar radiation data for each orientation varies depending on the sun 

position. Initially the idea was to compare basic building model with existing artificial lighting 

system to compare the demand. However, it was not possible because there were assumptions during 

the thermal simulation model for artificial light gain for building which is not comparable with 

TRNSYS module and VEC artificial light demand output. As both the system were not equipped 

with similar kind of system. Another, idea was to compare the model with reference strategy to 

external Raffstore which was not also feasible because the sophisticated building model with 

TRNFLOW returns exfiltration and infiltration error during simulation.  

 

Energy demand for artificial light 

Energy demand for the building model analyzed in Figure 70 compared only with artificial light 

demand with external Raffstore and light redirecting system. Similar to PASSYS cell artificial light 

demand technical building incorporated with two different shading systems has no significant 
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difference. With light redirecting system slightly higher energy demand is predicted for the artificial 

light of three different orientations in the building.   

 

Figure 70: Artificial light demand for technical building model with stationary strategy 

Room temperatures 

Following Figure 71 shows higher deviation in comparison of measure and simulated room air 

temperature for room 509 similar to the validation model. The argument is still valid that the room 

dimension can be a reason for this deviation. Other room air temperatures show no huge variation 

between simulated and measured air temperature. This could lead to a conclusion that stationary 

strategy with both shading systems has similar behavior for the improvement of indoor built 

environment condition. 

 

 

Figure 71: Comparison of room temperatures with stationary strategy of 4 rooms 
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Melanopic effect 

Final analysis shows the daylight availability of both shading systems applied on the summer 

months. For external Raffstore the daylight availability is higher than light redirecting shading 

system which suppresses the melatonin production as a result melanopic effect is reduced. East and 

west oriented façades have almost 78% daylight available for external Raffstore; south façade has 

more than 74% daylight available. With light redirecting system these numbers are in fact lower. East 

and west façade has higher daylight availability than south façade, 74% and 76% respectively. South 

façade reaches the required availability of daylight nearly 70% of the time.  

 

Figure 72: Melanopic effect comparison with stationary strategy 

6-4 Discussion 

 
In summary, VEC module incorporated with external Raffstore and light redirection shading system 

integrated into two thermal building models, PASSYS cell and technical faculty building model. 

Initially, the model was compared with reference strategy and stationary strategy for PASSYS cell 

within this comparison Stationary strategy shows better performance for indoor built environment. 

Reference strategy has higher primary energy demand than stationary strategy. Overall 30% 

reduction of primary energy demand is predicted. Comparative models also show improved thermal 

comfort condition for stationary strategy in PASSYS cell. Comparison of stationary strategy with 

external Raffstore and light redirecting shading system shows no significant difference. In fact, VEC 

module is still at developing stage and there are still possibilities of improvement. Further case 

studies will be conducted with introducing thermal capacity in the model with a dynamic control 

system where heating and cooling demand criteria will be improved according to reality. The 

analysis of the technical building model needs more in depth research as it has no significant 

improvement applying the stationary strategies and comparative analysis was not possible to conduct 

because TRNSYS thermal model and VEC module had different artificial lighting system. Another 

limitation was that the analysis only has measured data (for comparison) for summer month when 

heating and cooling system was active. A further development could be possible by analyzing annual 

measured data from building monitoring system of the technical faculty building and having a 

comparative analysis between measured and simulated data with an accurate artificial light and 

ventilation model. 
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Chapter 7 CONCLUSION AND RECOMMENDATION  
 

Due to negative environmental consequences, within last decades’ focus has been set on reducing the 

use of energy sources in terms of GHG emissions. The challenging issue for this century is meeting 

the balance between occupant’s satisfaction and energy efficiency in built environment without 

extensively exploiting energy resources. Passive solar techniques have a huge benefit to meet the 

balance that provides beneficial daylighting levels to space, meanwhile avoiding discomfort glare, 

space overheating and ensuring thermal comfort. This study investigates on an integral, simulation-

based energy-efficient open loop control for daylight and artificial lighting. As per literature, the 

planned use of daylight in built environment has become an important strategy to improve energy 

efficiency by minimizing artificial lighting, heating, and cooling loads. The introduction of 

innovative, advanced daylighting strategies and systems can considerably reduce a building’s 

electricity consumption and also significantly improve the quality of light in an indoor environment. 

Moreover, densification means lower daylight autonomy in the lower floors of the buildings. High 

proportion of artificial light and consequently - despite the rapid growth in efficiency of artificial 

light sources - power consumption for lighting increases. Moreover, the low daylight autonomy has 

physiologically negative impact on the users. Bearing in mind these topics, an innovative control 

strategies were worked out and tested to ensure healthy built environment condition for occupants 

where all the individual trades (melanopic effect, visual & thermal comfort, heating and cooling 

requirements, artificial light demand) are visible and evaluable at every time step. 

A predictive control daylight-directing system considerably improves the quality of built 

environment by taking into account the dynamic behavior of a building, such as the external 

boundary conditions and the physiological impacts on human. FFG-research project, 

“VisErgyControl”, combines approaches from different pre-projects and develop a comprehensive 

solution, as ‘VEC’ module. Control strategies examined in this study according to energy and 

lighting efficiency requirements and user satisfaction. The evaluation of control strategies for energy 

demand is prepared by means of a balancing of the measurement period in observation and a 

confrontation with a reference situation (reference strategy) and optimum situation (stationary 

strategy).  Building simulation models, a south oriented single office (as PASSYS cell) and a 

representative floor plan of the Technical Faculty Building at Innsbruck University building adopted 

these control strategies to evaluate the performance.  

The predictive control daylight-directing system, VEC module, include five specific modules; 

Climate, Daylight, Artificial Light, Thermal and Occupant & Control.  This is an open loop 

intelligent daylight directing control system and realistic distribution of the modules has a simplified 

approach to simulate appropriate interactions of thermal and lighting phenomena. Climate module is 

the input module for the VEC module. Output from the climate module is fed into the daylight 

module, occupant & control and thermal. In the daylight module direct and diffuse horizontal 

illuminance coefficient is pre-calculated by three-face-method for the required configuration of 

rooms and façade system settings. Coefficients are then multiplied with the external daylight levels 

from climate data. Resulting interior daylight illuminance values are then used to calculate the 

continuous daylight autonomy and are also used as input in the artificial day light module. Artificial 

light module calculates the electric power for the designated lighting solution daylight entry data. 
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This module addresses an application scenario of the room model containing two measurement 

points. The core of the module is occupant & control module which combines control strategies for 

the façade and artificial light which regulates heating and cooling and also the behavior of occupants. 

Façade are divided into sections depending on the glare situation and sun protection requirements. 

This module also calculates solar heat gain coefficient based on the Kelms’ proposal. Finally, the 

thermal module takes into account the standard EN 13790 to allow simplified and realistic evaluation 

of performance. Inputs for this module are the external temperature from climate module, solar heat 

gain coefficient from occupant and control module and variable internal load composed of electric 

lighting demand from artificial module. Several strategies were tried out to evaluate the VEC module 

including the test on a combination of shading systems. These strategies depend on the tilt angle the 

shading systems and energetic calculations. Two basic strategies were tried and test for this project: 

Reference and Stationary. Reference strategy is more like a conventional manual shading control and 

stationary strategy uses an intelligent control function. VEC module has the capability to be 

integrated with different kind of shading systems those are available in the market.  For the 

comparison of models two distinctive shading systems were implemented in the VEC module: 

External Raffstore and light re-directing system. This project required two thermal models setup in 

TRNSYS to support the idea of the innovative lighting design. First model, integrated the VEC 

module into the idealistic PASSYS cell model in TRNSYS. The thermal model for the PASSYS cell 

was validated by parametric optimization and was designed to replicate the actual model virtually 

which stands at University of Innsbruck. Using this model, VEC module outcomes were observed 

and documented in the result and discussion section. Second thermal model uses VEC module for 

each thermal zone of technical building model having an active façade system.  

In summary, VEC module incorporated with external Raffstore and light redirection shading system 

integrated in two thermal building models, PASSYS cell and technical faculty building model. 

Initially the model was compared with reference strategy and stationary strategy for PASSYS cell 

within this comparison Stationary strategy shows better performance for indoor built environment. 

Reference strategy has higher primary energy demand than stationary strategy. Overall 30% 

reduction of primary energy demand is predicted. Comparative models also show improved thermal 

comfort condition for stationary strategy in PASSYS cell. Comparison of stationary strategy with 

external Raffstore and light redirecting shading system shows no significant difference. In fact, VEC 

module is still at developing stage and there are still possibilities of improvement. Further case 

studies will be conducted with introducing thermal capacity in the model with a dynamic control 

system where heating and cooling demand criteria will be improved according to reality. The 

analysis of the technical building model needs more in depth research as it has no significant 

improvement applying the stationary strategies and comparative analysis was not possible to conduct 

because TRNSYS thermal model and VEC module had different artificial lighting system. Another 

limitation was that the analysis only has measured data (for comparison) for summer month when 

heating and cooling system was active. A further development could be possible by analyzing annual 

measured data from building monitoring system of the technical faculty building and having a 

comparative analysis between measured and simulated data with an accurate artificial light and 

ventilation model. 
 

7-1 Recommendation 

 

As previously discussed, studies approve with the light-guiding systems and customized control 

about 50% of energy can be saved however this argument is still invalid for this study. Therefore, 
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more in depth research should be undertaken if it is still possible to improve the indoor built 

environment with light redirecting shading system. 

Implemented strategies in VEC module are still under development to prepare a more dynamic 

model. Introducing thermal capacity in the model is one of the first priorities. The adiabatic wall 

construction in the VEC module needs to be diabetic for more realistic solutions. Heating and 

cooling systems need more in depth research to include the renewable energy resources. PASSYS 

cell model can be basis to investigate the new developed strategies before studying on large scale 

built environments. 

Analysis of the technical faculty building details should place, taking into account of artificial light 

gain, occupancy number, internal gain from electronic equipment and ventilation system. Annual 

simulation of technical building with measured data is another aspect which needs full scale annual 

building monitoring data analysis of KNX system. Analysis of thermal comfort and surface glazing 

temperature should be included to build an accurate validation model to compare with measure data. 

Consequently, validation model will be integrated with improved VEC module with appropriate 

strategies and shading systems.  
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NOMENCLATURE 
 

  

*.BUI - TRNSYS input file 
*.DCK - TRNSYS input file 
AR_AR - Upper (FA3) and lower (FA2) incorporated with External Raffstore 
AR_UL - Upper (FA3) with External Raffstore and lower (FA2) with External Raffstore 

blx - weighted function for melanopic effect  

BSDF - Bidirectional Scattering Distribution Function 
CFS - Complex Fenestration System 
GHG - Green House Gas 
HVAC - Heating ventilation and air condition 
IPCC - Intergovernmental Panel on Climate Change 
kWh/m^2/year  - annual energy demand per unit area  
LBNL - Lawrence Berkeley National Laboratory 
PHI  - Passive House Institute 
PHPP - Passive House Planning Package 

PMV - Predictive Mean Vote 

PPD - Predicted Percentage Dissatisfied 

PSC - Passive Solar Component 
RMSD - Root mean squared deviation 
UIBK - University of Innsbruck 
VEC - Intelligent daylight control module 

𝑐𝑑/𝑚2 - candela per square meter SI unit of luminance 
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APPENDIX (I) – TECHNICAL FACULTY BUILDING 
  

Ventilation rate simulated with TRNSYS for 4 rooms 

    

    

TRNFLOW window ventilation setup 
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Existing Window model 
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APPENDIX (II) – PASSYS CELL CONSTRUCTION  
 

PASSYS test cell wall construction and material properties from research paper  

TESTROOM  thickness lambda Density cp mass m*cp  R 

  [m] [W/mK] [kg/m3] [J/kgK] [kg] [J/K]  [m²K/W] 

Wall external 
(Ceiling) 

Chipoard_Kauramin 0.02 0.13 800 2093 660.8 1,383,054  0.154 

Styropor 0.4 0.04 33 850 545.16 463,386  10.000 

Steel galvanized 0.002 50 7800 502 644.28 323,429  0.000 

Mineral wool 0.05 0.04 105 1800 216.825 390,285  1.250 

Steel sheet 0.002 15 7800 502 644.28 323,429  0.000 

 
2,883,583 U-value 0.088 

 UA 3.622 

 Floor PVC-flooring 0.003 0.85 2000 837 82.8 69,304  0.004 

Concrete B6D 0.08 0.385 2500 653 2760 1,802,280  0.208 

Styrodur 0.4 0.029 40 850 220.8 187,680  13.793 

Steel sheet 0.002 15 7800 502 215.28 108,071  0.000 

 2,167,334 U-value 0.071 

 UA 0.985 

 Wall Service Chipoard_Kauramin 0.02 0.13 800 2093 120.96 253,169  0.154 

Styropor 0.25 0.04 33 850 340.725 289,616  6.250 

Steel galvanized 0.01 50 7800 502 589.68 296,019  0.000 

Mineral wool 0.05 0.04 105 1800 72.45 130,410  1.250 

Chipoard_Kauramin 0.02 0.13 800 2093 120.96 253,169  0.154 

 1,222,384 Uvalue 0.128 

 UA 0.968 
 

Calibration  
wall 

Chipoard_Kauramin 0.02 0.13 800 2093 120.96 253,169  0.154 

Styrodur 0.4 0.029 40 850 120.96 102,816  13.793 

Chipoard_Kauramin 0.02 0.13 800 2093 120.96 253,169  0.154 

Steel galvanized 0.02 50 7800 502 780 391,560  0.000 

 1,000,715 Uvalue 0.071 

  UA 0.536 

 7,274,015   

 UA Test-oom  6.111 
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APPENDIX (III) –  WRAPPER SCRIPT WITH PYTHON  
 

from subprocess import call 
from tempfile import mkstemp 
from shutil import move 
from os import listdir, remove, close, path, mkdir 
from fnmatch import fnmatch 
from sys import version_info 
 
#Input: folder of trnsys simulation, name of matlab- and deck-file, absolut path to TRNExe, relative path to folder containing VEC-modules 
#folder="static" 
folder="VEC_trnsys" 
folder_bui="bui" 
currfolder=path.dirname(path.realpath(__file__)) 
folder=currfolder+"\\"+folder+"\\" 
#floder for bui  
folder_bui=currfolder+"\\"+folder+"\\"+folder_bui+"\\" 
file_matlab="Type155_CallingMatlab_new3.m" 
file_deck="bui_with_dalec_facade_imported.dck" 
file_bui="ar_ar_passys.b17" 
trnpath="C:\Trnsys17\Exe\TRNExe.exe" 
vecfolder="../../VEC-Module/" 
#lookup names of VEC-module-excel-files and use them as IDs for strategies 
strategies=[file.split('.')[0] for file in listdir(currfolder+vecfolder) if file.endswith('.xlsx') and not(file.startswith('~'))] 
strategies.sort() 
#prompt list strategies including associated ID-numbers 
promtlist=['    '+str(i)+' ... '+strategies[i] for i in list(range(len(strategies)))] 
 
if version_info[0] == 2: 
 prompt_strategy = raw_input( 
  "Enter the strategy number(s, seperated by space):\n"+ 
  "\n".join(promtlist)+"\n") 
else: 
 prompt_strategy = input( 
  "Enter the strategy number(s, seperated by space):\n"+ 
  "\n".join(promtlist)+"\n") 
 
# prompt_bui = input('Was the Facade system changed (y=1/n=0):') 
 
 
#Function: replace line in text file 
def replaceLine(file_path, pattern, newline): 
 #Create temp file 
 fh, abs_path = mkstemp() 
 with open(abs_path,'w') as new_file: 
  with open(file_path) as old_file: 
   for line in old_file: 
    if fnmatch(line,pattern): 
     new_file.write(line.replace(line,newline)) 
    else: 
     new_file.write(line) 
 close(fh) 
 #Remove original file 
 remove(file_path) 
 #Move new file 
 move(abs_path,file_path) 
 
#TODO parallelize: seperate matlab- and deck-files for each strategy; change name of matlab file in deck file 
stratnumlist=prompt_strategy.split()  
for stratnum in stratnumlist: 
 #define strategy excel file and output folder 
 strategy=strategies[int(stratnum)]+".xlsx" 
 outputfolder=strategies[int(stratnum)] 
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 if not path.exists(folder+outputfolder): 
  mkdir(folder+outputfolder) 
 
 #replace line in MATLAB file 
 linestart="  file = fullfile(pwd, '"+vecfolder 
 lineend="');\n" 
 replaceLine(folder + file_matlab,linestart+"*"+lineend,linestart+strategy+lineend) 
 
 #replace lines in DECK file 
 linestart='ASSIGN "' 
 lineend1='/VEC_output.plt" 44\n' 
  
 linestart_bui= 'WINDOW=EXT_WINDOW' 
 lineend_bui= ' : SURF= 11 : AREA=     1.796 : EXTERNAL : ORI=S_0_90 : FSKY=0.5 : CSHADE=INPUT 1*BLIND_AR' 
  
  
 if strategy == "ar_ul_stationary_cool.xlsx" 
 replaceLine(folder+file_deck,linestart+"*"+lineend1,linestart+outputfolder+lineend1) 
 lineend2='/H_C_demand.plt" 43\n' 
 replaceLine(folder + file_deck,linestart+"*"+lineend2,linestart+outputfolder+lineend2) 
 lamella_type='2' 
 replaceLine(folder_bui + file_bui,linestart_bui+"*"+lineend_bui,linestart_bui+lamella_type+lineend_bui) 
  
 else: 
 replaceLine(folder+file_deck,linestart+"*"+lineend1,linestart+outputfolder+lineend1) 
 lineend2='/H_C_demand.plt" 43\n' 
 replaceLine(folder + file_deck,linestart+"*"+lineend2,linestart+outputfolder+lineend2) 
 lamella_type='1' 
 replaceLine(folder_bui + file_bui,linestart_bui+"*"+lineend_bui,linestart_bui+lamella_type+lineend_bui) 
 
 #call trnsys from the comand line 
 print("+++ simulating "+outputfolder+" ... ") 
 call([trnpath,folder+file_deck,"/n"]) 
 print("finished\n") 
 
print("All simulations finished.") 
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APPENDIX (IV) – KNX DATA READ  IN MATLAB 
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APPENDIX (V) – THERMAL MODEL IN TRNSYS 
 

  
 

  

              
 

 



Appendices   

Kazi Alam                                                                                                                                                                                                            115 

Case studies on an integral, simulation based energy 
efficient open loop control for daylight and artificial lighting 

APPENDIX (VI) – TYPE 155 FOR VEC  
 

 
 
General settings  

 

Each time a new version of MATLAB is released, the TRNSYS developers need to recompile and relink the 

Type155.dll file against the latest MATLAB libraries. To run the MATLAB version installed in a computer, it is 

recommended to check the Type155.dll version. DLLs compatible with various versions of MATLAB are located in 

the directory of TRNSYS installation folder (C:\Trnsys17\Exe\DLLs).  A good approach to avoid errors while 

executing a simulation is by checking the description result file (listing and log file). 

 

Installation of MATLAB and System Variable Setting  

TRNSYS 17 is a 32-bit program and it can only call the 32-bit of MATLAB at this time. So in order to use Type 

155, the 32-bit version of MATLAB should be installed. It is possible that MATLAB version experience problem 

due to the definition of Windows path variable. Therefore, to avoid this issue it is always recommended to follow 

the procedure given below:   

- In Control Panel, double click on System. Click on tab ‘Advanced’. 

- On the tab ‘Advanced’, click on button ‘Environment Variables’. 

- In the lower pane, called ‘System variables’, scroll down will find the variable ‘path’. Click on 

‘Edit’. 

- In the box, ‘Variable value’, it should have following entries (varies depending on MATLAB, 

TRNSYS and Fortran versions):  

 

 

Program Environment variable  

Matlab R13 C:\Program Files (x86)\MATLAB\R2011b\bin\win32 

TRNSYS 117 %TRNSYSRoot% 

Compaq Visual Fortran %CVFRoot% 
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APPENDIX (VII) – VEC  
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APPENDIX (VIII) – KNX BUS SYSTEM 
 

KNX bus system is a building automation system was originally known as the European Installation Bus (EIB). This is a bus 

system for building control. All devices within the KNX system use the same transmission method and are able to exchange via 

common bus network. Basically, Bus systems are such systems where all the sensor and actuators are connected with a “data 

cable”, and enable them to share information with each other. Intelligent bus systems offer user to operate building in a cost-

effective, comfortable and energy-efficient manner.   

 
Telegram Structure 

Information is exchanged between bus devices in the form of so-called telegrams. A telegram consists of a sequence of 

characters, with each character consisting of eight zeros and ones, in other words eight bits, or one byte. Often several characters 

are combined with one another to form a field. KNX TP telegrams have four fields. 

 
 

 
Header Information 

1 #    Telegram number 

2 Time   Time and date of the telegram  

3 Service received from or sent to the bus/start and stop of the trace 

4 Flags Additional information (data package number) 

5 Prio Priority of the telegrams 

6 Source Address Source address (individual address of the sender) 

7 Source Name Descriptive text of the sender (if available) 

Only visible when in “Current project” corresponding project is selected 

8 Destination Address Target address (individual address when programming, group address in normal bus 
operation) 

9 Destination Name Name of the group address (subgroup) Only visible when in “Current project” 

corresponding project is selected 

10 Rout Value of the routing counter 

11 Type Telegram type (Write, Read .) 

12 DPT Data point type (DPT) 

13 Info Useful data of the telegram (preceded by $ sign -> hexadecimal or given according to 

DPT type definition - if DPT was set in project) 

 
Telegram Recording 

 

Telegrams are recoded in XML (Extensible Markup Language) format. Recorded telegrams can be logged to a file on a 

computer or on a network computer for later analysis. Telegrams can also be saved in CSV (Comma-Separated Values) 

format This is ensured by setting the field “Enable live logging of monitored frames to a file”. 
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APPENDIX (IX) – RESEARCH TIMLINE 
    1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 

Introduction to state of the art technologies  
100% 

                    

                           

Introduction to Building Simulation software 
100% 

                    

                           

Geometric modelling of the PASSYS-Cell  
100% 

                    

                           

Geometric modelling of 5th floor of Technical faculty building  
60% 

                    

                           

Establishing coupling routine in MATLAB to integrate VEC module 
100% 

                    

                           

Analyze of building monitoring data (KNX-System and GLT) 
85% 

                    

                           

Establishing the model for Parametric Optimization with GENOPT 
100% 

                    

                           

Establishing the simulation model PASSYS-Cell 
100% 

                    

                           

Implementation of the coupling routine on PASSYS-Cell model 
100% 

                    

                           

Obtaining Parametric Optimization result 
100% 

                    

                           

Validation of GENOPT Parametric Optimization model  
100% 

                    

                           

Further development on the simulations studies on the PASSYS-Cell  
80% 

                    

                           

Applying shading Strategies for VEC module  
90% 

                    

                           

Obtaining Simulation Results of the PASSYS-Cell model 
80% 

                    

                           

Establishing the simulation model of 5th floor 
100% 

                    

                           

Implementation of the coupling routine on 5th floor model 
95% 

                    

                           

Include TRNFLOW on the 5th floor model simulation model 
90% 

                    

                           

Obtaining Simulation Results of the 5th floor model 
80% 

                    

                           

Thesis Writing 
100% 

                    

                           

 


