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Abstract 

Multiple studies show that advanced controlled complex multi-state façades can substantially contribute to the 

challenges of energy savings within the built environment while improving thermal comfort and visual comfort. For 

the development and deployment of advanced control, like model-based control (MBC), a test environment is 

required to obtain insight in the complex dynamic interaction with the building and the impact on comfort and energy 

use. Building performance simulations (BPS) could provide the required insight on the dynamic interaction and the 

impact on comfort and energy use and avoid the requirement of physical test setups. This thesis describes the 

development and testing of a building performance simulation-based test environment for research and development 

(R&D) support of complex multi-state facades with the interaction of advanced external controls. First, the framework 

of the test environment was defined including corresponding BPS and communication tools. Secondly, the framework 

was developed and tested. The performance, operation and possibilities of the digital test environment were 

subsequently demonstrated by various use cases. One use case is a model-based controlled double cavity facade 

under development within a TNO R&D project. Finally, a performance evaluation is provided giving insight into the 

potential of the TNO MBC facade compared to various benchmarks. 
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1. Introduction 

1.1. Background 

There is an urgent need to reduce greenhouse gas (GHG) emissions to limit climate change and its consequences. The 

operation of buildings has a significant contribution of 28% to these GHG emissions globally [1]. A reduction of the 

energy demand has a direct influence on GHG emissions; however, this energy is required to maintain a comfortable 

and healthy indoor environment, one of the main objectives of a building. The utilization of solar radiation within a 

building design can reduce energy demand and increase the levels of comfort. However, this utilization can also cause 

the opposite effect, which depends on the ambient conditions and the building demands. In terms of daylight, high 

utilization is desired due to the positive influence on the well-being of its users [2]. Direct advantages are savings in 

electricity consumption for lighting and the positive impact on the productivity of office workers. Nevertheless, large 

fenestration areas can also increase the risk of discomfort by glare, resulting in the opposite effect [3].   

Within this report, multi-state facades are identified as facades that are capable of adjusting their properties regarding 

solar admission into multiple states. This can, for example, refer to shading devices that can be deployed in multiple 

positions or the use of various shading fabrics with different optical properties. Because such façades have the ability 

to continuously change to a configuration that responds best to dynamic weather conditions and variable occupant 

preferences, they have regularly been identified as a promising development trend [4]. Multi-state facades have to 

deal with conflicting objectives (e.g. providing view vs. preventing glare) and dynamic influences of the environment, 

which make the controls of the shading devices in these facades very complex. Studies, where dynamic shading 

devices are combined with advanced shading control, acknowledge these complexities and show the potential 

positive impacts on building performance when this is done right [5][6].  

There is a growing interest for these advanced controllers within the built environment. Especially model-based 

control (MBC) approaches are considered a promising development. The potential of MBC is already acknowledged in 

serval building applications, such as Building Management Systems (BMS), Thermal Energy Storage (TES) systems, 

mixed-mode ventilation systems, etc. [7][8][9][10][11]. Within the MPC, a model is implemented which is used to 

exploit predictions of the possible future response of the system as a function of future controlled and uncontrolled 

inputs. An MPC uses these predictions to select the best sequence of future manipulated variables, according to a 

specific performance index [11]. An accurate dynamic model, which functions as a digital twin of the building, is 

essential for the performance/operation of the controller. A building is a very complex system from a physical point of 

view, influenced by a wide range of parameters. Capturing this into a dynamic model is complex and requires a 

detailed insight in the physics within a building [12], which can be provided by a test environment.  This insight is also 

needed in the selection of accessible and feasible inputs for the model and the desired prediction horizon. In a 

subsequent planning phase of the MBC, a test environment is required in multiple analyses, due to the required 

dynamic interaction between the MBC and the building. These studies/analyses vary from robustness testing, 

development of optimal performance index, response to disturbances, properties of multi-state façade, etc. The 

presence of a time efficient and accessible test environment would provide essential support for the development and 

deployment of new advanced controllers [13][14]. The use of a physical test environment would not be 

recommended, because these experiments are time consuming and labour intensive. There are also limitations 

regarding, the monitoring of data, ethics of the building users and the results are dependent on the test environment 

and corresponding conditions. A digital test environment by building performance simulations could be a suitable 

suggestion/alternative. 

Nowadays, building performance simulations (BPS) are an established tool for supporting the design and operation of 

high-performance buildings [15]. These tools are predominantly applied in the detailed and early design studies 

because of the complete controllable test conditions and the detailed insight into the dynamics within a physical 

system. This complete overview/insight is ideal in the development of the dynamic model within the MBC. The 

relatively short time frame without the need for a physical test set-up is additional advantages of this tool. The 

complete controllable test conditions enable repeatedly standardized conditions for the performance evaluation but 
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also particular test conditions for specific studies, which are hard to achieve in a physical set-up [13]. The BPS does not 

replace the need for physical performance evaluations but can provide additional information. However, the 

bottleneck within the existing simulation tools, is that there are no standard tools that allow interconnection with 

external advanced controllers. This lack of flexibility in interconnection is one of the main limitations in performance 

prediction of advanced facades nowadays [16].  

The Dutch Organisation for Applied Scientific Research (TNO) is currently developing a multi-state facade with MPC. 

These research and development (R&D) activities are carried out in cooperation with the solar shading supplier 

Verosol and the façade construction company Scheldebouw. In this R&D process, a time-efficient and accessible test 

environment is required. A digital test environment based on building performance simulations could provide 

essential support during the development and deployment of the MPC approach in this project.  

1.2. Research objective 

A multi-state façade with advanced controls seem to be a potential solution to multiple challenges within the built 

environment. A test environment is needed to support the development and deployment of these building skins and 

their integrated control strategies. The research goal of this MSc thesis project is, therefore, to develop and test a 

building performance simulation-based test environment for R&D support of complex multi-state facades with the 

interaction of advanced external controls. The test environment intends to support the argumentation and decision-

making throughout various phases of research and design-oriented R&D projects of advanced building skins, which is 

illustrated in this thesis by interacting with the project of TNO.  

1.3. Project outline 

This report describes the development of a building performance simulation-based test environment for supporting 

R&D activities in advanced façade control projects. During the development of this test environment, the focus is on 

complex multi-state facades with dynamic solar admission and the interaction of advanced external controls. 

However, with a keen eye on supporting the growth of the advanced building skins field in general, the test 

environment is designed to accommodate the future implementation of other system types as well. 

To develop this test environment, first, a program of requirements is defined. According to these requirements and 

the project goals, a set of simulation tools and supporting software communication tools is selected. This selection 

and implementation process is described in chapter 2. In chapter 3, the application of the test environment is 

illustrated with a series of use cases. The main goal of these use cases is the validation of the operation and 

performance of the test environment, while it also indicates the possibilities. The last chapter reflects on the eventual 

test environment and provides directions for future research. 

  

https://context.reverso.net/vertaling/engels-nederlands/Applied+Scientific+Research
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2. Development of the Test environment 

2.1. Program of requirements  

The program of requirements describes the requirements that must be met by the digital test environment. The goal 

is of this test environment is to support the development and deployment of advanced building skins and their 

integrated control strategies. The development and deployment will consist of a wide variety of studies and analyses 

and a detailed insight into the dynamics within a physical system would enable this. The level of detail within this 

physical system is dependent on the system, which in our case is an advanced building skin and its integration with the 

building. There is a particular interest in the building performances which this system significantly affects, the 

building-related energy consumption, thermal comfort and visual comfort. This particular interest also translates into 

the higher level of detail within this building skin and subsequently the parameters affecting these building 

performances. Besides a high level of detail on these building performances, also a representative set of performance 

indicators is needed for the performance evaluation. These indicators will guide the decision making and optimization 

process.  

An important requirement within the test environment is to establish an interconnection with external advanced 

controllers. The test environment must be capable to provide the inputs for the advanced controller regarding 

building sensors. However, more advanced controllers, like the MBC, require future disturbances in the defining of the 

optimal control sequence. The test environment must also be able to provide these predictive inputs. Subsequently is 

required that the multi-state façade within the test environment implements the control sequence by the advanced 

controller.  

2.1.1. Intended applications 

The intended applications of the test environment are within design-oriented R&D projects to support the 

argumentation and decision-making throughout various phases of the development and deployment of advanced 

building skins. Figure 1 shows a scheme of the practical application of the TNO project and this scheme will place some 

of the intended application in perspective. An essential intended role of the test environment will be to support the 

development of the simplified building models within the model-based controller. This model is essential for the 

performance and operation of the controller. The complex physical dynamics within a building must be captured 

within a model.  This requires a detailed insight into these physical dynamics, which can be provided by the test 

environment. The development of this model also consists of the selection of accessible and feasible inputs with 

possible associated models and the desired prediction horizon. In the case of the TNO project, the use of a resistance-

capacitance model (RC-model) is intended. This model requires an extensive amount of data, the inputs for the model, 

to estimate the resistances and capacities. 

 
Figure 1 - Scheme of TNO project 
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The test environment is required to enable analyses of the dynamic interaction between the MBC and the building. In 

a subsequent planning phase of the MBC, the application of the test environment is required to analyse and improve: 

• Robustness  

• The objective function and corresponding performance index 

• Response on inaccurate future disturbances (e.g. weather prediction) 

• Interaction between controller and façade system 

• The multi-state façade design (e.g. alternative materials) 

• Performances (energy use, comfort) 

BPS tools can be adjusted to the specific test conditions of these analyses. In addition to these applications, the 

developed test environment is widely usable for alternative studies within the R&D process (e.g. other climates, 

building types, façade designs). Disadvantages of physical test environments (e.g. time-consuming, labour intense, 

financial consequences) can form a significant threshold to performance analyses and evaluation. This test 

environment will significantly lower the threshold, resulting in faster development and eventually better performing 

advanced building skins.  

2.1.2. Performance indicators 

The energy demand, with its energy-saving potential, will be evaluated according to the total heating and cooling 

demand net delivered to the room. This indicator excludes the possible influence of HVAC systems on the eventual 

results. The indoor air temperature has a direct influence on the energy demand, due to the temperature setpoints for 

heating and cooling. These setpoints also define the thresholds for thermal comfort within the indoor environment. In 

previous research, it has been demonstrated that the choice of thermal comfort indicator has a significant impact on 

building performance optimization outcomes [17]. Thermal comfort is a case-specific indicator and has multiple 

influencing factors like clothing, air velocity, etc. However, the most significant variable is the air temperature, and in 

multiple simplified variants, this is the vital variable [18] [19]. By a load duration curve of this heating and cooling 

demands, it is possible to evaluate the needed capacities (during occupancy) to maintain this thermal comfort. This 

will be the performance indicators of thermal comfort. The total energy demand for artificial lighting will be based on 

a dimmable standardized system. The ability to dim the light intensity has a significant effect on the energy-saving 

potential in combination with dynamic shading systems [20]. 

For visual comfort, two performance indicators are applied, the Daylight Glare Probability simplified (DGPs) and the 

Spatial daylight autonomy (sDA). DGPs indicate if discomfort occurs through daylight while the sDA indicates to what 

extent a surface receives adequate daylight. The DGPs evaluates the perceived glare by vertical illuminance values at 

the human eye level. The DGP categorized the orders of glare in 4 classes:  imperceptible, perceptible, disturbing and 

intolerable [21]. There are multiple methods to simulate the DGP and in this test environment, a simplified version of 

the DGP is applied, to limit the computational power. The vertical illuminance at eye level shows a reasonable 

correlation to the glare perception [22]. The method showed deviations primarily when direct sun or specular 

reflection occurred [23]. However, the focus of this project is on dynamic shading devices and not fixed shading, 

limiting the chance of specular reflection.   

sDA is defined by the IES as, “the percentage of an analysis area that meets a minimum daylight illuminance level for a 

specified fraction of the operating hours per year” [24]. The guidelines by the IES prescribe/advise 300 lux for 

minimum daylight illuminance level and 50% for the specified fraction of the operating hours.  

2.2. Framework Test environment 

At the centre of the test environment is the BPS tool EnergyPlus. This validated tool enables the performance 

evaluation regarding HVAC systems, energy consumption and thermal comfort [25]. It offers a detailed insight into the 

physical behaviour of these aspects, which is desired in the intended applications. However, EnergyPlus has its 

limitations regarding control strategies. The capabilities of this tool are limited to simple rule-based controls while this 

research is focused on more advanced control strategies. Middleware is needed to create an interconnection between 
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EnergyPlus and the external advanced controller, the bottleneck within the existing simulation tools. The compatible 

middleware Building Controls Virtual Test Bed (BCVTB) establishes data exchange between different tools at each 

simulation time step, creating a so-called co-simulation [13], see Figure 2. The EMS facility within EnergyPlus also 

enables the implementation of control strategies; however, these are limited to rule-based controls. The tool Matlab 

in combination with the Simulink toolbox is suited for this purpose and is often applied in the product development of 

new control algorithms and strategies [13]. Matlab also allows for hardware-in-the-loop (HIL), where the digital test 

environment is connected to real controls by a hardware interface. The interaction enables the control of the multi-

state facades by the advanced controller but optionally also the HVAC systems and lighting. Matlab is applied in the 

framework that is developed in this thesis; however, the alternative Python (open-source) is also compatible with 

BCTVB [26].  

EnergyPlus enables the simulation of daylight by the split flux method, based on the representation of complex 

geometries as planes when predicting interior daylight levels. However, this method showed significant shortcomings 

in the simulation of daylight admission within a space, especially with external obstructions and at higher distances 

from the façade [27]. In the BPS tool Radiance, a reverse raytracing method is used which accurately represents reality 

due to the simulation of the physical behaviour of light in a space [28]. Because of that reason, Radiance is commonly 

used as a validated tool in research and used for the simulation of the visual performance within the test environment 

[29] [25]. The Three-Phase-method will be used within Radiance. By pre-processing all the possible outcomes within a 

simulation cycle are simulated and processed in a 4-dimensional data file. In a feedback loop, data from the Radiance 

data file is sent to the advanced controller and subsequently to the simulation within EnergyPlus. This feedback loop 

allows the implementation of the more accurate visual stimulation within the advanced controller, but also within the 

building-related systems simulated by EnergyPlus. Figure 2 shows the eventual framework of the test environment 

with the interconnections between the different tool. Within this figure is a clear distinction between the data which 

is transferred during the simulation and what is initially implemented/calculated.  

 
Figure 2 - Framework Test environment 

The EnergyPlus simulation tool enables the implementation of multi-state facades; however, the simulation 

possibilities for analysing these facades are limited. The focus of the digital test environment is on these multi-state 

facades and this test environment should not restrict the developer in the R&D process. The validated tool WINDOW 

7.7 of the Lawrence Berkeley National Laboratory [30] is applied to increase the simulation possibilities regarding 

multi-state facades. This tool allows the additional implementation of multiple shading devices, venetian blinds, 

coated screens, etc. [31]. This tool creates BSDF (Bidirectional scattering distribution function) data packed in files 

compatible for Radiance and EnergyPlus. A verification study is conducted in this project to check if the 

implementation of LBNL window data within the EnergyPlus simulation is correct. This implementation is correct and 

the corresponding process and conclusions are further clarified in chapter 2.3.1. The data in this file represents the 

transmission and reflection of solar radiation within a façade system depending on the angle of incidence by matrices. 

Additional data regarding the façade system are also implemented in this file format; this is dependent on the 

simulation tool. This test environment combines the simulation expertise of the different tools, for more accurate 

performance simulation. It also increases the simulation possibilities for a wide scale of applications, studies and 

analyses which are required for the development of advanced building skins. 

https://context.reverso.net/vertaling/engels-nederlands/distinguish
https://www.lbl.gov/
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2.3. Verification studies 

2.3.1. Verification, Implementation CFS within EnergyPlus 

This section presents a verification study regarding the implementation of WINDOW 7.7 data within the test 

environment of this research. The focus of this study is on the implementation of the complex fenestration system 

model within EnergyPlus. This data transfer between different software tools requires additional attention. The 

verification study will confirm that the implementation method is correct. LBNL windows can calculate the SHGC, and 

by creating the same test conditions within an EnergyPlus model, the EnergyPlus implementation can be verified. The 

solar heat gain coefficient (SHGC) is the fraction of solar radiation admitted through a window, door, or skylight either 

transmitted directly and/or absorbed, and subsequently released as heat inside a building by convection and IR 

radiation. The standardized test conditions regarding the SHGC are described in the ISO 19467:2017 [32].  

For this study, a digital test set-up is created within test environment. The base of this test environment is the 

reference office defined by the International Energy Agency (IEA). This rectangular office has a length of 8 [m], a width 

of 4.5 [m] and a total height of 2.8[m]. This office is part of a larger complex; this is represented in the simulation 

environment by defining all surfaces as adiabatic except for the south-oriented wall [33]. This south-oriented wall has 

a triple-glazed façade with a U-value of 0.365 and an SHGC of 0.803 [-]. 

The test conditions need some adjustments to meet the SHGC requirements. One of the requirements is a direct solar 

radiation perpendicular to the fenestration system. This perpendicular angle is created by changing the orientation of 

the complete geometry, towards the azimuth of the sunrise. The approach requires a limited adaption to the model, 

and an additional advantage is that the solar radiation reflected by the surroundings is limited, see Figure 4. The 21
st

 

of December, the shortest day of the year, is used as reference day. The sunrise occurs at 8:55 am this day with an 

azimuth of 48.4 [⁰] and this same angle is implemented in the geometry of the building, see Figure 3. This time step at 

8:55 am will be the evaluation point for this study.  

 
Figure 3 - Geometry adaptation, verification study 

The parameters regarding solar radiation adapted in the weather file according to the guidelines of the ISO 19467. It 

requires direct solar radiation of 500 [W/m²] with no diffuse radiation, an indoor air temperature of 25 [⁰C] and an 

outdoor air temperature of 30.0 [⁰C]. Figure 4 shows a different kind of solar radiation rates on the façade and 

emitted by the sun. At 8:55 am, the direct solar radiation emitted by the sun is equal to the incident solar radiation 

rates on the façade, confirming that the angle of incidence is perpendicular and only consists of direct radiation.  

48,4 [deg] 

N 
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Figure 4 - Incident radiation on façade 

The fixed combined coefficients, which represents the heat transfer between the surface of the facade and its 

environment, is simulated by an EnergyPlus simulation. These coefficients are subsequently implemented within 

WINDOW 7.7 because this approach created exactly the same condition, in order to prevent disturbances caused by 

these parameters. The fixed combined coefficient on the inside and outside of the façade is shown in Figure 5. The 

dotted line in this figure shows the time step for the evaluation and the fixed combined coefficient on the inside of the 

façade was at this time step is 4.079 [W/m²*K] and 9.307 [W/m²*K] for the outside surface. These coefficients are 

relatively high compared to the guidelines of the ISO 19467:2017, however the opposite counts for experimental data 

by ASHRAE [34]. However, based on the range of experimental data and the differences in test conditions it can be 

concluded that the values are in the expected range. The adaptation of the environmental parameters/climate data 

was limited to a couple of parameters which are changed to static values. However, the fluctuations in Figure 5 show 

that the influence on heat transfer coefficients was not only dependent on these edited parameters. 

 
Figure 5 - Heat transfer coefficients, EnergyPlus simulation 

Figure 5 shows the SHGC values of the fenestration system throughout the reference day, with a value of 0.376 [-] at 

the evaluated time step. The differences between the results of LBNL Window and EnergyPlus are limited. If the fixed 

combined coefficient is implemented in LBNL window, the SHGC becomes 0.379 [-]. This is a difference of 0.003 [-], 

which means in practice that the ‘Window Net Heat Transfer Rate’ of the EnergyPlus simulation is 1.5 [W/m²] lower 

than the 189.5 [W/m²] which is calculated by LBNL window. These discrepancies are negligible if they are put in 

perspective. So it can be concluded that the implementation of the LBNL window data is correct. The results regarding 

fixed combined coefficient and LBNL outputs are not validated but within the expected range. 
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Figure 6 - SHGC, EnergyPlus simulation 

2.3.2. Radiance verification 

This section presents a verification study regarding the implementation of the Radiance simulation tool within the test 

environment of this research. The goal of this study is analysing if the Radiance simulation tool is correctly integrated 

into the overall test environment. The simulation performance of this tool is validated in multiple studies [25]; 

however, the pre-processing approach with the implementation of the BSDF files are specific for this test environment 

and require a verification study. Within the simulation framework, Radiance simulations will be executed before the 

co-simulation process commences. In this step, a database of daylighting conditions is created. These results are 

packed in a four-dimensional matrix, containing the results of a complete year with all possible outcomes as a function 

of different shading states. During the co-simulation process, this database is consulted to compute daylighting 

performance, electrical lighting energy consumption and the resulting heat gains. 

Predicted daylighting conditions during two representative days are evaluated to check if the behaviour during these 

days is in line with the expectations. This evaluation is according to the reference area, which is also used for the 

performance evaluation of the sDA. This reference area visualizes/indicates the visual solar admission throughout the 

day, due to the evenly distributed sensors over the reference surface. The different shading states, where different 

types of screens are lowered to varying shading heights, are visualized and evaluated. 

The environmental parameters, reference building, performance indicators and façade system are similar to Use case 

3. This is a single zone office space (4.5 x 8.0 x 3.0 [m]), with a large south-facing fenestration system. The window 

system is a double cavity façade (DCF) with two different screens. See Table 2 for the properties and configuration of 

this façade system. The days of this analysis are the 10
th

 of January and the 1
st

 of April. These are two bright days in 

different seasons.  
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Figure 7 - Pre-Processed Radiance results 

The complete overview of the results conducted in this study is added to the paper as Appendix 2. Figure 7 presents 

the results of the 10th of January in combination with a reflective screen. The results and are in line with the expected 

solar intensity and position within the room. The admission of direct sunlight is visible by the increased horizontal 

illuminance in the reference area. The position of this direct sunlight is visible at sunset and sunrise when the azimuth 

is not perpendicular to the façade system. Influences of the shade are also in line with expectations, and the shade 

height limits the depth of sunlight penetration. The shading height has a correct influence on the height of the 

reference area, from a 30% cover percentage an increase in the Illuminance is visible. According to the complete 

overview of the results presented in appendix 2, it can be concluded that the seasonal effects are in line with the 

expectations. The horizontal illuminance in the complete reference area is at least 4000 [lux] when no shading is 

applied the 10th of January. The reason for these high Illuminances is the relatively low altitude and high solar 

intensity this day. This is not the case on the 4th of April due to the relatively high solar altitude. Based on these 

results, it is interesting to notice the influence of a ‘negligible’ difference in Tvis between the two screen types. Within 

the results, it is clearly visible that at high levels of solar radiation, when both screens are entirely closed, the 

difference in illuminance on the reference surface is up to 700 [lux], which is not negligible. Based on this verification 

study, it can be concluded that the Radiance simulation tool is correctly integrated into the overall test environment. 

The solar intensity, position within the room and interaction with the shading system are in line with the expectations. 

The pre-processing approach with the implementation of the BSDF files can be applied within the test environment.   



 

 14 Development of a digital test environment for R&D support of complex multi-state facades 

with advanced controls 

3. Demonstration with use cases 

3.1. Description of building and façade system 

This chapter consists of three use cases each. Each use case has its own goals, however, the main goal of these use 

cases is the validation of the operation and performance of the test environment, while it also indicates the 

possibilities. The TNO project is taken into consideration in the definition of the use case test conditions. The initial 

focus of this project will be on office buildings in the Netherlands with fully glazed facades, before the applicably in 

different climates and building types will be analysed.  

3.1.1. Reference building 

A reference office defined by the International Energy Agency (IEA) is the base of the case studies [33]. This Three-

person office consists of a single thermal zone (Figure 2). This office is part of a larger complex; this is represented in 

the simulation environment by defining all surfaces as adiabatic except for the south-oriented wall. This south-

oriented wall has a connection to the outdoor environment equipped with windows. A single fully glazed façade 

replaces the standardized facade layout of the reference building with dimensions of 4.1 x 2.8 [m]. In Table 1, the 

material properties of the constructions are shown, except the south-oriented façade. The properties of these south-

oriented façade are defined in the different use cases.  

   
Figure 8 – Geometry reference building 

 
Table 1 - Material properties, Reference building 

A performance indicator defined for the test environment is the total heating- and cooling demand net delivered to 

the room. This is realized by an Ideal load system, which supplies the desired thermal energy by air with a direct 

response and unlimited capacity. The IEA also defined the control strategy regarding the energy systems. Ventilation 

within the office has a constant air change of 0.35 [h
−1

] without any heat recovery or energy demand for distribution. 

Additional to the ventilation is an air change rate of 0.15 [h
−1

] due to infiltration. There is a consistent heating setpoint 

of 21.0 [°C] and for cooling is this 25.0 [°C]. The lighting system is computed for 500 [lux] on the working space, 

realized by a LED lighting system with a total energy demand of 10.9 [W/m²] and a convective fraction of 0.667 [-] 

which affects the heat balance of the simulation. Divergent from the IEA office is the system applied in this report is an 

automated dimmable controller, in order to gain maximum energy saving of the evaluated system [25].  

The applied shading devices within the use cases are roller shades. The properties of the shading screens in 

combination with the glazing are calculated by LBNL WINDOW. The properties of each state in these multi-state 

façades are processed in a BSDF file with additional information for the EnergyPlus simulation. By a construction state 

N 

https://www.thesaurus.com/browse/consistent
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function within the Energy Management System (EMS) facility of EnergyPlus is the shading state enabled at the 

desired moments. In order to simulate the change in shading height, the façade system is divided into segments. By 

sensitivity study of comparable research is concluded that the deviation of twenty segments with these window 

dimensions is sufficient [35]. 

3.1.2. TNO project 

As mentioned before, the Dutch Organisation for Applied Scientific Research (TNO) is currently developing a multi-

state facade with an MBC. This advanced building skin will be implemented as a demonstration case within the test 

environment to illustrate its support within the development and deployment of such an R&D project with 

corresponding performance evaluation. At the start of the implementation, only the first concept of the double cavity 

façade was defined together with a first prototype of the controller. The framework and objective function of this 

prototype was defined but required a building model and this will be further discussed in chapter 3.4.1. Figure 9 

provides an overview of this initial status at the start of the implementation, the applications of the test environment 

within this use case and subsequently the future work in the development of the building skin where the test 

environment could provide support. 

 

 

 

 

 

 

 

Figure 9 - Timeline TNO project 

3.1.1. Double cavity façade 

The main function of conventional dynamic shading devices is limiting solar admission in order to prevent glare and/or 

cooling demand. Shading screens with a reflective coating can be very effective reducing cooling load or preventing 

overheating in warm periods [36]. However, this thermal energy of solar radiation is not always unwanted; during 

certain parts of the year, it could also be used to reduce the heating demand. With the application of an absorptive 

screen at the right position, glare can be prevented but the near-infrared part of the solar radiation can be utilized 

within the building. The demand for solar radiation in the visual and thermal spectrum depends on the ambient 

conditions and building demands. Through the combination of both screens types with variable shading heights, the 

system will provide more possibilities to meet the desired solar admission in each situation.  

The first concept of this multi-state façade consists of three single glazed panels, creating a double cavity. A reflective 

shading screen will be located in the outer cavity, and an absorptive shading screen in the inner cavity, see Figure 10. 

By locating the screens within non-ventilated cavities, the exposure to external influences is limited.  

 
Figure 10 - Concept, Double cavity facade 

Initial status         Progress in this project        Future work 

 
 

●  First prototype, MBC   ●  Reference building    ●  Weather prediction        
●  First concept, Façade system  ●  Environmental parameters   ●  Occupancy prediction 

     ●  Material properties, Façade system  ●  Visual comfort 
     ●  Parameter estimation   ●  User interaction 
     ●  Network connection   ●  Façade system variants 
          ●  Perfomance evaluation 
 

https://context.reverso.net/vertaling/engels-nederlands/Applied+Scientific+Research
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The material properties and configuration of the double cavity façade are presented in Table 2. The screen types are 

defined by Verosol, based on the project goals and maximum cavity temperatures. The reflective screen will be a 

‘Verosol 802 829’ and the absorptive screen a ‘Verosol 804 829’. However, a screen with comparable properties, a 

‘Dickson-Glen SWC M392’, will be applied in the simulation studies because the Verosol absorptive screen is not 

implemented in the IGBD database. The position of the Low-e coating and shading screen are analysed in a study 

which is added in Appendix 2. The gas within the cavities is air because the possible prevention measures for 

deflection and the additional thermal resistance benefits of argon are limited in cavities of these dimensions [37]. The 

results of the performances are shown in Table 3. In the future, a study is recommended to investigate different 

façade concepts and properties to find the optimal configuration for the concerning system.  

  
Table 2 - Material properties, Double cavity façade 

 
Table 3 - The performance of Double cavity façade shading states 

3.1.2. Test conditions 

The location and climate of the reference building are based on Amsterdam and provided by the IWEC database of 

ASHRAE (American Society of Heating, Refrigerating and Air Conditioning Engineers). It consists of hourly data 

regarding thermal and optical aspects, based on 18 years of data from the National Climatic Data Center [38]. This 

data is packed in an EPW File and implemented into Radiance and EnergyPlus.  

User behaviour characteristics are similar to the values of the IEA Task 56 reference office; a varying occupancy of 

three users during office days, see Figure 11. These characteristics affect the heating balance and building-related 

systems.  Based on an integrated formula of EnergyPlus, the heat gains by people are defined according to the scheme 

of Figure 11. The electric equipment has a corresponding schedule to the occupants with a heat gain of 5.6 [W/m²]. 

The lighting system is an automated dimmable controller and depending on the occupancy.  
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Figure 11 – Occupancy and Electric equipment schedule profile during working days (from Monday to Friday) 

3.1.3. Performance indicators 

The total heating- and cooling demand delivered to the room is a direct output of EnergyPlus. This output excludes 

additional energy demand by the distribution or inefficient performance of systems. This, in combination with the 

energy demand of the lighting system, is monitored for the energy-saving potential. 

The position for the vertical illuminance to evaluate the DGPs is at eye-level of the user. Figure 12 shows the positions 

and view angles of the users within the office. The reference height will be 1200 [mm], and the third workplace is not 

included because it less likely glare occurs at this spot. The highest DGPs of the two positions are per view angle 

evaluated. The detailed insight of the performance evaluation by a heatmap evaluates this value. The annual overview 

provides the percentage of occupied hours where ‘perceptible’ glare, a value of 0.35, is exceeded.  

The analysis area of the sDA is similar to the floor surface but elevated to desk height, which is 800[mm]. This analysis 

area is divided into a grid of 500 x 500 [mm] to evaluate the percentage and within each segment of this grid is the 

horizontal illuminance monitored during the simulation. Additional performance indicators based on the sDA will be 

used for the performance evaluation; for example, the sDA300 indicated the percentage of reference surface with a 

horizontal illuminance > 300 [lux]. The annual overview is according the sDA300/50%, this indicated the percentage of 

occupied hours where at least 50% of the reference surface receives at least 300 [Lux] of horizontal illuminance.  

 
Figure 12 - Positions and view angles of vertical illuminance monitoring 

3.2. Use case 1: Benchmarks 

The test environment will be applied in this first use case to define the benchmark and corresponding performance 

evaluation. It provides a reference point and puts the performance of a façade system in perspective. The most 

commonly used dynamic shading devices are indoor- and outdoor roller screens [36]. The position of screens is 

depended on multiple factors. The outdoor screens are exposed to environmental influences. This has a consequence 

for the maintenance, durability, investment and applicability of the system. However, the position makes it more 

suitable for the prevention of a cooling demand compared to the indoor shading.  

https://nl.bab.la/woordenboek/engels-nederlands/less-likely
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Both of these variants will be implemented in the test environment with corresponding performance evaluation. 

Besides these variants also a variant is conducted with no shading.  These variants in combination with use case 2 will 

provide a variety of reference points in the performance evaluation of the advanced building skin.  

3.2.1. Façade system 

HR++ glazing is nowadays the standard in new- and renovated buildings [39]. Based on standardized values of the 

ISSO, a glazing type is chosen in the LBNL WINDOW database. The shading screen in both variants will be a Verosol 

802 829. This screen is applied in the double cavity façade of the TNO project, recommended by the engineers of 

Verosol. This screen has a reflective coating on the outside, and the weaving results in a relatively low solar 

transmittance. Table 4 presents all the properties regarding the façade system, glazing and shading screens. 

  
Variant 1 - No shading 

                          
 
Variant 2 - Outdoor shading     Variant 3 - Indoor shading 

      
Table 4 - Properties and configurations of the variants in Use case 1  

Table 5 shows the performance of the variants and corresponding shading states. The SHGC is (Solar heat gain 

coefficient) the fraction of solar radiation admitted by a construction. This consists of directly transmitted radiation 

(Tvis), inner reflections and absorbed heat emitted to the indoor environment. The U-value indicates the thermal 

transmittance of a shading system. The performance is calculated by LBNL WINDOW according to the test conditions 

of ISO 19467:2017 [32]. The influence of the different screen positions is clearly visible in Table 5. The directly 

transmitted radiation (Tvis and Tsol) are similar within the indoor- and outdoor shading, while the SHGC of outdoor 

shading is circa 85% lower.  This is caused by the Infrared emittance and reflectance of the glazing.  

 
Table 5 - The performance of the variants and corresponding shading states 

The control strategy of the shading devices in this use case is based on the reference office of IEA Task 56. The shading 

device is activated when the total solar radiation incident on the external façade (vertical plane) exceeds a threshold 

of 120 [W/m²] [33]. A regular sensor does not distinguish direct- and diffuse solar radiation so the variable will be the 

total solar radiation on the outside of the façade system. This controller will be called/invoked every 15 minutes for 

new control settings, similar to the MBC of use case 3.  
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3.2.2. Results 

An overview of the annual performance of the first variant, the variant without the application of a shading device is 

presented in Figure 13. These results confirm the desire for shading measures within a project with relative large 

fenestration surfaces. The IEA reference building in the comparable climate of Stuttgart has a heating demand of 18.0 

[kWh/m²y], a cooling demand of 22.6 [kWh/m²y] and the artificial lighting requires annually 31 [kWh/m²] [33]. The 

cooling demand is circa 126% higher than this IEA reference building. The reason for these high energy demands is 

probably the fenestration area which is circa 55% bigger than the IEA reference building. This results in an extensive 

thermal energy transmission of the sun also affecting the heating demand. The energy demand for lighting systems 

also has a decrease of 82% due to extensive solar transmission. The sDA300/50% confirms this value because 80% of 

the occupied time at least 50% of the reference area has a horizontal illuminance of at least 300 [lux]. The graph 

shows also that between 68-80% of the occupied time a DGP of at least 0.35, which is perceptible glare, is monitored.   

The application of the dynamic shading within this use case has a positive impact on the DGP. This is visible in the 

annual results of the variant in Figure 14-15. The interconnection of the conflicting objective is also visible if the 

annual results of the three variants are compared. The setpoint of 120 [W/m²] solar radiation on the façade for the 

screen activation is relatively low compared to other standards [39][40]. The limited solar transmission due the 

extensive screen activation has a consequence for all the other performance indicators. This extensive screen 

activation in combination with the reflective screen results in relatively high demand for heating. The annual heating 

demand of the variant with indoor shading is 14.1 [kWh/m²] higher than the variant with no shading. Like expected is 

the outdoor shading better in the prevention of a cooling demand compared to the variant with indoor shading. The 

only difference between the variants with indoor and outdoor shading is the position of the roller screen. The annual 

cooling demand of the indoor screen is 61% higher which means that the position of the screens is crucial for the 

prevention of cooling demand.  

The detailed insight of the performance indicators regarding visual comfort is presented by the heat maps in Figure 

16. It shows where the problems occur regarding the different performance indicators. This figure only shows the 

results of one variant with two performance indicators, Appendix 3 shows the results of all performance indicators of 

each variant. The threshold for screen activation seems in line with the DGP guidelines. However, there occur peaks, 

which exceed the Intolerable glare of 0.45 [-] at the activation and deactivation. A possible reason for this is the sun 

position in the field of view of the user due to the low solar altitude, this causes glare at relatively low solar intensities. 

Besides when the shading is activated, the DGPs is practically zero, similar to the sDA. A balance between these 

objective functions would result in a better overall performance. In the pursuit of this ‘optimal’ balance, the other 

performance indicators are also of importance. The annual results provide here good insight and help to place the 

different performance indicators in perspective. These are only two examples of observations, and there are multiple 

others which can be conducted by these heat maps. These observations are essential in the improvement process 

because it highlights the problems/improvement points. These observations need, in most cases, further analysis 

within the decision-making process. The test environment enables these different studies by the simulation 

possibilities. In the following use cases are these capabilities demonstrated in practice.  
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Figure 13 - Overview annual results 

Variant 1 - No shading 

 
Figure 14 - Overview annual results 

Variant 2 - Indoor shading 

 
Figure 15 - Overview annual results 

Variant 3 - Outdoor shading 

 

 
Figure 16 - Heat maps regarding visual comfort, Variant 2 - Indoor shading  
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3.3. Use case 2: Exploring optimal Rule-based control strategies 

This use case explores what an optimal rule-based control (RBC) strategy could be within the double cavity façade of 

the TNO project. By developing an advanced rule-based controller optimized for the test conditions and capable of 

exploiting the possibilities of the double cavity façade, it creates the possibility to compare these different control 

approaches/methods. The MBC exploit predictions and implements the best control sequence by a performance 

index. The added value and corresponding potential of this complex approach can be analysed by comparison with an 

advanced RBC)strategy. The test environment will be used in the performance evaluation of the advanced RBC but 

also in the development and optimization of this controller.  

3.3.1. Rule-based controller 

The application of two screen types within the double cavity façade provides more possibilities to meet the desired 

solar admission under various conditions. The advanced RBC should exploit these capabilities for better overall 

performance. However, capturing the best control sequences in each condition within a RBC strategy is complex due 

to the dynamic influences of the environment and the conflicting objectives. The multiple states of variable solar 

admission by the DCF will subsequently add even more complexity to the control strategy. The control strategy within 

this use case maximizes the solar admission and minimizes discomfort glare by sun tracking. Based on sun position, a 

so-called glare safe height is calculated which is the maximum height of a dynamic shading to prevent direct solar 

radiation on the desk or eyes of the occupants, see Figure 17 [40].  For the calculation of this glare safe height some 

additional values are needed, the desk height and offset from the façade, which both are 800 [mm] within this 

reference building. The activation of the sun tracking strategies is similar to use case 1 if the total solar radiation on 

the outside of the façade system exceeds 120 [W/m²]. 

 
Figure 17 - Solar ray tracing, Control strategy 

The double cavity façade system is equipped with two screen types, a reflective and absorptive.  Both screens transmit 

roughly the same in the solar radiation in the visual spectrum. However, the remaining part of the solar radiation with 

corresponding energy is predominantly reflected by the reflective screen. While the absorptive screen predominantly 

absorbs this remaining solar radiation. The thermal energy of the absorbed radiation will subsequently be transferred 

to the indoor environment by convection and radiation. This will have a significant impact on heating and/or cooling 

demand within a building. The choice in screen type will be based on the outdoor air temperature within this RBC 

control strategy.  The selection of screen type will be based on the outdoor air temperature within this RBC control 

strategy, because there is a strong correlation between the outdoor temperature and the thermal energy demand, 

see Figure 18. 
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Figure 18 - Differences in heating- and cooling demand 

between the different simulations 

 
 Figure 19 - The reduced heating- and cooling demand of the 

different simulations 

An optimized threshold defined based on the outdoor temperature with the support of the digital test environment. 

This figure shows the performance comparison of two different simulations. Both simulations have the exact same 

environmental parameters, and the dynamic shading is controlled by the described control strategy. However, this 

strategy activates in one simulation only the absorptive screen and the reflective screen in the other simulation. 

Figure 18 shows the clear correlation between the heating- and cooling load and the outdoor air temperature. By the 

formulas 1 and 2 the increased heating- and cooling demand as a consequence of different screens is calculated. 

                          
                  

    
                  

   (1) 

                   = The heating demand with absorptive screen 

                   = The heating demand with reflective screen 

                           
                  

   
                  

    (2) 

                   = The heating demand with absorptive screen 

                   = The heating demand with reflective screen 

 
Figure 19 presented the increase in heating- and cooling demand as a function of the outdoor air temperature. Within 

this RBC strategy, only one screen type will be activated at a time, so an optimal balance must be found between the 

increased energy demands. This is indicated by the dotted line, it marks the lowest increased energy demand with a 

corresponding threshold of the outdoor air temperature, which is 8.8 [⁰C]. This figure also shows the increased energy 

demand if the threshold not is optimized by the green line. The increase in energy demand is at certain positions quite 

steeply and this has a significant effect on energy consumption. To indicate the significance, an increase of 20 [kWh] 

on the cooling demand is 2.1% of the total annual cooling demand. This controller will eventually be invoked every 15 

minutes for new control settings, similar to the MBC of use case 3. 

3.3.2. Results 

The support of the test environment within the development of this control strategy demonstrates an intended 

application. The specific test conditions within this study allowed the decision making of the optimized threshold for a 

specific parameter.  
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Figure 20 - Overview annual results, Use case 1 - 

outdoor shading 

 
Figure 21 - Overview annual results, Use case 2 

 
Subsequently are the capabilities of the test environment used in the performance evaluation. An overview of the 

annual results is shown in Figure 21, for the complete overview can appendix 3 be consulted. The setpoint for the 

screen activation is similar to the variants of the first use case. However, the sun tracking strategy limits direct solar 

admission at the evaluation point. However, this strategy doesn’t have the desired effect on the DGPs. The annual 

results show that between 68-80% of the occupied time a DGP of at least 0.35, which is perceptible glare, is 

monitored.  The detailed overview of the DGPs within 

Figure 22 shows that this strategy only seems to have an effect on the winter months. This figure provides a more 

detailed insight into the screen activation and corresponding performance indicators. During the remaining months, 

the threshold of 0.45 is exceeded regularly, this is the threshold for DGPs classification class ‘Intolerable’ and these 

results are similar to the use case with no shading. This is probably caused by the high luminance of a bright sky and 

specular reflections. The shading height by the sun tracking strategy is depended on the solar altitude. This causes the 

effect that the screens have a relatively small surface at the middle of the day and in the summer while the solar 

intensities are relatively high. This also causes higher benefits in the winter, the lower altitude causes lower screens 

and better prevention of solar transmitted into de building.  

This results in the demand for additional limitation of solar admission during high levels of solar radiation for the 

prevention of glare but also a cooling demand. The cooling demand is within this use case still relatively high 

compared to the use case with outdoor shading, see Figure 20 and 21. The detailed insight on the screen activation, 

heating- and cooling demand shows that the unwanted effect regarding the shading also affects the cooling demand. 

If the admission of solar thermal energy must be prevented when a cooling demand occurs a relative high shading 

height of the screen is implemented. During the summer months, the absorptive screen is activated in the morning 

and evening, while a cooling demand is present within the building. If the dynamic effects of the indoor environment 

and climate were taken into consideration, this control sequence would not be recommended. This ability to take into 

account the dynamic effects of the indoor environment and climate are processed in the advanced controller of the 

TNO project.  

This section describes some of the multiple improvement points which could be observed based on the performance 

evaluation of the test environment. These observations are needed for further optimization of the building skin and 

corresponding control strategy. Like demonstrated within this use case is the test environment capable to support the 

optimization by different kind of studies and analysis. 
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Figure 22 - Heat maps, Use case 2 
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3.4. Use case 3: Benchmark with MBC 

This third use case demonstrates the application of the test environment within the TNO project. Figure 9 of the 

previous section presented an R&D process overview of the TNO project and the application of the test environment 

within this use case. Within this use case is the main focus on the development of the MBC and the contribution of the 

digital test environment in this process. Eventually, the performance of this building skin is evaluated with 

corresponding observations which require attention in the future.  

3.4.1. Model-Based controller 

Within the MPC, a model is implemented which is used to exploit predictions of the possible future response of the 

system as a function of future controlled and uncontrolled inputs. An MPC uses these predictions to select the best 

control sequence, according to an objective function [11]. Figure 23 shows a scheme of an MBC similar to the 

controller of TNO. The building model in the controller of the TNO project is a simplified RC-model of the buildings 

heat balance, see Figure 24. The future disturbances are based on the weather prediction and occupancy, while the 

sensors within the building provide inputs about the current status defining the initial status of the simplified model. 

The MBC provides the best control sequence for the roller screens within the double cavity façade. Within        the 

properties of the double cavity façade are implemented and the following section is this discussed in more detail.  An 

optimization horizon of 24 hours is predicted by the building model while each control sequence is invoked every 15 

minutes, equal to the adaptation period.   

             
                                  Source: (Loonen R.C.G.M., 2018) 

Figure 23 - Standardized scheme of MBC operation within building processes 

Due to the complexity of the intended MBC, the first prototype is a simplified version which will be extended during 

the development process. Within this first prototype, the complete focus is on energy-saving and thermal comfort. 

There is no dynamic model regarding visual comfort and no implementation of this in the objective function. This must 

be taken into consideration during the performance evaluation and will be implemented in the future. Another future 

implementation is the improvement of the environmental parameters; the current climate file consists of averaged 

hourly data which level out the fluctuations within the solar admission. These fluctuations have a big impact on the 

visual comfort and subsequently on the control strategy. An additional limitation of this prototype is the ability to 

control only one screen type. This results in limited utilization of the double cavity façade’s potential.  

3.4.2. Model development 

An accurate dynamic model, which functions as a digital twin of the building, is essential for the performance and 

operation of the controller. The model used in the first prototype of the MPC is shown in Figure 24 and models the 

heat balance within a building. Within the building, a clear distinction is made between the indoor air, construction 

and ambient conditions. The distinction between the construction and indoor air temperature with corresponding 

capacities represents the heat accumulation within a building. The fractional values indicate, what fraction of the heat 

flow is transferred to which temperature node/capacity. Expected is that the air conditioning has a big influence on 

the air, while solar thermal radiation is emitted to the surface of the construction. The heat flows are based on 

eventual thermal energy delivered to the room. These heat flows need an additional implementation of a model to 

simulate these values based on initial or monitored inputs by the building.    

https://nl.bab.la/woordenboek/engels-nederlands/discuss-in-more-detail
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    = Delta Temperature in time iteration, Indoor air 
   = Time iteration 
 
   = Heat conductance, between i (Indoor air) and a (Ambient 

temperature) 
   = Heat conductance, between c (Construction building) and 

i (Indoor air)   
   = Heat conductance, between c (Construction building) and 

a (Ambient temperature) 
   = Effective mass heat capacitance, Indoor air 
   = Effective mass heat capacitance, Construction building 

   = Temperature, Ambient outdoor temperature 
   = Temperature, Indoor air  
   = Temperature, Construction building 
       = Heat flow, by Solar radiation [W] 
       = Heat flow, by Internal heat gains [W] 
      = Heat flow, by the HVAC systems [W] 
      = Heat flow, by Ventilation and infiltration [W] 
   = Fractional value, by Solar radiation  
   = Fractional value, by Internal heat gains  
   = Fractional value, by the HVAC systems  
   = Fractional value, by Ventilation and infiltration 

 

Figure 24 - Simplified RC model within the MBPC 

The implementation of        in the simplified RC-model is according the SHGC as a function of the AOI (Angle Of 

Incidence) for the direct radiation. With the support of the test environment, a study is conducted for accurate 

implementation of this physical aspect. The test conditions for the SHGC are defined by the ISO 19467:2017, and 

these conditions are implemented into the test environment. Within the climate files are parameters which 

overrun or disturb the implemented ISO test conditions [32] and these parameters are set unknown or disabled. 

These test conditions will provide an accurate model of the relation between the SHGC and the AOI. Figure 25 

shows the relation between the SHGC and AOI of the different shading types. The dotted line shows the 

averaged of the annual results and is used in the eventual implementation. Based on these values and Lambert's 

cosine law, the SHGC is defined for the diffuse solar radiation. The capabilities of the test environment for these 

specific studies can also support the further extension of the building model.   

Some aspects/functions were not implemented in the building model and objective function of this prototype, 

for example, the weather- and occupancy prediction. These are needed for an accurate prediction of Qinter, 

Qsolar and Qvent. To make the MBC operable and exclude and influence/disturbance of these aspects are 

complete accurate pre-processed simulation results communicated to the MBC. This is a particular advantage of 

this test environment due to the complete control over the test conditions. However, these aspects will need an 

implementation in the future, just like a possibility for users to interact with the system. 

 

https://en.wikipedia.org/wiki/Lambert%27s_cosine_law
https://en.wikipedia.org/wiki/Lambert%27s_cosine_law
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Figure 25 - Relation SHGC to the angle of incidence 

3.4.3. Parameter estimation 

The framework of the building model is defined with a corresponding model for the heat flow by solar radiation. 

Through parameter estimations, the unknown resistances, capacities and fractional values within this model are 

estimated. This process uses sample data to find the unknown parameters. The static methods, so-called 

estimators, applied in the estimation are multivariate regressions; these regressions used Nelder-Mead 

algorithms in combination with a stochastic approach. The sample data is based on a simulation generated by 

the digital test environment. The detailed insight of the physical system allows the generation of the net heat 

flow delivered to the room, which would be very complex to monitor in a physical test setup. This first parameter 

estimation attempt is based on one month of data, with a prediction horizon of one month. A recommendation 

would be a parameter estimation more similar to the application within the MBC. The MBC exploits a prediction 

horizon of 24 hours and this can be implemented in the parameter estimation. 

Table 6 shows the estimated parameter values by the multivariate regressions. These results are analysed by the 

comparison of EnergyPlus results with results of the simplified building model. For this comparison is another 

time period used with different climate conditions, this will exclude some optimizations by the estimation for 

that particular sample data in the comparison. Despite the recommendations, are the results of the building 

model in line with the results of the EnergyPlus, see Figure 26. The Root-mean-square-error (RSME) is calculated 

over this time period and is 0.499 [degC]. 

Table 6 - Results, Parameter estimation 
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Figure 26 - Comparison Indoor air temp, sample data and building model 

 

3.4.4. Network connection 

The MBC is installed on a server and will be invoked by a network connection, creating a hardware-in-the-loop 

simulation. By a REST (Representational state transfer) API (application programming interface) request the test 

environment for a control sequence based on the sent data, the server responds with the outcome of the MBC. 

The tool Python establishes this network connection and is invoked in each simulation loop by Matlab. Figure 27 

shows the addition to the test environment to establish a network connection to the MBC. 

 
Figure 27 - Scheme network connection 

The sent data consists of information about the current status (time/date, Indoor air temperature, Outdoor 

temperature, Occupancy, Solar radiance on the façade). This information is all packed into a uniform JSON 

format. The received controls sequence consists of a shading height per screen type. The pre-processed results 

of the test environment are in the MBC processed and consulted during the operation of this controller. 

3.4.5. Results 

This third use case demonstrates the application of the test environment within the TNO project. The test 

environment provided essential support in the development of the building model within the MBC. Specific data 

is monitored in the digital test environment, which would be complex to monitor in practice. Within this test 

environment is also a connection to a real external advanced controller established, demonstrating an important 

requirement of this test environment. This connection is essential to multiple intended applications which will 

support future work within the R&D of this project. The flexibility and adaptability of the test environment are 

confirmed by the network connection but also by the performance evaluation of the first prototype. The digital 
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test environment provided accurate pre-processed simulation results to make the MBC operable, allowing a 

performance evaluation of the first prototype of the MPBC with DCF.  

To put the performance of the MBC in perspective two different control strategies are evaluated with exactly the 

same test conditions and operating the double façade system. The first variant, presented in Figure 28, has none 

of the screens activated while the second variant, presented in Figure 29, has a standardized RBC strategy. This 

RBC control strategy is similar to Use case 1 and only operates the reflective screen, similar to the first prototype 

of the MBC. If the performance of the advanced building skin is evaluated a couple of observations are worth 

mentioning, see Figure 30. The total annual cooling demand of the RBC and MBC are almost the same, the 

difference is 0.17 [kWh/m²].  The decrease of cooling demand compared to the case without shading resulted in 

a decrease of circa 88%. In use case 1 is a comparable decrease of noticed in the variant with outdoor shading. 

The total annual heating demand of the RBC and MBC are not alike and this demand is 133% higher in the MBC 

compared to the RBC. The variant with no shading has maximum exploitation of the solar thermal energy. The 

RBC is with 7.10 [kWh/m²], just 1.02 [kWh/m²] higher than this variant. The time percentage when the screen is 

activated when the room is occupied is with the MBC is only 27% less than the RBC. This is visible in the 

parameters of visual comfort and the corresponding energy demand of the lighting system.  The perceptible 

DGPs of 0.35 with the RBC is exceeded between the 2-21% of the occupied time while the MBC is significantly 

higher with values between the 19-34%.  

The detailed insight on the heating- and cooling demand with corresponding screen activation are presented in 

Figure 31. Within the 24
th

 week, the screen is activated from 5am, when no occupants were present or cooling 

was activated. This could indicate that the controller takes dynamic effects of the indoor environment and 

climate into consideration, to prevent a peak in the cooling demand in the future. However visible by these heat 

maps and the annual results are that more screen activation could not lead to a reduction of the cooling 

demand.  So variants regarding the configuration and/or material properties of the façade system must be 

explored to a further reduction of the cooling demand.  

 
Figure 28 - Overview annual results, DCF 

with on shading activated 

 
Figure 29 - Overview annual results, DCF 

with standardized RBC 

 
Figure 30 - Overview annual results, Use 

case 3 (DCF with MBC) 
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Figure 31 - Heat maps, Use case 3 

This current prototype has its limitations and a complete focus on preventing thermal energy demand. So visual 

aspects and the corresponding effect on the energy demand of the lighting system. The complete overview of 

the performance evaluation shows that these aspects are a direct response to the control strategy. There is no 

pursuit of a balance between these performance indicators. This is visible in the detailed insight of the 

performances within Figure 31. The controller needs an implementation of the expected visual comfort and the 

corresponding energy demand of the lighting system within a building.  In this way is the system capable to take 

these performances into consideration in the objective function. It can assess if an ‘optimal’ balance between the 

performance indicators is found. It is capable to assess if the benefits of a certain control sequence are worth the 

consequences to the conflictive objectives. This is obviously questionable at the operation of the first MBC 

prototype. The reflective screen is completely closed almost the complete occupied time in the summer. It is 

questionable if this is the desired operation and raises the question, are the benefits for the cooling demand 

worth the consequences to the conflictive objectives. However, this is also likewise, in the winter occurs high 

levels of glare, with relatively low solar intensities. Are the benefits of the admission of thermal solar radiation 

worth the consequences for the discomfort by glare. In the further R&D process has visual comfort a higher 

priority than implementing the absorptive screen because an absorptive screen does not has an added value to a 

controller with a complete focus on preventing thermal energy. The added value of the Double cavity façade is 

impossible to conclude in this use case because only the reflective screen is activated. However, expected is that 

with the implementation of the visual comfort the capabilities of the multi-state façade can be fully exploited.   

  



 

 31 Development of a digital test environment for R&D support of complex multi-state facades 

with advanced controls 

4. Conclusion 

This MSc thesis has proposed a test environment on the basis of building performance simulations for R&D 

support of complex multi-state facades with the interaction of external advanced controls. The test environment 

intends to support the argumentation and decision-making throughout various phases of research and design-

oriented R&D projects of advanced building skins. This test environment combines the expertise of the different 

specialized simulation tools to provide a high level of detail into the dynamics within a physical system where it is 

required. This insight in combination with the ability of BPS to fully adjust the test conditions of the test 

environment a wide variety of applications would be possible in the R&D process.  

 

The support and capabilities of the test environment are demonstrated by the different use cases with the TNO 

project in particular. The test environment is developed for projects like the TNO project, making it an  

expressive demonstration.  The test environment provided essential support in the development of the building 

model within the MBC. The detailed insight into the physical behaviour enabled different kinds of parameters 

which were impossible to monitor in a physical test set up within the time and financial scope of this use case. A 

physical test setup, would require seasonal around-the-clock experiments which are labour intensive and time-

consuming. Various intended applications are suggested within the further R&D process where the test 

environment can provide essential support. These intended applications require a test environment due to the 

required dynamic interaction between the MBC and the building. However, this requires the interaction of the 

test environment with an external advanced controller. This requirement is demonstrated by a network 

connection to a real external advanced controller. This also allowed the performance evaluation of the first 

prototype of the MPBC with DCF.  

 

The performance evaluations provided insights into the performance of different façade systems and control 

strategies by the conducted use cases. The need for these facades and control strategies are confirmed by the 

use cases. This is similar to the clear interconnection between the conflicting objectives and the challenge 

regarding control strategies. The first MBC prototype showed despite its limitations, the ability to take into 

consideration the dynamic effect of a building. This controller had a specific focus on preventing a thermal 

energy demand and had a quite optimal performance regarding this subject. This could confirm the potential of 

the system; however, an implementation of the visual comfort is required to provide a good conclusion about 

the double cavity façade with a model-based controller. 

 

4.1.  Future work 

Some aspects of the test environment require some additional research in the future. The applied climate file 

consists of hourly data and fluctuations on a smaller time scale are averaged by these datasets. These 

fluctuations in solar radiation are of importance for visual comfort because of the direct impact on the 

occupants. Additional future work regarding the environmental parameters is inaccurate weather predictions. An 

advanced controller must be able to correctly react to these disturbances because it has a direct effect on the 

operation of the MBC. The co-simulation has a delay in the implementation of pre-processed results and control 

sequences within EnergyPlus. This delay is limited by small-time steps in the test environment; however, a direct 

response to the control sequence is preferred. The aspects which require some additional research in the future 

is related to building users. Disturbances of the building users caused by the complex fenestration system could 

be taken into consideration in the performance evaluation. Also, the interaction between the users and the 

advanced controller should be investigated in future studies. The interaction from the users has a significant 

impact on the operation [41].  
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Appendix 1 – Radiance verification results 
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Appendix 2 – Position of Screens and Low-E coating 

This simulation study explores how the position of the absorbing shade, the reflecting shade and a low 

emissivity (low-E) glazing coatings within the overall triple glazing system influence cooling- and heating 

demand. The low emissivity of the coating reduces the radiative energy transfer. The energy transfer is 

predominant within a cavity, and the application of this coating has a significant impact on the thermal 

resistance. However, the properties of this coating also have an influence on the functioning of the shading 

states. The relative low radiative energy transfer at a specific wavelength can enforce or discourage the 

reflecting and absorbing properties of the screens.  

     Method 
The test conditions regarding, environmental parameters, reference building, performance indicators and 

façade system are based on Use case 3. This is a single zone office space (4.5 x 8.0 x 3.0 [m]), with a large 

fenestration system with an orientation on the south. The window system is a double cavity façade with two 

different screens similar to Use case 3. To exclude the influence of a particular control strategy is each variant 

full closed the whole simulation cycle. This cycle will be a full year based on climate data of the IWEC database 

regarding Amsterdam [1].  

The concept, material properties and configuration of the façade system are similar to those in use case 3. In 

this study, the position of the screens and the low-E coating will be varied. There are six variants defined and 

analysed in the study. The first variants will have different positions of the low-E coating while the fourth 

variant has no coating applied. In colder climates is the layer with the low emissivity directed towards the 

indoor environment to limit the heat losses, this is also applied in all variants. Within the last variant, the 

position of the two screens is switched. The different variants are shown in Figure 2. Figure 1 shows the 

corresponding performance of the variants calculated by LBNL window according to the ISO 19467:2017 [2]. 

 
Figure 1 – The performance of DCF variants 
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Variants Shading State 

No Shading Absorptive Reflective 

 
 
 

A 

InnerPanel  

 Low-e coating on 
Layer 6 

 Reflective screen in 
outer cavity 

 Absorptive screen in 
inner cavity 

   
 
 
 

B 

MidPanel  

 Low-e coating on 
Layer 4 

 Reflective screen in 
outer cavity 

 Absorptive screen in 
inner cavity 

   
 
 
 

C 

OuterPanel  

 Low-e coating on 
Layer 2 

 Reflective screen in 
outer cavity 

 Absorptive screen in 
inner cavity 

   
 
 
 

D 

NoLowE 

 No Low-e coating 
applied 

 Reflective screen in 
outer cavity 

 Absorptive screen in 
inner cavity 

   
 
 
 

E 

Double  

 Low-e coating on 
Layer 2 + 4 

 Reflective screen in 
outer cavity 

 Absorptive screen in 
inner cavity 

   
 
 
 

F 

ScreenSwitch 

 Low-e coating on 
Layer 6  

 Reflective screen in 
inner cavity 

 Absorptive screen in 
outer cavity 

    
Figure 2 - Configuration of the analysed variants 
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Results 

In Figures 3-5 are the results of this study show, 

how the different variants with corresponding 

shading states influence the cooling- and heating 

demand. By the absorbing shade is it possible to 

get a similar heating demand as the shading states 

when no shading is activated. This means that an 

occupant can be protected from glare, without the 

limiting the admission of solar thermal energy. The 

switch in screen position of variant F doesn’t have 

a positive influence on the heating demand 

compared to the similar configuration of variant A.  

By applying the low-E coating further towards the 

interior lowers heating demand but increases 

cooling demand. However, the low-E coating on 

pane 2 has a positive impact on both screens when 

activated. The application of a second coating 

improves the heating demand due to the radiative 

transfer between panes 2 and 3 decreases. Also, 

the cooling demand decreases because more solar 

energy is reflected at pane 2.  

Variant F seems like a particularly promising 

configuration due to the ideal state for limiting the 

heating- and cooling demand. However, within this 

configuration is the low-E coating exposed to the 

indoor environment, which requires additional 

attention regarding chemical- and abrasion 

resistance of different coating types [3].  

Conclusion 

Due to the absence of the control strategy within 

this study, is it hard to make a rational 

recommendation of a specific configuration. 

However, this study provides an insight on how the 

position of the absorbing shade, the reflecting 

shade and low emissivity (low-E) glazing influence 

the cooling- and heating demand within the double 

cavity façade. 

 
     A        B        C        D        E         F 

Figure 3 - Annual Cooling- and Heating demand, No 
shading 

 
  A        B        C        D        E         F 

Figure 4 - Annual Cooling- and Heating demand, 
Absorptive shading states 

 
   A        B        C        D        E         F 

Figure 5 - Annual Cooling- and Heating demand, 
Absorptive shading states 
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Appendix 3 - Results use cases 
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Use case 1 - Variant 1  
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Use case 1 - Variant 2 
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Use case 1 - Variant 3 
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Use case 2 – Rule Based control strategy  
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Use case 3 – Model based Controller   
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