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Abstract 

The aim of this paper is to evaluate the potential of a novel multi-state sun-tracking vertical-blind (ST-VB) concept using 

building performance simulation (BPS). A multi-domain simulation toolchain was developed and verified to evaluate the 

interior vertical-blind concept. The toolchain is used to quantify whole-building performance effects of design choices in 

the development of the initial concept within a larger framework of functional and aesthetic requirements. Multiple control 

concepts are tested, including different sun-tracking approaches, utilising the double-sided blind to switch between 

absorbing and reflecting solar radiation, and the ability to fully retract the blinds versus rotating them into an open 

position. Different possible materialisations of the blind are tested by evaluating the performance sensitivity of each of 

the potential control strategies to varying the blinds’ solar and visible reflectance. The most promising ST-VB strategies 

perform substantially better than a conventional automated roller-blind strategy in terms of preventing visual discomfort 

(8% less DGPs0.4exc0deg), the admission of daylight (75-99% higher sDA300lx/50%), allowing for views to the outdoors (8-

33% more hours with a view), and energy performance (11-35% reduction in primary energy consumption for heating, 

cooling and lighting). This research concludes with a set of recommendations for the development of the ST-VB system 

and by extrapolating the ‘lessons-learned’ for future research and development into multi-state solar shading systems. 

The novelty of this research can be found in that automated control concepts for interior vertical blinds have thus far been 

largely unexplored. Additionally, this research contributes to the body of knowledge on performance modelling of 
complex fenestration systems and the use of BPS in the, relatively new, context of product development. 
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Abbreviations 

ST-VB Sun-tracking vertical-blind EWF40%;exc.  
Share of office hours that a EWF of 40% is 

exceeded 

Op  Most open blind position Eprim 
Primary energy consumption for heating, cooling 

and lighting 

Mx Most open sun tracking blind control logic Elight  Lighting energy demand 

Mn 
Most closed sun tracking blind control 

logic 
sDA300/50%  

Spatial daylight autonomy using 300 lux and 

50% as cutoff criteria 

AR Always retracted D300lx  
Daylit area fraction using 300 lux as a cutoff 

criterion 

Lo Ev < 6400 lx DGPs Daylight glare probability simplified 

Mi 6400 lux ≤ Ev ≤ 30000 lx DGPs0.4;exc 
Share of office hours that a DGPs of 0.4 is 

exceeded 

Hi Ev > 30000 lx DGPs0.4;0deg;exc. 

DGPs0.4;exc for the viewing direction facing 

into the 0-degree direction. Maximum of two 

occupant positions 

Ti Indoor dry-bulb temperature in Celsius Vrcontrib 
Rcontrib program parameters for generating view 

matrices 

Ev Indoor vertical illuminance sensor readings  Drcontrib 
Rcontrib program parameters for generating view 

matrices 

VPPA  Vertical projection profile angle S Radiance three phase method sky matrix 

γ Solar azimuth DMX Radiance three phase method daylight matrix 

bRA  Blind rotation angle VMX Radiance three phase method view matrix 

N North MF3 Reinhart 3 half sphere discretization 

BL Baseline control strategy -ab Ambient bounces 

Rvis Visual reflectance -ad Ambient divisions 

Rsol Solar reflectance -lw Limit weight 

Tvis Visual transmittance -c 3000 Number of rays to accumulate 

Tsol Solar transmittance EP EnergyPlus 

Rf Reflectance of the front of the blind BCVTB Building control virtual testbed 

Rb Reflectance of the back of the blind LBNL Lawrence Berkeley National Laboratory 

IEA SHC 
International Energy Agency Solar 
Heating and Cooling program 

BSDF  Bidirectional scattering distribution function 

IWEC 
International Weather for Energy 
Calculations 

CFS Complex fenestration system 

Low-E Low emissivity CSV  Comma-separated values 

CEN 
European Committee for 
Standardization 

IDF  EnergyPlus input data file 

ACH Air changes per hour IGDB International glazing database 

ηe 
Efficiency, here site-to-source 
efficiency for delivered grid electricity 

CGDB Complex glazing database 

COP Coefficient of performance   

EWF Exposed window fraction   

e 
Opening area between two blinds projected 

parallel onto window surface 
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1. Introduction 

Solar control systems are instrumental for achieving a visually and thermally comfortable indoor climate and reducing 

building energy consumption [1, 2]. Automated solar shading systems, in particular, have the potential to balance the 

conflicting performance goals in managing the admission of solar radiation into buildings [2-7]. In practice, however, this 

potential is often not realised and conventional automated solar shading systems are frequently associated with user 

dissatisfaction [8-10]. This dissatisfaction has been attributed to the limited opportunities for user feedback to the control 

system [8, 9, 11, 12] and the inadequacy of control strategies to satisfy the visual comfort requirements of occupants [4, 

5, 7, 10].  

Traditionally, the development of automated shading control systems has predominantly been driven by thermal 

considerations (i.e. reducing unwanted solar heat gains), and the type of strategies that are most commonly applied in 

practice are characterised by simple control rules that involve full open and close actions in response to a single sensor 

and a control threshold [6, 13-15]. This binary control approach limits the system to two optical and thermal states and is 

thus ill-equipped to respond to the large variety of environmental conditions and shifting performance goals that 

characterise office buildings [16]. Consequently, conventional control approaches have been shown to lead to discomfort 

glare, insufficient daylight and high lighting energy consumption [4, 7, 10]. In contrast, shading systems that can be 

configured in a multitude of thermal and optical states, allow the admission of daylight and solar energy to be adjusted in 

a more gradual manner. Such multi-state systems offer more opportunities for balancing conflicting performance goals 

and responding to varying environmental conditions [14, 16-21]. The development of multi-state solar shading system is 

therefore a promising way forward. 

Automated solar shading systems influence many different, and often conflicting, operational performance aspects. 

Amongst the most important aspects are visual comfort, daylighting performance, degree of view to the outdoors, degree 

of disturbance by dynamic actuations, thermal comfort and energy performance [2, 15, 16, 22]. In the design of automated 

solar shading systems, also the costs of the system need to be considered. Factors that strongly influence these costs are 

the complexity of the actuation mechanism, material type and quality, ease of integration with the building management 

system and the commissioning process. Here, it is also important to bear in mind that certain decisions need to be made 

early in the development process whereas others can be reconsidered later. For instance, an actuation mechanism cannot 

easily be changed once a production line is set up or when shading systems are applied in buildings. Contrary to the 

overall automation concept, which should be determined at an early stage, control rules and thresholds can easily be 

changed at a later stage.  

Dynamically operated interior shading devices are an essential element in modern office buildings. They are installed in 

nearly all solar exposed facades to prevent, mitigate, or solve daylight discomfort glare and maintain a visually 

comfortable indoor environment. Because interior devices are generally less effective at reducing the admission of solar 

energy than exterior shading devices, interior shading devices have traditionally been viewed only as a means for solving 

daylight discomfort glare. The operation of such devices is therefore traditionally not considered as an integral part of the 

façade design process [6]. However, with the advent of technologies like daylight dimming and high reflectance coatings, 

the operation of interior shading devices is becoming increasingly defining for the energy consumption of high-

performance buildings. Compared to their exterior counterparts, interior shading devices are more suited to be actuated 

in a fine-tuned manner using silent and low-cost motorisation systems. Because shading systems on the exterior are 

exposed to outdoor conditions, they require a heavier, more robust, and costly dimensioning of components and are 

therefore difficult to deploy at economies of scale. Additionally, such systems are often not feasible in medium to high-

rise projects due to high wind loads [6, 23]. Advanced automated control strategies for the operation of common interior 

shading products are therefore increasingly recognised as an opportunity for developing multi-state solar control solutions 

that are deployable at scale and several promising control strategies have been proposed. 

For example, various sun-tracking control strategies for indoor roller blinds have recently been proposed [24, 25]. These 

strategies allow direct daylight to be admitted only to a pre-defined depth inside the space and thereby aim at balancing 

the goals of limiting daylight discomfort glare and reducing cooling energy consumption with the competing goals of 

admitting daylight and views to the outdoors. Similar concepts were developed for horizontal blinds where the retraction 

height [26], the tilt angle [27] or both these parameters [28, 29] are adjusted in relation to the position of the sun. 

Additionally, these algorithms have been extended for horizontal blinds to allow direct sunlight to be admitted further 

into the space in places where no occupants are seated [30] and to also consider exterior obstructions [31]. These strategies 

were all shown to lead to improved daylighting performance and reduced discomfort glare and building energy 

consumption compared to conventionally automated alternatives. Oh et al. [20] proposed a similar strategy where a set 

of double-sided horizontal blinds are rotated to alternate between using a reflective or absorbing material for the sun-

facing side and manipulate the amount of solar energy that is absorbed or reflected. The strategy was shown to offer some 

additional reductions in the final energy consumption for heating, cooling, and lighting compared to a situation where the 

reflecting side of the blinds were always facing the sun. All these studies also concluded that a sun-tracking control logic 

by itself does not lead to desirable outcomes [5, 24, 25], and leads to a lack of daylight under overcast conditions and 

undesirable degrees of glare and cooling energy consumption when the shading system is opened in response to high 

altitude sun positions. These studies therefore proposed additional control modes, activated using sensors and detection 
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algorithms, for dealing with such conditions. The additional control modes and parameters are, however, very specific to 

the type of shading system and their performance effects depend on the building that they are applied in. De Vries et al. 

[25] proposed a method to optimise these parameters in the development of control strategies for new types of shading 

systems and building applications. 

Nearly all studies that propose advanced shading concepts have focussed or roller blinds and horizontal blinds [15, 20, 

32]. The potential of automated control strategies for vertical blinds has remained largely unexplored. Vertical blinds are 

a commonly applied shading solution that has traditionally been designed for manual operation. Vertical blinds have the 

desirable geometrical feature that, when the solar azimuth angle relative to the window normal is high, they allow direct 

sunlight to be blocked whilst preserving an unobstructed view of the high-altitude region of the sky, that generally offers 

the largest diffuse daylight contribution. Mangkuto et al. [21] investigated the effects of vertical blind slat angle positions 

and material properties on daylighting performance in relation to different ranges in diffuse horizontal solar radiation in 

the context of Indonesia. Additionally, automated actuation systems for vertical blinds have been proposed [33]. The 

successful deployment of automated vertical blinds systems, however, requires further research into control strategies and 

materialisations, with specific focus on exploiting the unique features of vertical blinds. Additionally, there is a need to 

compare the performance of automated vertical blinds to conventional automated solutions.  

The objective of this paper is to evaluate the potential of a multi-state sun-tracking vertical-blind (ST-VB) concept. The 

starting point of this study is a rudimentary initial version of this control concept for interior vertical blinds. Developing 

this concept into a practically applicable solution involves a great number of decisions and some of these decisions 

influence the effects of the shading solution on building performance. This study intends to support this decision-making 

process from a building physics perspective where the emphasis lies on control features that influence decisions regarding 

the hardware of the system. The strengths and weaknesses of different configurations of the initial ST-VB system are 

evaluated in relation to aesthetic and cost considerations. The effects of each design alternative on the performance of a 

typical cellular office space are tested using simulations. This study gives recommendations for the further development 

of the ST-VB system as well as future research and development (R&D) into multi-state solar shading systems in general. 

Most research that quantifies the performance of advanced solar control solutions has relied on building performance 

simulation (BPS). BPS gives the opportunity to estimate building-related performance benefits of advanced solar control 

systems. Something that is costly and difficult to do using in-situ or experimental measurements. Within the R&D process, 

BPS can be used to evaluate the effects of design decisions on multiple spatial scales, from the material to the whole-

building level. Additionally, it provides insight into the behaviour of systems characterised by contradicting physical 

effects that are hard to predict based on simplified approaches and engineering intuition [34, 35].  

The use of BPS within the R&D context is not straightforward. BPS tools and methods have traditionally been conceived 

for supporting the design process of buildings and have therefore focussed mainly on describing the behaviour of existing 

building products [34, 35]. Specifically, analyses and optimisation of a novel multi-state ST-VB system are complicated 

by multiple factors. One complicating factor is that the energy performance of such a system is a result of complex 

interactions between the visual and thermal domains [36]; two domains that have traditionally been addressed by different 

BPS tools. Another limiting factor is that most BPS tools rely on predefined control approaches, focussed on conventional 

automated solutions like horizontal blinds, and offer only limited means to describe more complex control behaviour. 

Additionally, the envisioned system is characterised by complex physical behaviour that is not easily described using a 

single existing tool. These hard-to-describe behaviours include time-varying optical and thermal behaviour, varying front 

and back blind-properties, interactions between the glazing and the shading system, anisotropic optics, and low emissivity 

coatings. Although detailed models [37, 38] that describe such behaviour are available for evaluating fenestration systems 

on the building-component level, these models are not yet directly accessible in whole-building simulation environments 

[39]. Additionally, quality assurance efforts of these simulation models have exclusively focussed on horizontal blinds 

and shades.  

For overcoming the challenges of applying BPS to assess advanced solar control systems, different modelling approaches 

have been proposed. Multi-scale modelling methods are available that simulate the component behaviour of shading 

systems in a detailed manner and provide inputs for whole-building simulations [36, 40-44]. Stepped and coupled 

simulation methods are available for describing interactions between the daylighting and thermal domains [18, 34, 40, 

44-46] and tools have been developed to couple simulation environments to flexible programming environments that 

facilitate describing complex control behaviour [34, 47-49].  

For this study, a multi-domain simulation toolchain was developed. Most components of this toolchain have been 

validated separately in earlier studies. This study will present a verification study that tests whether the combination of 

tools, applied to a complex dynamic vertical-blind system, also works as intended.  

The novelty of this research can be found in the fact that it explores high-performance control approaches for vertical 

blinds, applying some of the concepts and methods that have previously been conceived for roller blinds and horizontal 

blinds. Although vertical blinds offer geometrical features that are particularly beneficial for daylight management, there 

is insufficient knowledge on how to exploit these features in an automated control strategy. Additionally, this research 

provides a case study that illustrates the use of building performance simulation in the, relatively new, context of product 

development. The presented toolchain and simulation quality assurance studies contribute to the body of knowledge on 
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performance modelling of complex fenestration systems and of vertical blinds specifically. Finally, this research 

concludes with recommendations for further research into multi-state solar shading systems, a technological field that is 

instrumental for the transition towards high performance buildings. 

Section 2 of this paper presents the initial ST-VB concept. Section 3 presents the materials and methods of the research, 

including: a series of control rules and blind materials that could potentially improve the initial concept, the relevant 

design considerations and the applied simulation methods. Section 4 presents simulation results that evaluate the effect 

of the control and blind-material alternatives. In the 5th section conclusions are drawn regarding the performance potential 

of the ST-VB system and possible sources of uncertainty in the results of this study are discussed. This section also gives 

recommendations for the further development of the ST-VB system, R&D into multi-state solar shading systems and 

possible future applications of the simulation toolchain. 

 

2. The sun-tracking vertical-blinds concept 

The initial ST-VB concept utilises a silent motorisation system that allows a set of interior vertical blinds to be rotated 

continuously without disturbing occupants. This enables the blinds to be operated using a sun-tracking control logic that 

prevents direct sunlight from reaching an occupant whilst preserving a large unobstructed view to the sky (Figure 1 and 

Figure 3) for a large part of the day. The position of the blinds, expressed using the blind rotation angle (bRA), is adjusted 

in relation the solar azimuth angle (Figure 3). To obtain a generic control logic, that is independent of window orientation, 

solar azimuth (γ) is expressed relative to the window surface normal (WNγ) using the vertical projection profile angle 

(VPPA): the angle between solar azimuth and a vertical surface projecting from the facade.  

 

Figure 1 The sun-tracking vertical-blinds (ST-VB) concept, with solar azimuth angle (γ), the vertical projection profile 

angle  (VPPA) and the azimuth angle of the outward surface normal of the window (WNγ) 

 

3. Materials and Methods 

3.1. Research Methodology 

Figure 2 shows an overview of the research methodology. The research starts with a set of verification studies, aimed at 

testing the correct functioning of components the overall simulation toolchain that have not been validated in previous 

studies. These studies will be presented in section 4.1 and Appendix A. The performance effects of each control alternative 

are then simulated and evaluated in section 4.2. In section 4.3, the effects of different blind materialisations will be 

evaluated for each control concept. 
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Figure 2 Overview of the research methodology 

 

3.2. Alternative control rules, fabric properties and design considerations 

Developing the rudimentary concept into a deployable control strategy requires the specification of control rules, sensors, 

components and materials. The performance effects of different potential control rules will be tested. These control rules 

will be implemented as control modes in a multi-mode strategy and different configurations of this strategy will be 

evaluated. Additionally, the benefits and challenges associated with the use of different types of blind materials will be 

explored in relation to different concepts that determine the rotational freedom of the blind. This section will discuss each 

alternative and its associated design considerations. Table 1 summarizes these control rules in pseudo code along with 

the abbreviations that will be used for the corresponding control modes in the results section.  

 

3.2.1. Sensor strategy 

In the multi-mode strategies, an indoor illuminance (Ev) sensor will be used to decide when the system should activate 

each control mode (Figure 7). The sensor is positioned facing outward between the shading device and the glazing. 

Previous research showed that this sensor strategy offers significant benefits over other possible alternatives [7]. Three 

ranges are distinguished in the illuminance sensor measurements that are each associated to a different degree of risk for 

discomfort glare. These ranges are titled Lo (Ev < 6400 lx), Mi (6400 lux ≤ Ev ≤ 30000 lx) and Hi (Ev > 30000 lx). The 

investigated control modes vary in the degree to which the blinds are opened and their ability to prohibit discomfort glare. 

Each control mode will therefore be activated only in response to corresponding sensor measurement ranges. 

 

3.2.2. Sun-tracking control concepts 

There are different ways in which sun-tracking behaviour can be employed to block direct sunlight using vertical blinds. 

In this study, the performance of two sun-tracking approaches, and combinations thereof are explored. In the most open 

form of sun-tracking the vertical edges of the blind are aligned with the VPPA (Figure 3) according to the equation: 

𝑰𝒇 𝜸 ≤ 𝑾𝑵𝜸:  𝑏𝑅𝐴 =  90 +  2 ∗ 𝑉𝑃𝑃𝐴 
 (1) 

Else: 𝑏𝑅𝐴 =  90 −  2 ∗ 𝑉𝑃𝑃𝐴 

This control logic uses the bRA that maximises the amount of sky that is visible from the interior whilst not admitting 

direct sunlight and will be abbreviated as Mx. This strategy is inspired by a control strategy for horizontal blinds proposed 

by Konstantzos et al. [50]. In the most closed form of sun-tracking, the surface normal of each individual blind is aligned 

with the VPPA following the equation: 
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𝑰𝒇 𝜸 ≤ 𝑾𝑵𝜸:  𝑏𝑅𝐴 =  90 +  𝑉𝑃𝑃𝐴 
(2) 

Else:  𝑏𝑅𝐴 =  90 −  𝑉𝑃𝑃𝐴 

This approach shades a larger portion of the bright circumsolar region of the sky and will be referred to as Mn. It is 

designed to offer more protection from discomfort glare [51, 52] but also admits less daylight and offers less view to the 

outside. The Mx and Mn control modes will be activated under Mi and Hi conditions using different configurations.  

 

  

   

Figure 3 Two different forms of sun-tracking.  

Mx (left): the most open strategy that aligns the edges of the blind with the VPPA.  

Mn (right): the most closed strategy that aligns the surface normal of the blind with the VPPA. 

 

3.2.3. Opening the blinds  

Sun-tracking behaviour would lead to an unnecessary loss of daylight admission under overcast conditions, or when the 

sun is not visible at any point from the interior. All strategies therefore include a control mode, referred to as Op, that 

responds to these conditions by opening the shading system. The Op control mode will be activated under Lo conditions 

or when the sun is behind the façade (VPPA ≥ 90). Two different actuation alternatives will be investigated. One where 

the blinds are rotated to the most open position, and one where the blinds are retracted fully (Figure 4).  

In the retracting alternative, the blinds are fully retracted once at the start of the day. Once Mi sensor conditions are 

detected, the blinds are expanded and positioned according to one of the sun-tracking control modes. For the remainder 

of the day, the blind cannot be retracted again, and the open bRA position will be used if Lo conditions occur. This 

limitation was chosen to avoid many large movements of the blinds, that could be distracting to users. The ability to 

automatically retract the blinds would require an additional actuation mechanism that would be more expensive and 

complex than the initial concept where only rotations are supported.  
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Figure 4 Control actuations in the open control mode (Op). Left: Rotating the blinds to the most open position. 

Right: Retracting the blinds fully at the start of each day (Start retracted) 

 

3.2.4. Using the front and back blind reflectance to dynamically adjust the admittance of solar energy  

In principle, the ST-VB concept allows the blinds to be rotated 360 degrees. Both sides of the blind can therefore be used 

to face the sun in the sun-tracking modes. This offers the opportunity to use a different solar reflectance for the two sides 

of the blind and switch between the two sides to either admit or reflect more solar energy. A low reflectance could be 

used in the heating season to reduce heating energy demands whilst a high reflectance could be used in the cooling season 

to reduce solar heat gains and cooling energy demands. This concept will be tested using different control rules for 

switching between the reflecting and the absorbing side of the blind. 

 

  

  

Figure 5 Possible disturbance by dangling movements of the blinds, blind width and spacing and the associated 

rotational freedom 

 

3.2.5. Disturbances by dangling blinds 

A consideration that influences the allowed rotational freedom and chosen materialisation of the blinds is whether the 

width and spacing of the blinds are chosen such that they overlap or not. Choosing these parameters such that the edges 

of the blinds touch in a fully closed position, but do not overlap, allows a full 360-degree rotation of the blind and the 
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freedom to orient each of the two sides towards the sun at any moment (Figure 5). The downside of this approach is that 

small dangling movements of the blinds could disturb occupants and possibly cause glare. The disturbing effect of 

dangling blind movements can be reduced by choosing a blind width and spacing where the blinds overlap in a fully 

closed position. The downside of this approach is that it limits the rotational freedom of the blinds to a 0 to 180-degree 

range.  

 

Table 1 Investigated control rules and the abbreviations used to describe them 

ST-VB Sun-tracking vertical-blind Reflect if 

cooling 

season 

If month is [Jan. Feb. Nov. Dec.]: 

Absorbing side of blind facing sun 

Else:  

Reflecting side of blind facing sun 

Op-Mx If Ev > 6400 lx And VPPA < 90:  

Most open sun-tracking (Mx) 

Else: low-light sky response (Op) 

Reflect if 

cooling 

season or 

Ti>23 

If month is [Jan. Feb. Nov. Dec.] and Ti < 23°C: 

Absorbing side of blind facing sun 

Else:  

Reflecting side of blind facing sun 

Op-Mn If Ev > 6400 lx And VPPA < 90: 

Most closed sun-tracking (Mn) 

Else:  low-light sky response (Op) 

Start 

retracted 

If first occupied hour of the day and Ev < 6400 lx:  

fully retract blind 

If Ev > 6400 lx:  

expand blinds and start sun-tracking response 

if Ev < 6400 lx and blinds have already been 

expanded today:  

most open blind rotation 

Op-Mx-Mn If Ev > 30000 lx And VPPA < 90: 

Most closed sun-tracking (Mn) 

Else if Ev>6400 lx And 

VPPA<90:  

Most open sun-tracking (Mx) 

Else: low-light sky response (Op) 

Reflect 

always 

Always: Reflecting side of blind 

always facing sun 

BL 

 

Baseline: conventional automated roller-blind 

strategy. 

 

Reflect if 

morning 

If solar time is morning: 

Reflecting side of blind facing sun 

Else:  

Absorbing side of blind facing sun 

Up-Down 

200 W/m2  

If Ig;v > 200 W/m2:  

fully lower roller blind 

Else:  

fully raise roller blind  

Reflect if 

afternoon 

If solar time is afternoon: 

Reflecting side of blind facing sun 

Else:  

Absorbing side of blind facing sun 

Up-Down 

6400 lx 

If Ev > 6400 lx:  

fully lower roller blind 

Else: 

fully raise roller blind 

 

3.2.6. Materialisation of the blinds 

Another important consideration is related to the type of materials that are available in the market. Utilising materials that 

are readily available for the ST-VB system is preferable because it is less costly than having a blind custom made. 

Commonly applied products include natural-fibre or synthetic fabrics, fabrics with a metalized coating, solid plastic slats, 

and metal slats (Table 2). Each material is associated with particular costs, weight and solar reflectance. Visual and solar 

reflectance are strongly linked and close to identical for most products using the materials in Table 2. Specifying the solar 

reflectance is therefore intrinsically linked to choosing the colour (visible reflectance) and visual appearance of the 

shading system. The weight of the slat is a relevant design aspect because it influences the dimensioning and costs of 

other mechanical components and potentially affects acoustic performance. The reflectance of the blind can strongly 

influence daylighting, glare and energy performance and these aspects need to be balanced with the other design 

considerations. Toxicity, fire safety, environmental impacts and due diligence with associated standards also play a role 

in defining the materialisation of the blinds. A general qualification based on the type of material is not possible, but it 

can be noted that some products are more challenging to certify [53, 54].  

The starting point of this study is a lightweight fabric with a metallised coating. The metal coating offers a high solar 

reflectance, that reduces the admission of solar energy to the interior, as well as a low thermal emissivity. Typically, such 
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fabrics are manufactured for roller-blind applications and coated on one side only. The performance effects of different 

materialisations, however, will also be explored. Based on the considerations and materials from Table 2, the alternatives 

shown in Table 3 will be investigated.  

 

Table 2 Commonly applied materials for indoor shading products 

Name Rvis/sol 

Front 

Rvis/sol 

Back 

Emissivity 

Front 

Emissivity 

Back 

Weight Cost Representative cases 

PVC 0 - 0.8 0 - 0.8 0.9 0.9 Low Low Rf80Rb80, Rf55Rb55, 

Rf20Rb20 

Metal slats 0.5 - 0.8 0.5 - 0.8 0.1-0.2 0.1-0.2 High High Rf80Rb80 

Fabrics 0 - 0.6 0 - 0.6 0.9 0.9 Low Low Rf55Rb55, Rf20Rb55  

Metal 

coated 

fabrics  

0.6 - 0.8 0 - 0.6 0.1-0.2 0.9 Low Medium Rf80Rb55, Rf80Rb20, 

Rf80Rb80 

 

Table 3 Investigated materialisation alternatives 

Name Description Front 

solar/visible 

reflectance 

Front 

emissivity 

Back 

solar/visible 

reflectance 

Back 

emissivity 

solar/visible 

transmittance 

Rf80Rb55 
Metallised front 

light coloured back 
80% 0.15 55% 0.9 1% 

Rf55Rb55 
light coloured front  

light coloured back 
55% 0.9 55% 0.9 1% 

Rf20Rb55 
dark coloured front 

light coloured back 
20% 0.9 55% 0.9 1% 

Rf80Rb80 
Metallised front 

Metallised back 
80% 0.15 80% 0.15 1% 

Rf80Rb20 
Metallised front,  

dark coloured back 
80% 0.15 20% 0.9 1% 

 

  

Figure 6 Influence visual/solar reflectance (colour) of the blind on the visual appearance the shading system 
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3.3. Simulation methodology  

3.3.1. Reference office space  

The typical cellular office space used in this study is based on IEA SHC Task 56 reference office for evaluating building 

integrated solar envelope systems [55]. Some minor adjustments were made to the reference office. Table 4, Table 5 and 

Figure 7 give a detailed description of the reference office and other modelling assumptions. The ST-VB system will be 

evaluated for the Dutch context and hourly weather data for Amsterdam from the IWEC database [56] is used. 

 

Table 4 Reference office details and assumptions 

Geometry 

Dimensions width: 4.5m; depth: 6m; height: 3m (27 m2) 

Facade orientation South 

Window to wall ratio: 80% 

Fenestration 
Type: Low-E (pos. 2) double glazing with argon cavity filling 

Glazing: Uwindow: 1.24 W/m2K, Tvis: 0.82, SHGC: 0.60, CEN 

Facade  Uwall = 0.22 W/m2K 

Ceiling, 

walls, floor 
 Mixed: heavy weight floor/ceiling, lightweight walls 

Internal 

gains 

People: 3 (variable occupancy). 120 W/pers. 

Occupancy: Weekdays: 8:00-19:00 (2860 hours/year) 

Lighting: 
10.9 W/m2 Dimming (linear between 0-500 lux) 

Two sensors (Figure 1) each control 50% of loads 

Equipment: 7.0 W/m2 

HVAC and 

settings 

Infiltration: ACH: 0.15 

Ventilation: 
Constant during occupied hours, 40 m3/(h*pers.), ACH: 1.5 

Sensible heat recovery, efficiency: 70% 

Setpoints: Lower set point: 21°C, Upper set point: 25°C (constant) 

System efficiencies [6] 

ηe: 0.47 (The Netherlands 2015) 

ηcool,deliv: 0.7 (Air-based cooling delivery system) 

COPcool: 3 (Chiller with outdoor air condenser) 

ηh: 0.95 (Natural gas condensing boiler) 

Weather  IWEC, Amsterdam, The Netherlands [56] 

 

3.3.2. Baseline shading control strategy 

Potential customers purchasing a product like the ST-VB system are likely to compare the product against conventional 

automated solutions. An automated interior roller-blind system will be used as a baseline (BL) because such systems are 

commonly applied in practice. For this baseline, a conventional control strategy is assumed that fully raises or lowers the 

shade using a global vertical irradiance sensor and a 200 W/m2 threshold (Table 1). The Rf80Rb55 material will be 

assumed for the BL strategy.  

 

3.3.3. Performance indicators 

The performance aspects of interest in this study are daylight quality, visual comfort, view to the outdoors, and energy 

efficiency. Daylight quality and quantity are assessed using spatial daylight autonomy (sDA300/50%) as an indicator with 

300 lux and 50% of occupied time as performance criteria. This indicator is thus defined as the percentage of floor area 

that receives at least 300 lux for at least 50% of occupied time. To be able to evaluate instantaneous daylighting 

performance, the daylit area fraction D300lx is used. This indicator gives the percentage of floor area that receives at least 

300 lux at a point in time. 

Visual comfort is assessed in terms of the lack of daylight discomfort glare using the daylight glare probability simplified 

(DGPs) indicator [57]. DGPs relates vertical illuminance at the eye of the observer to the likelihood that an occupant 

perceives glare. DGPs has been shown to give reliable results for cases where the observer is not exposed to direct solar 

radiation and blinds with sun-tracking behaviour specifically [50, 58]. Discomfort glare depends strongly on the position 

and viewing direction of occupants. In this study, two occupants, seated close to the window, are assumed to assess DGPs 

(Figure 7). For each occupant, glare is assessed in two viewing directions [59]: one where an occupant is facing the 

window at 45 degrees and one where an occupant is facing a desktop monitor (the 0-degree viewing angle). To quantify 

visual discomfort across a year, the percentage of occupied hours that disturbing glare (0.4 DGPs) is exceeded is used as 

a performance indicator (DGPs0.4;exc) where this exceedance is computed separately for each viewing direction 
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(DGPs0.4;45deg;exc. and DGPs0.4;0deg;exc.) and the maximum DGPs of the two positions is used at each evaluated timestep. 

The DGPs0.4;0deg;exc. indicator is considered to be more critical in this study because occupants cannot easily adjust their 

viewing direction when glare occurs in this viewing direction and will be likely to overrule the control system. The goal 

is therefore to develop a ST-VB strategy that leads to 0% DGPs0.4;0deg;exc.. On the other hand, DGPs0.4;45deg;exc will be 

treated as an indicator that is undesirable, but here, trade-offs with other performance aspects are considered acceptable.  

 

 

Figure 7 Overview of Radiance model set-up. The window is split in two segments to more accurately describe flux 

transfer in the view matrix. 

 

View to the outdoors is assumed to be only dependent on the position of the shading device. The quantity of view is 

expressed using the fraction of the total window area that is not covered by the shading device if the window were viewed 

frontally using a parallel projection. This fraction will be called the ‘exposed window fraction’ (EWF). This approach is 

a simplified version of the method proposed by Tzempelikos [60] where the effect of slat thickness is disregarded. For 

the BL strategies, EWF is computed at each timestep using the height of the roller blind as measured from the bottom of 

the window (Figure 8) according to the following equation:  

𝐸𝑊𝐹𝑟𝑜𝑙𝑙𝑒𝑟 𝑏𝑙𝑖𝑛𝑑 =
𝑒

𝑠 + 𝑒 
 (3) 

Where EWF is the exposed window fraction, ‘e’ is the shade height measured from the bottom of the window and ‘s’ is 

the shade height measured from the top of the window. For the ST-VB strategies, EWF is computed from the bRA using 

the equation:  

𝐸𝑊𝐹𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑏𝑙𝑖𝑛𝑑 =
𝑒

𝑠 + 𝑒
= 1 − | sin(𝑏𝑅𝐴)| (4) 

Where ‘e’ and ‘s’ are respectively, the opening area between two blinds and the blind surface area both projected along 

the window surface normal (Figure 8). For all strategies it is assumed that there is an undisturbed view to the outside 

when EWF is larger than 40% and view performance is expressed as the share of occupied hours when this condition is 

met. This annual aggregate is denoted by EWF40%;exc. For the BL strategies, the 40% EWF criterion relates to a shade 

position above the eye level of a seated occupant (1.2 meters). For the ST-VB strategies, 40% EWF relates to a bRA of 

38 degrees (Figure 8). 

Energy performance is quantified as primary energy consumption for cooling, heating and lighting and computed using 

the equation from Beck et al. [6]: 

𝐸prim. =  
𝐸light

η𝑒

+
𝐸cool

η𝑒η𝑐𝐶𝑂𝑃𝑐𝑜𝑜𝑙
+

𝐸heat

ηℎ

     (5) 

Where Eprim is total primary energy consumption, Elight is the lighting energy demand, Ecool is the cooling energy demand, 

Eheat is the heating energy demand, ηe is the site to source primary energy ratio for electricity, ηc is the cooling delivery 

system efficiency, COPcool is the chiller coefficient of performance and ηh is the overall heating system efficiency. The 

assumed efficiencies are shown in Table 4.  
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To assist in the interpretation of the multi-performance graphs that follow in the results section, the sDA300/50% and 

EWF40%;exc. percentages are plotted in terms of their complementary 100% - sDA300/50% and 100% - EWF40%;exc. 

percentages. This allows all performance aspects to be plotted as indicators that are to be minimised.   

 

  

Figure 8 Exposed window fraction for the roller blinds (left) and the vertical blinds (right) 

 

Table 5 Simulation parameters and assumptions 

 EnergyPlus Radiance 

Fenestration 

LBNL-Window venetian blind model with glazing properties from IGDB: 

Lay 1: IGDBnr-1608, Lay 2: IGDBnr-11560 

CFS  BSDF 

Interior 

surfaces 
 

Lambertian reflectors:  

Ceiling Rvis: 0.8, Wall Rvis: 0.5 

Floor Rvis: 0.2 

Simulation 

settings 

Idealised HVAC system: unlimited capacity and ideal response Sensor grid: 5x25 

 VMXrcontrib: -ab 12 -ad 5∙104 -lw 2∙10-6, 

 DMXrcontrib: -ab 2 -ad 103 -lw 5∙10-4 -c 3000 

 S and DMX sky resolution: MF3 

5 min. time step hourly time step 

 

3.3.4. Simulation toolchain  

Figure 9 gives an overview of the simulation toolchain that was developed for this study. The toolchain combines features 

from simulation frameworks that have been employed in earlier research [7, 29, 44]. To describe the interactions between 

the visual and thermal domains, the toolchain employs a co-simulation approach using Radiance 5.2 (daylighting), 

EnergyPlus 8.5 (thermal domain), Matlab 2017a (control logic), and BCVTB 11.0 (information exchange) [7].  

The toolchain utilises a multi-scale modelling approach where the complex physical behaviour of the overall fenestration 

system is described using a detailed sub-system simulation in LBNL-Window [44, 61] that solves the recursive system 

of transmission, reflectance and absorption of visible and solar radiation. The overall solar and visible transmittance of 

the multi-layered fenestration system is stored inside a bidirectional scattering distribution function (BSDF), a matrix that 

relates flux transfer between a discrete series of 145 incident and outgoing beam directions. The absorptance of each layer 

of the system in relation to the 145 incident beam directions is stored in a separate absorption matrix. For each blind 

position, a separate set of BSDF and absorption matrices is defined. The 360-degree rotational freedom of the vertical 

blind was discretised in steps of 15 degrees giving 24 sets of matrices.  

The Radiance three-phase method is used to predict indoor daylighting conditions [62]. The three-phase method has been 

validated for the performance assessment of advanced solar shading systems [62, 63]. Within EnergyPlus, the complex 

fenestration calculation module is used. This module allows for the externally computed BSDFs and absorption matrices 

to be used as an optical model inside EnergyPlus. During the co-simulation process, BCVTB [47] directs the exchange 

of information between simulation environments, while Matlab is used to describe the behaviour of the shading control 

logic. Within the overall toolchain, Matlab is also used to pre- and postprocess simulation information. Table 5 shows 

relevant simulation input parameters.  
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Figure 9 Simulation toolchain that was developed for this study 

 

3.4. Control threshold optimisation method 

The Lo, Mi and Hi control thresholds that are used to switch between control modes in the ST-VB strategies, have been 

optimised in relation to the reference office and the investigated control rules using the optimisation method presented in 

de Vries et al. [64] (Figure 10). Sensor readings and glare performance for a typical year are simulated for two cases: one 

where the blinds are always retracted (Ar) and one where the blinds are always operating according to the Mx control 

logic. The glare performance results are then related to the associated Ev sensor readings at each timestep and the highest 

Ev measurement that meets the condition DGPs0.4;0deg < 0.4 is selected as a control threshold. The Mi control threshold, 

obtained using the Ar results, detects conditions where retracting or opening the blinds will cause glare and will be used 

to activate Mx. The Hi control threshold, obtained using the Mx results, indicates instances where Mx would lead to glare 

and will be used to activate the Mn control mode.  

Previous research showed that conventional strategies are not very effective in mitigating discomfort glare [5, 7, 65]. 

Occupants are likely to close the shading device when glare occurs, and such interactions will influence the operational 

daylighting and energy performance of the BL strategy. To give an indication of the extent at which occupant behaviour 

could influence the performance of the BL strategy, a second baseline is added where the shade is controlled using the Ev 

sensor and the optimised Mi control threshold.  
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Figure 10 Method used to optimise control thresholds 

 

4. Results 

4.1. Verification of the CFS toolchain 

The co-simulation framework and the implementation of the Radiance three-phase method that is used in this study has 

been verified in an earlier research [7]. Furthermore, the correct application of the co-simulation framework in this study 

was verified by analysing the behaviour of the different control strategies and their performance effects across a year 

using the temporal maps that are presented in Appendix A. The employed LBNL-window blind and glazing models have 

been validated experimentally by Hart et al. [37] and through inter-model comparison by Carli [38]. Additionally, 

Bustamante et al. [44] have verified the use of the CFS approach in EnergyPlus for describing a dynamic horizontal blind 

system.  

This section presents a verification study that shows that the toolchain, that is used to set up the CFS model in EnergyPlus 

and describe the multi-state vertical-blind system, works correctly. To this end, the solar heat gains predicted by the 

vertical-blind CFS model in EnergyPlus are compared to the heat gains that are predicted by LBNL-Window. 

Additionally, the behaviour of the model is tested using the initially defined control concepts. The goal of this verification 

study is to test that (i) there are no programming errors in the toolchain,  (ii) optical data is correctly pre-processed and 

used in EnergyPlus, and (iii) the radiative and convective surface heat transfer predicted by the CFS model in EnergyPlus 

gives plausible results. In these simulations, the Rf80Rb20 material is used.  

For comparing the heat gains predicted by the two tools at each vertical-blind position, the solar heat gain coefficient 

(SHGC) is used. The SHGC is generally defined under static boundary conditions, while throughout the EnergyPlus 

simulation, boundary conditions differ considerably from what is assumed in LBNL-Window (Table 6). Additionally, 

EnergyPlus does not report an overall SHGC for each vertical-blind position and solar position and incident irradiance 

cannot be assigned directly. Therefore, the available inputs in EnergyPlus were manipulated such that during a simulation, 

the boundary conditions at solar noon on the 21st of December would match with the boundary conditions in Table 6. The 

façade of the building was tilted backward 14 degrees to achieve a solar position that is perpendicular to the façade (Figure 

11). Additionally, the weather data was edited to obtain matching indoor and outdoor temperatures and 500 W/m2 direct 

solar radiation on the façade with zero diffuse radiation. Radiative and convective surface heat-transfer coefficients were 

not changed and are computed using the detailed methods in EnergyPlus to verify that these methods lead to plausible 

results in this application.  

 

Table 6 CEN boundary conditions [66] used in LBNL-Window to compute SHGC 

 dry-bulb temperature Direct Solar 

radiation 

Angle of 

incidence 

Fixed combined surface heat-

transfer coefficient  

 Ti, inside To, outside   inside outside 

CEN boundary 

conditions 
25° 30° 500 W/m2 90° 2.5 W/m2K 2.5 W/m2K 
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Figure 11 Setup of verification experiment. To obtain the 0-degree incidence angle in EnergyPlus, the façade is tilted 

14 degrees such that the sun is perpendicular to the façade at solar noon on the 21st of December 

 

Figure 12 SHGC in relation to vertical-blind rotation angle. As predicted by LBNL-Window and the vertical-blind CFS 

model in EnergyPlus (EP) 

 

Figure 12 shows the SHGC predicted by LBNL-Window and the EnergyPlus CFS model for each bRA. The figure shows 

that there is generally a good agreement between LBNL-Window and the overall CFS toolchain. The agreement is best 

when the blinds are in a fully closed position (90° bRA) and becomes slightly worse as the blinds are opened further, 

giving a maximum difference of 0.03 when the blinds are in the perpendicular positions (0 and 180° bRA). This 

discrepancy is within the acceptable range of uncertainty in this study. 

The double sided vertical-blind concept (Rf80Rb20) offers a very large variation in the amount of solar energy that is 

admitted or reflected, ranging from a SHGC of 0.2 in the closed reflecting position (270° bRA) to 0.6 when the blind is 

in its most open rotation (90° bRA). By using a highly reflective material for the sun-facing side of the interior blind (90° 

bRA, Rsol: 80%), a substantial portion of the initially transmitted solar radiation is reflected back to the exterior. Overall, 

the fraction of the incident solar energy that reaches the interior is small, with only 14% being absorbed by the interior 

shading system and 8% at the interior windowpane. When using the low reflectance side of the blind (270° bRA, Rsol: 

20%), however, the shading system and the interior windowpane absorb as much as 46% and 4% respectively. 

Figure 13 shows primary energy consumption for heating and cooling predicted by the CFS toolchain for six validation 

cases (VD) where daylight dimming of artificial lighting was disabled. In each of these cases, one of the control modes 

that were described before is used throughout a full year. A ‘3.VD admit sunlight tracking’ case is added here, where the 

blinds are rotated to admit a maximum of direct sunlight (bRA as in Mn but rotated 90-degrees). The label reflecting or 

absorbing indicates what side of the Rf80Rb20 blind is oriented towards the sun. The results show that the model behaves 

as expected. Strategies VD2 to VD5 show that cooling energy decreases and heating energy increases when the blinds 

are in a more closed position. VD3 leads to a small reduction in heating demand compared to the case without blinds 

(VD2) which can be attributed to a reduction of radiative heat losses associated to the low-emissivity blinds. Additionally, 

cooling energy increases substantially when the absorbing side of the blind is oriented towards the sun (VD1 in relation 

to VD5). Heating energy consumption, however, is not strongly affected by increasing the absorbed radiation (VD5 in 

relation to VD1) and appears to be mainly influenced by the amount of radiation that is transmitted. The latter can be seen 
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in the reflecting cases VD3, VD4 and VD5 where the amount of diffuse solar radiation that is transmitted changes, but 

the absorbed solar energy remains largely the same. The explanation for this is that, for the reference office cell, heating 

energy consumption mainly occurs outside of daylit hours (Appendix A). During daylit hours, internal gains and a small 

fraction of solar heat gains are sufficient to heat up the space. Increasing the amount of energy that is absorbed by the 

blind does not help to reduce heating energy consumption because this leads to convective gains that are immediate and 

increase indoor temperature at a moment when the heating system is off. If instead, the amount of solar energy that is 

transmitted is increased, this energy will be stored in high-mass internal surfaces and partly released outside of daylit 

hours where it helps to reduce heating energy consumption.  

 

 
Cooling 

 
Heating 

Figure 13 Primary energy consumption for heating and cooling for six validation cases 

4.2. Performance assessment of different control concept alternatives 

Figure 14 shows the performance of the envisioned vertical-blind concept with different sun-tracking approaches, 

compared to the conventional automated roller-blind strategies. Ideal performance is achieved if all indicators in this 

graph are zero. The first three strategies in this graph compare the different sun-tracking approaches where the reflecting 

side of the blind is always facing the sun. All strategies employ the open slat angle position (Op) under Lo sensor ranges.  

The strategy that employs only the most open sun-tracking strategy (1ST-VB Op-Mx) offers substantial improvements 

over the conventional 14BL strategy. 1ST-VB leads to better energy performance (22% less Eprim), daylighting 

performance (76% higher sDA300lx/50%) and more view to the outside (15% higher EWF40%;exc.). For the most critical 

viewing direction, the 1ST-VB strategy provides similar protection against visual discomfort as the 14BL strategy (8% 

DGPs0.4exc0deg). However, the 1ST-VB performs worse in the 45-degree viewing direction (10% more DGPs0.4exc45deg). A 

more detailed comparison of the behaviour and the performance effects of the 1ST-VB and the BL strategies can be found 

in Appendix A. Employing the more closed sun-tracking (2ST-VB Op-Mn) reduces disturbing discomfort glare, 

eliminating its occurrence in the most critical viewing direction altogether (0% DGPs0.4exc0deg). This strategy, however, 

also leads to a 20% decline in sDA300lx/50% and increases Eprim by 4% compared to 1ST-VB. 

The multi-mode 3ST-VB-Op-Mx-Mn strategy, that employs both forms of sun-tracking, combines the most beneficial 

performance traits of 1ST-VB and 2ST-VB. Compared to the two baselines (14 and 15 BL), the 3ST-VB strategy offers 

a 22-35% reduction in Eprim, an improvement of 75-99% in sDA300lx/50% and 8-33% more time with a view to the outdoors. 

Compared to 14BL the 3ST-VB strategy leads to a reduction of 8% in the time with disturbing glare for the most critical 

viewing angle whilst the risk of glare is 5% higher for the viewing angle facing the window.  

The 4 to 6 ST-VB strategies explore the performance of a system with overlapping blind edges, where the blinds can only 

be rotated 180 degrees (Figure 14). Because the reflecting side of the blinds can now only be oriented towards the sun for 

half of the day, a choice must be made to use the reflecting side during the morning or the afternoon. 5ST-VB shows the 

performance of the Op-Mx-Mn strategy if the reflecting side is used to track the sun during the morning. 5ST-VB shows 

similar daylighting, view and glare performance to the 3ST-VB strategy, where a full 360-degree rotation is allowed. 

With 5ST-VB, however, more solar radiation is absorbed by the blinds during the afternoon which increases cooling 

energy consumption, leading to a total Eprim that is 13% higher than that of 3ST-VB. The energy performance of the 5ST-

VB strategy is still substantially better than that of 14 and 15BL, offering a reduction of 11-27% in Eprim. Appendix A 

provides a more detailed analyses of the timestep behaviour of the 5ST-VB strategy in comparison to the 14BL. In 6ST-

VB, the reflecting side of the blind is used during the afternoon, rather than the morning which leads to a 2% increase in 

Eprim compared to 5ST-VB. This shows that, in applying the wide blinds concept on a south facing window, it is more 

beneficial to use the reflecting side during the morning.  
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 Lighting  Cooling  Heating 
      

 Share of occupied hours without view  Share of floor area with DA300lx < 50% 
    

 Share of occupied hours with DGPs > 0.4 for the 45 degree 

viewing direction 
 Share of occupied hours with DGPs > 

0.4 for the 0 degree viewing direction  

 

Figure 14 Summary of whole building performance predicted using simulations of different sun-tracking approaches 

for the vertical-blind concept in relation to the automated roller-blind baseline. 

 

 

 Lighting  Cooling  Heating 
      

 Share of occupied hours without view  Share of floor area with DA300lx < 50% 
    

 Share of occupied hours with DGPs > 0.4 for the 45 degree 

viewing direction 
 Share of occupied hours with DGPs > 0.4 

for the 0 degree viewing direction  

 

Figure 15 Summary of whole building performance of vertical-blind concepts that allow for a full retraction of the 

blinds (ST-VB7-9) in relation to the sun-tracking concepts that do not offer this functionality (ST-VB1,3,5) and the 

automated roller-blind baselines (BL 14-15). 
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In Figure 15, the performance of a vertical-blind concept that allows for a full retraction of the blinds (Start retracted) is 

evaluated. The 7, 8, 9 ST-VB strategies are respectively identical to the 2,3 and 5 ST-VB strategies with the exception 

that the blinds are fully retracted at the start of the day (Table 1). The fully retracting concept only affects daylighting 

performance and offers only small improvements compared to the previously investigated strategies. The concept 

increases sDA300lx/50% by 6, 1 and 2% for 7, 8 and 9 ST-VB respectively.  

Figure 16 explores the potential of the concept where the absorbing side of the blind is oriented towards the sun to admit 

more solar energy and reduce heating energy demand. The Rf80Rb20 material, with a very low reflectance on the backside 

of the blind, is used and different control rules for switching between the reflecting and absorbing states were tested. 10 

and 11 ST-VB follow the same control logic as 2 and 3 ST-VB but now the absorbing side of the blind is oriented towards 

the sun during the heating season, which lasts from November until February for the reference office. Using this control 

logic, the switching concept reduces heating Eprim by 1.0-1.3 kWh/m2 but increases cooling Eprim by 7.7-8.3 kWh/m2 due 

to ineffective control decisions. To avoid such false decisions, the control strategy is improved by adding an indoor 

convective temperature sensor and only using the absorbing side of the blind if the indoor temperature is below 23 degrees 

Celsius (12 and 13 ST-VB). Although false control decisions are now reduced, the switching control concept does not 

offer performance improvements in relation to the original sun-tracking concept. Using the absorbing side of the blind 

reduces the amount of daylight that is reflected from the blind into the room. This has a detrimental effect on daylighting 

performance (13-15% less sDA300lx/50%), lighting energy demand and Eprim (2.5-2.9% more total Eprim).  

 

 

 Lighting  Cooling  Heating 
      

 Share of occupied hours without view  Share of floor area with DA300lx < 50% 
    

 Share of occupied hours with DGPs > 0.4 for the 45 degree viewing 

direction 
 Share of occupied hours with DGPs > 

0.4 for the 0 degree viewing direction  

 

Figure 16 Summary of whole building performance of vertical-blind concepts that orient the absorbing side of the blind 

towards the sun in order to reduce heating energy consumption (ST-VB10-13) in relation to the sun-tracking concepts 

that do not offer this functionality (ST-VB2,3) and the automated roller-blind baselines (BL 14-15). 
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4.3. Performance sensitivity to blind front and back reflectance 

Figure 17 shows the performance sensitivity to the blinds’ front and back reflectance for the ST-VB strategies where the 

front side of the blinds is always facing the sun (Reflect always).  

3ST-VB-Rf80Rb55, 16ST-VB-Rf55Rb55 and 17ST-VB-Rf20Rb55 show that energy and daylighting performance of the 

shading system are very sensitive to the solar reflectance of the front of the blind. Both cooling and lighting energy 

consumption increase strongly for the materials with a lower reflectance. In relation to the high reflectance materialisation 

(Rf80Rb55), total Eprim is 21% higher for the lightly reflecting material (Rf55Rb55) and 55% higher for the dark absorbing 

material (Rf20Rb55). The 17ST-VB-Rf20Rb55 alternative performs even worse than the baseline scenarios due to its 

relatively high cooling energy consumption. The daylighting performance of the highly reflecting Rf80Rb55 material is 

also substantially better, with sDA300lx/50% being 7% higher than for the Rf55Rb55 material and 24% higher than for the 

Rf55Rb20 material. With regards to visual comfort, only the 45-degree viewing direction appears to be sensitive to the 

front reflectance of the blinds and the results show no variations in DGPs for the 0-degree viewing angle.  

18ST-VB-Rf80Rb80, 3ST-VB-Rf80Rb55, and 19ST-VB-Rf80Rb20 show that daylighting performance and visual 

discomfort in the 45-degree viewing angle are the only performance aspects that are sensitive to the back reflectance. 

Here, only the Rf80Rb20 material leads to a substantial difference in performance (10% lower sDA300lx/50% and 10% lower 

DGPs0.4exc45deg).  

 

 

 Lighting  Cooling  Heating 
      

 Share of occupied hours without view  Share of floor area with DA300lx < 50% 
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direction 
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0.4 for the 0 degree viewing direction  

 

Figure 17 Performance sensitivity to fabric front and back reflectance for the sun-tracking control concepts that always 

use the reflecting side of the blind to track the sun. 

Figure 18 shows the performance sensitivity to the fabric’s back reflectance for the ST-VB strategies that switch between 

using the front and back side of the blind to track the sun. 20ST-VB-Rf80Rb80, 5ST-VB-Rf80Rb55, and  

21ST-VB-Rf80Rb20 show that, for the overlapping blinds concept where only a 180-degree rotation is possible, Eprim, 

sDA300lx/50% and DGPs0.4exc45deg are sensitive to the back reflectance of the fabric. By using a blind that is highly reflecting 

on both sides (Rf80Rb80) the drawback of the wider blinds concept, increased cooling energy consumption, can be 

mitigated. There is, however, a trade-off with visual comfort, as with this fabric, there is some occurrence of glare in the 

most critical viewing direction (2% DGPs0.4exc0deg). Using a dark colour for the back of the blind (Rf80Rb20) leads to a 

situation where the vertical-blinds concept has a higher Eprim than BL14.  

22ST-VB-Rf80Rb55 and 13ST-VB-Rf80Rb20 show the effects of varying the back reflectance for the concept where the 

back of the blind is used to absorb solar energy to reduce heating energy consumption. Compared to the Rf80Rb20fabric, 

the Rf80Rb55fabric offers a better performance trade-off between the ability to absorb solar energy and the admission of 

sufficient daylight to the interior. The solar absorbing concept (22ST-VB) now offers similar performance to the initial 

concept where the reflecting side of the blind is always used to track the sun (3ST-VB) and the reduction (0.3%) in Eprim 

of the absorbing concept is negligible. 
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Figure 18 Performance sensitivity to fabric back reflectance for the sun-tracking control concepts which switch 

between using the front and the back of the blind to track the sun. 

 

5. Discussion 

5.1. The performance of the investigated ST-VB concepts 

Amongst the investigated sun-tracking blind concepts, the 3ST-VB-Op-Mx-Mn-Reflect always alternative, where the 

reflecting side is always used to track the sun, offers the best performance in terms of Eprim, sDA300lx/50%, DGPs0.4exc0deg 

and EWF40%;exc. This concept also allows for the greatest freedom in choosing the material and visual appearance of the 

blind. With this concept, using a front reflectance between 55 and 80% offers more beneficial performance than that with 

the conventionally controlled baselines with a reflectance of 80%. This means that, although using a highly reflecting 

material offers substantial performance benefits, light-coloured materials such as an uncoated fabric can be used 

(Rf55Rb55) to improve aspects, such as visual appearance or cost, whilst still offering better building performance than 

a conventionally controlled highly reflective (Rf80Rb55) roller-blind baseline.  Using a dark absorbing material for the 

front of the blind (Rf20Rb55), however, is not recommended because this greatly increases Eprim, causing the ST-VB 

strategy to perform worse than the baselines. Additionally, with the 3ST-VB-Op-Mx-Mn-Reflect always strategy, the 

back reflectance of the blind can be specified without very considerable consequences in terms of building performance 

aspects. 

The concept with overlapping blinds, that limits blind rotation to 180 degrees, offers substantial performance 

improvements over the baseline scenarios. However, this concept does lead to a 13% increase in Eprim compared to the 

strategy where the blinds can make a 360-degree rotation. Here a trade-off will have to be made between reducing 

disturbances by dangling movements of the blinds or reducing energy consumption. This trade-off can be made on case-

by-case basis because the difference between these two alternatives lies only in the control rules that are applied. With 

the overlapping blinds concept, energy and daylighting performance are sensitive to the back reflectance of the blind and 

it is not recommended to use dark absorbing materials (Rb20). 

The fully retracting blind concept offered only small improvements in daylighting performance and no substantial benefits 

in the other performance aspects. Especially for the most promising of the investigated strategies (3 and 5 ST-VB), these 

improvements do not justify the development of a more complicated motorisation concept.  

In this study, the ST-VB concept was tested in a south facing office cell. The temporal maps in Appendix A show that, 

compared to the 14BL strategy, the ST-VB system does not provide any daylighting and energy performance benefits for 

a duration of roughly an hour around solar noon, when the solar azimuth position overlaps with the surface normal of the 

window (low VPPA) and the blinds have to close fully to block direct sunlight. The most substantial benefits of the ST-
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VB strategy occur outside of this range when the VPPA is high. This suggests that the system could potentially offer 

additional performance benefits for façades that are oriented more towards the west and east, where a low VPPA occurs 

less frequent during regular daylit office hours.  

The solar energy harvesting and reflecting blind concept did not show a substantial reduction in heating energy 

consumption. From this study it can be concluded that there are some inherent limitations to this concept that cannot be 

easily overcome.  

One limitation is that the absorbing fabric, combined with the priority of mitigating daylight discomfort glare, allows 

solar energy to only be admitted to the inside in terms of convective and longwave infrared (LIR) heat gains from the 

blind surface. The validation cases in Figure 13 illustrate that solar energy admitted through these heat-transfer 

mechanisms, is much less effective at reducing heating energy demand than solar energy admitted as solar radiation. 

Switching from the situation where the blinds are always closed (6.VD) to the most closed sun-tracking (5.VD) strategy, 

has a much stronger effect on heating energy consumption (a reduction of 10.6 kWh/m2) than switching from the reflecting 

to the absorbing (1.VD) state with the sun-tracking strategy (a reduction of 1.8 kWh/m2). These validation cases also 

show that reducing heating demand by admitting solar radiation causes a smaller penalty in cooling energy consumption 

than when solar energy is admitted through convection and LIR. The difference between the solar absorbing strategy 

(1.VD) and the solar admitting strategy (3.VD) shows that cooling energy can even be reduced by admitting beam solar 

radiation rather than absorbing it. This can be explained by the fact that for this reference office, and many perimeter 

office spaces exposed to direct solar radiation, there is little space heating demand during the day because solar gains and 

interior gains are sufficient to heat up the space. In such cases, reducing heating energy demand by increasing convective 

solar gains is not very effective because these gains are immediate and quickly lead to undesired overheating.  

Another limitation of the absorbing blind concept is that there is a strong conflict between wanting to absorb solar energy 

and wanting to maximise the reflection of daylight into the space. In this study, where visible and solar reflectance are 

assumed to be closely related, these trade-offs were considerable and reflecting daylight provided the largest daylighting 

and energy performance benefits.  This raises the question of whether this issue could be resolved by applying a spectrally 

selective material on the absorbing side of the blind. In an ideal case such a material would reflect 100% of the radiation 

in the visible spectrum and 0% in the near-IR spectrum. Assuming the ASTM G-173 spectral distribution for solar 

radiation, the solar reflectance of this material would be 0.39 [67]. The reductions in heating energy consumption from 

such a material would lie between the Rb20 and Rb55 fabrics that where tested in this study, and these savings are not 

sufficient to support further research into this application. 

The solar absorbing and reflecting blind concept could potentially be suited for other applications and environments than 

were tested in this study. The concept is tailored to solar exposed perimeter zones, where daylight glare management is a 

concern.  More promising applications could be found in situations with lower internal gains, lower admission of solar 

gains, less efficient heating and more efficient, or absent, cooling systems. Possible applications include colder climates, 

hospital patient rooms, and poorly insulated office spaces with efficient lighting.  

In exploring alternative materialisations of the blinds, this study focussed on diffuse solar reflectance. Other design 

aspects that strongly influence the performance of the system include the direct and diffuse transmittance of the blind. 

The goal of this study was to support the selection of materials in the early stage development of the system. Direct and 

diffuse transmittance can be influenced in each of the material alternatives in Table 2 through the application of translucent 

polymers, perforations, and fabric openness. It is recommended to investigate the effects of such design modifications in 

future research.  

Some aspects of this case study require further elaboration and should be considered in the interpretation of its 

conclusions.  View is assessed in this study using a simplified approach that focusses only on view quantity and disregards 

view quality and content, aspects that are known to affect view perception. Additionally, the parallel projection method 

used in this study has some counter-intuitive characteristics. With this method, view performance with the blinds in the 

most open slat angle position is identical to that when the blinds are fully retracted, and this might not correspond with 

actual perception of view quantity by occupants in these two instances. Although the applied method has shortcomings, 

the current state of the knowledge of view quantity and quality is not sufficient to apply this directly to the assessment of 

advanced dynamic solar shading systems, such as the one studied in this paper.  

In this study, the prediction of daylight discomfort glare was based on saturation alone. Although research has pointed 

out that this approach is sufficiently accurate to describe a system where the sun is not in view of an occupant [58], this 

condition is not always met in the BL14 baseline case. Glare is possibly underestimated in this control alternative.  

In this research, the reflectance of all materialisation alternatives was assumed to be fully diffuse. This assumption is 

representative for highly diffusing materials (e.g.: PVC and metal coated fabrics) it might not be representative for metals 

with a high specularity (e.g.: brushed aluminium) [21, 68]. The influence of blind specularity on the glare and daylighting 

performance of the ST-VB system is therefore recommended for further research if highly specular materials are 

considered.  

Additional uncertainties arise from the use of hourly weather data in daylight simulations. Sky conditions show more sub-
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hourly variability than what is represented by such data and this could potentially be a cause of errors in predicting visual 

comfort and daylighting performance and, consequently, also in energy performance.  

 

5.2. The development of multi-state solar shading systems  

The limitations of the double-sided ST-VB concept offer some lessons for the development of multi-state solar control 

systems in general. One limitation of the investigated concept is that the solar, visual and thermal states of the system are 

coupled, meaning that it is not possible to change the solar reflectance of the system without also changing the amount of 

daylight admitted to the interior. Multi-state solar shading systems, that can independently switch their thermal 

characteristics and optical states in the visual and solar spectrum, are a promising way forward and are recommended for 

further research.  

For perimeter sun-exposed spaces of office buildings, instances with high incident solar radiation usually do not coincide 

with a space heating demand. Solar control devices that seek to harvest the benefits of solar energy for reducing heating 

demands should therefore include mechanisms for energy storage or conversion. Admitting solar radiation to be absorbed 

by interior surfaces is a more effective mechanism to achieve heating energy reductions than by absorbing this radiation 

using a shading device with low thermal capacitance. Admitting solar radiation in this way can, however, conflict with 

the goal of prohibiting daylight glare. Possible strategies for overcoming these limitations could include:  

- Admitting solar radiation during unoccupied moments. Using the ST-VB system as an example, this could mean 

opening the blinds during weekends in the heating season.  

- Admitting more solar energy in parts of the space where this would not lead to risk of glare [69]. In the ST-VB 

concept this could be achieved by splitting the blinds into groups that use different slat angle rotations across a 

façade.  

- Using materials with a spectrally selective, and switchable transmittance.  

 

5.3. The computational performance assessment framework for multi-state solar control systems 

This study illustrated how the developed simulation toolchain can be used to investigate performance trade-offs in the 

development of an advanced multi-state solar shading system. The toolchain allowed the performance effects of potential 

control rules, motorisation concepts and material properties to be evaluated. Although the toolchain was developed for 

vertical-blinds and roller blinds, it can also be used to assess other solar shading concepts such as screens or horizontal 

blinds. Additionally, the toolchain can be used for dynamic multi-state fenestration systems in general, although there are 

some limitations to the current configuration of the toolchain:  

- The simulation strategy used to assess visual comfort is tailored for fenestration systems with a very low specular 

transmittance and reflectance. There are, however, daylight simulation methods available for cases with specular 

transmittance of daylight. For example, the enhanced daylight glare probability simplified approach [57], the 

Radiance 5phase method [70], and the GLANCE method [71] are recommended for this purpose. Additionally, the 

radiance genBSDF program can be used to describe blind systems with a high specular reflectance.  

- The toolchain currently relies on the optical algorithms that are available within the LBNL-Window environment for 

describing glazing and solar shading systems. Currently, this environment does not support describing solar shading 

devices with complex non-conventional geometries directly and the Radiance genBSDF program is recommended to 

assess such systems [44, 63, 72].  

 

5.4. Conclusions  

This study evaluated the effects of the ST-VB system on building performance aspects using a multi-scale and multi-

domain simulation toolchain. This evaluation showed that the ST-VB system offers substantial performance 

improvements over a conventional automated solar shading solution. By positioning the evaluation of building 

performance aspects within a larger framework of design considerations this research assists the practical deployment of 

the ST-VB system and provides insights into the use of BPS within the product development context. This study concludes 

that the double-sided blind concept, where the system can switch between absorbing and reflecting solar radiation, does 

not offer considerable opportunities to reduce space heating energy consumption due to several inherent limitations. Based 

on the analyses of this concept and its limitations recommendations were given for further R&D into multi-state solar 

shading systems. Additionally, the presented toolchain and verification studies contribute to the body of knowledge on 

performance modelling of complex fenestration systems and of vertical blinds specifically. 
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7. Data availability 

The toolchain that was developed for this study is publicly accessible and can be found in the following repository: 

https://gitlab.tue.nl/bp-tue/solarshading 

 

Appendix A: temporal maps with instantaneous behaviour and performance effects 

2.ST-VB | Op-Mx | Reflect always 14. BL | Up-Down | 200 W/m2 Legend 

   

   

   

   

Figure A.1 Temporal maps showing instantaneous behaviour and performance effects at each timestep for the most 

open sun-tracking strategy (3ST-VB-Op-Mx-Mn-Reflect always) and the conventional roller blind strategy (14BL)  
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5.STVB|Op-Mx-Mn|Reflect if morning| Rf80Rb55 14. BL | Up-Down | 200 W/m2 Legend 

   

   

   

   

Figure A.2 Temporal maps showing instantaneous behaviour and performance effects at each timestep for the 9ST-VB-

Op-Mx-Mn-Reflect if morning-Rf80Rb55 and 14BL strategies. 
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