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Abstract 
This study presents a method for supporting control 
strategy development and sensor selection for automated 
solar shading systems from a building physics perspective 
using building performance simulation (BPS) and gives 
recommendations for quality assurance in making 
modelling decisions. With the proposed method high 
performance sensor strategies (sensor type, its location 
and actuation thresholds) can be identified using only a 
limited number of simulations. The method is illustrated 
using sensor selection for a sun-tracking control strategy 
for indoor roller blinds as a case study. It is concluded that 
the daylighting and energy performance of such a strategy 
can significantly be improved through the application of 
this method.  
Introduction 
BPS has been identified as a promising tool for supporting 
the exploration of high potential control strategies for 
automated solar shading systems as it allows the 
operational performance and risks of such strategies to be 
explored in a wide variety of cases (Loonen et al. 2017). 
Many recent studies have used simulations to analyse and 
improve the performance of advanced control strategies 
for a range of automated shading types (Wienold 2007, 
Tzempelikos and Shen 2013, Seong et al. 2014, Shen et 
al. 2014, Gunay et al. 2016, Atzeri et al. 2018). The use 
of BPS for this application is, however, relatively new and 
there are several issues that still need to be addressed to 
ensure effective deployment of BPS in this context. 
An example of an advanced control strategy that presents 
challenges for BPS are strategies for indoor roller blinds 
with sun tracking behaviour. These systems adapt their 
position according to the sun path, seeking to balance the 
admission of daylight and views with the competing goal 
of limiting daylight glare discomfort and are receiving 
increasing attention for their potential as key elements in 
high performance buildings  (Koo et al. 2010, 
Tzempelikos and Shen 2013, Jeong et al. 2016, Atzeri, 
Gasparella et al. 2018). However, as pointed out by 
Tzempelikos and Shen (2013) and Atzeri, Gasparella et 
al. (2018), sun-tracking control strategies do not 
necessarily eliminate all occurrences of glare and can 
moreover lead to undesirably high cooling loads. These 
studies also show that the performance of sun-tracking 
control strategies can be improved through the application 
of additional control actions that raise or lower the shade 

in response to light sensors. In the study by Tzempelikos 
and Shen (2013) this is done using a proportional control 
response to an indoor illuminance sensor. The authors 
proposed a method for developing control thresholds for 
this response by correlating sensor measurements to 
desired work plane illuminance ranges.  
Different types of sensors could be used for improving a 
sun-tracking control strategy. The type of sensor that is 
used, its position and orientation, together with the chosen 
control thresholds and responses, influence the effectivity 
of the control strategy in addressing building performance 
aspects. Generally, complex sensor strategies, in which 
measurements relate more closely to the physical 
quantities that directly influence the desired performance 
aspects, will be more effective. There is, however, also 
the conflicting desire to keep a control concept as simple 
as possible. Another consideration is that control rules are 
easily changed whereas it is undesirable to change sensing 
equipment once a system has been installed. A need 
therefore arises to investigate the effectivity of different 
types of sensor strategies in influencing whole building 
performance and BPS potentially offers the tools for this. 
There are, however, some impediments that hinder the 
effective application of BPS to the development of 
advanced control strategies for shading systems in 
general, and to those tailored to roller blinds specifically. 
One being that the performance of advanced shading 
solutions is determined by interactions between the 
thermal and the daylight domain; two physical domains 
which are largely separated across different BPS tools. 
Different methods for overcoming this limitation have 
been presented. Atzeri, Gasparella et al. (2018) rely on a 
stepped simulation approach, Loonen (2018) has 
presented a co-simulation framework and multiple 
research teams have focussed efforts on developing new 
simulation environments, tailored for specific advanced 
fenestration solutions (Shen and Tzempelikos 2012, 
Bueno et al. 2015, Werner et al. 2017). Computational 
performance assessment of advanced shading solutions is 
complicated further by the fact that existing BPS tools 
offer only a limited degree of control over the behaviour 
of the shading system (Loonen, Favoino et al. 2017). Most 
existing simulation methods, for instance, allow a roller 
blind to only take two discrete positions; being either fully 
lowered or fully raised. To overcome this limitation, 
earlier studies have relied on using a limited number of 
discrete shade positions and dividing the window system 
into a series of vertically stacked window strips (Wienold 
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2007, Gunay, O'Brien et al. 2016, Atzeri, Gasparella et al. 
2018). Additionally, some researchers have included 
scripting environments within co-simulation frameworks 
to facilitate the implementation of a complex control logic 
(Shen, Hu et al. 2014, Loonen 2018). 
From this literature review, it becomes clear that although 
different approaches for computational performance 
assessment of advanced dynamic shading systems are 
available, this field remains in active development and the 
influence of modelling decisions and resolutions in 
applying these approaches to advanced sun-tracking 
control strategies requires further exploration. This paper 
contributes to the existing body of knowledge on this 
topic by placing specific emphasis on quality assurance 
with regards to modelling decisions. A method will be 
presented for supporting control strategy development 
and sensor selection from a building physics perspective 
using only a small number of simulations. The proposed 
method is illustrated using a sun-tracking control strategy 
for indoor roller blinds as a case study. In this case study, 
the merits of three sensor alternatives will be evaluated.  
In the following section, the case study and the applied 
simulation framework will be presented. Using this 
framework, the performance of an initial version of the 
control strategy, without any light sensors, will be 
evaluated in relation to a series of reference scenarios. 
Through an analysis of whole building performance in 
relation to sensor measurements, a set of improvements 
will then be proposed for each of the sensor alternatives. 
Finally, the potential of these improvements will be 
evaluated in relation to a conventional control strategy.   
Case study and simulation method 
Sun tracking control strategy for indoor roller blinds 
This case study focusses on evaluating the merits of 
different sensor alternatives for improving the 
performance of a sun-tracking control strategy for roller 
blinds. The initial control strategy, titled solar cut-off 
(SC), seeks to balance the admission of daylight and 
views with the competing goal of limiting daylight glare 
discomfort. To this end, the roller blind is controlled in 
relation to the sun’s position to block direct sunlight from 
hitting an occupant’s desk using the relation shown in 
Eq.1. The edge of an occupant’s desk is assumed to be at 
75 centimetres height and positioned 75 centimetres from 
the façade. If the sun is not in direct view of the façade, 
the shade is fully raised. This control mode is based on the 
control strategy proposed by Tzempelikos and Shen 
(2013).   

 𝑤𝑤𝑤𝑤𝑤𝑤
𝑐𝑐𝑐𝑐𝑐𝑐 𝛾𝛾

∙  𝑡𝑡𝑡𝑡𝑡𝑡 𝛼𝛼 + 𝑤𝑤𝑤𝑤ℎ = 𝑠𝑠ℎ  (1) 

wpd: distance between workplane and façade, wph: 
height of workplane, γ: solar azimuth (west from south 

convention), α: solar altitude.  
This study evaluates the effectivity of three sensor types, 
in improving the discussed control strategy: (i) an outdoor 
sensor for global horizontal irradiance, (ii) an outdoor 
sensor for global vertical irradiance and (iii) an indoor 
sensor for vertical illuminance. The placement of these 

sensors is illustrated in Figure 1. The outdoor irradiance 
sensors are chosen as this type of sensor is commonly 
installed for integration in building management systems 
and placed on the rooftop of buildings. The indoor 
illuminance sensor is positioned in between the glazing 
and roller blind. This sensor and positioning is chosen 
because it is considered to be a non-intrusive, low-cost 
solution. Using this selection of sensors, the importance 
of both the positioning of a sensor and the part of the solar 
spectrum it measures, will be tested.  

 
Figure 1 Overview of the set-up of the simulation study.  

A conventional control strategy will be used as a 
reference. In this baseline strategy (BS), the roller blind is 
controlled using an outdoor global vertical irradiance 
sensor where the shade is either fully raised or lowered in 
response to a threshold of 200 W/m2 (Beck et al. 2010). 
In addition to this BS a situation where the shades are 
always up (AU) and a situation with the shades always 
down (AD) are presented as a reference.  
This study uses the reference office building for building 
integrated solar envelope systems, developed within IEA 
SHC Task 56 (D’Antoni et al. 2019) with some minor 
adjustments. Details of this reference space and the 
associated modelling assumptions are given in Table 1. 
Although the sun tracking control algorithm can be 
applied to any façade orientation, this case study is limited 
to a south facing perimeter office cell.   
Performance indicators 
The performance aspects of interest in this study are 
daylight quality, visual comfort, view to the outdoors, and 
energy efficiency. Spatial daylight autonomy is used as an 
indicator for daylight quality, with 300 lux and 50% of 
occupied hours as cut-off criteria (sDA300/50%). This 
indicator is defined as the percentage of floor area that 
receives at least 300 lux for more than 50% of the 
occupied hours. 
Visual comfort is operationalised as the lack of visual 
discomfort and daylight glare probability simplified 
(DGPs) is used as a performance indicator. This metric, 
which was empirically derived by Wienold (2009) relates 
the probability of the occurrence of glare to vertical 
illuminance at the eye of the observer. Seating 
arrangements closest to the window are the most sensitive 
to the occurrence of glare. Additionally the likelihood of 
glare discomfort is strongly influenced by viewing 
direction. In this study, the two seating positions shown 
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in Figure 1; with the view direction facing the window at 
45 degrees, are used to assess glare probability. Here the 
percentage of occupied hours that a DGPs of 0.40 is 
exceeded (disturbing glare) is used as a performance 
indicator using the maximum of both viewing positions. 
View to the outdoors is assumed to be only dependent on 
the position of the shade. It is assessed as the percentage 
of occupied hours that the shade is positioned above the 
eye level of a seated occupant (1.2 meters). Energy 
efficiency is expressed in terms of primary energy 
consumption for cooling, heating and lighting and 
computed using the efficiencies shown in Table 1.  
The simulation method and assumptions 
To account for the strong dependence of performance on 
interactions between the thermal and visual domains, this 
study relies on a co-simulation framework using Radiance 
(daylighting), EnergyPlus (thermal domain), Matlab 
(control logic) and BCVTB (information exchange).  
In this framework, the Radiance three-phase method is 
used for daylighting and glare performance assessments 
as well as the prediction of indoor lighting energy 
consumption and heat gains. This approach has been 
validated for the performance assessment of advanced 
solar shading systems (McNeil and Lee 2013). To 
simulate a variable height shading system using this 
method, the fenestration system needs to be divided into 
a number of horizontally oriented segments which are 
either fully shaded or unshaded (Subramaniam 2017). All 
Radiance daylighting simulations are executed before the 
co-simulation process takes place. In this step, a database 
is created containing the daylighting contributions of each 

segment of the window for all day lit hours of the year and 
both the shaded, as well as the unshaded states.  
BCVTB directs the exchange of information between 
simulation environments. Matlab is used to describe the 
behaviour of the shading control logic, compute the 
current daylighting conditions using the daylight 
database, as well as the resulting interior gains from 
artificial lighting which are sent to EnergyPlus. The 
shading models in EnergyPlus do not allow for partially 
shaded window states to be directly implemented. Here a 
similar modelling approach was chosen as with Radiance, 
where the window is divided into segments.  
Hourly weather data for Amsterdam (IWEC) is used in 
this study. Within EnergyPlus, a 5-min time step is 
chosen, as a sub-hourly resolution helps to increase the 
reliability of the heat balance algorithms as well as limit 
the effect of errors deriving from BCVTB’s loosely-
coupled co-simulation approach. Within Radiance an 
hourly time step is chosen to describe sky conditions 
because of the unavailability of sub-hourly weather data 
and the uncertainties associated to the creation of 
synthetic sub-hourly data which will be discussed further 
in the conclusion section.  
Results 
Sensitivity analyses: division of the window 
The modelling approach, in which the window is split into 
segments, causes the actual position of the roller blind to 
be rounded to the height of the nearest segment. The 
rounding of the shade’s position will lead to errors in the 
predicted flux of visual and thermal radiation.  

Table 1Case study details and modelling assumptions 

  EnergyPlus Radiance 

Geometry 
Dimensions width: 4.5m; depth: 6m; height: 3m  (27 m2), façade oriented south 

Window to wall ratio: 85% 

Fenestration 
Type: Low-E (pos. 3) double glazing with argon cavity filling,  

Glazing: Ugl: 1.2 W/m2K Uframe: 1.5 W/m2K, SHGC: 0.62, CEN Tvis: 0.82 
Shade: Tsol: 0.05, Rvis: 0.76, SHGCgl+shade: 0.26, Tvis: 0.05, Rvis: 0.74, Tvis,gl+shade: 0.05 

Facade  Rc = 4.5 m2K/W rvis = 0.5 
Ceiling, 

walls, floor 
 Mixed: heavy weight floor/ceiling, lightweight walls Ceiling: rvis = 0.8, Wall: rvis = 0.5 

Floor: rvis = 0.2 

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: 
Demand driven, 40 m3/(h*pers.), ACH: 1 (average)  

Sensible heat recovery, eff.: 70% Sensor grid: 5x25 
Setpoints: Lower set point: 21°C, Upper set point: 25°C  (constant) V: -ab 12 -ad 5∙104 -lw 2∙10-6, 

 Idealised: unlimited capacity and ideal response D: -ab 2 -ad 103 -lw 5∙10-4 -c 3000 

System efficiencies 
(Beck et al. 2010) 

ηe = 0.39 (electricity source to site eff. cooling),  
ηcool,deliv = 0.7 (air system eff. cooling), COPcool = 3, 

ηh = 0.95 (natural gas heating system eff.) 
 

 Anisotropic optical model for shade s and D: MF3 
 5 min. time step hourly time step 

Weather  IWEC, Amsterdam 
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The magnitude of these errors can be decreased by 
increasing the number of window subdivisions. Within 
the daylight model, however, the number of subdivisions 
is proportional to the required computational effort. In 
EnergyPlus, errors could be introduced by an 
inappropriate application of the underlying models. The 
shade model in EnergyPlus explicitly describes heat and 
mass exchange between the air cavity, the shade, the zone, 
and the window. The chosen application of this model is 
therefore likely to give errors in convective solar gains. 

 

  
Figure 2 Sensitivity of results to window discretization. 

A. Daylight model, B. Thermal model,  
C. Sensitivity of simulation time for both models  

Figure 2 presents a sensitivity analysis investigating an 
appropriate modelling resolution for the amount of 
window divisions. Figure 2 (A) shows the sensitivity of 
performance predictions by the daylighting model. Within 
Radiance, increasing window subdivisions will better 
approximate the amount of transmitted daylight, as is 
illustrated by the flattening of predicted performance for 
the SC case. Spatial daylight autonomy is the most 
sensitive indicator, flattening only at 35 divisions. 
Because simulation time increases strongly beyond this 
point (Figure 2 C) 35 divisions were chosen in this study. 
Figure 2 (B) shows the sensitivity of predicted primary 

energy consumption to the number of window divisions 
in EnergyPlus. In this analysis, daylight dimming of 
lighting was disabled. The AU and AD cases show that 
the errors introduced by the modelling approach have a 
small effect on performance predictions. The predicted 
performance of the SC strategy flattens out from 20 
window divisions onward but for consistency 35 divisions 
was chosen in EnergyPlus.  
Initial performance assessment of reference cases 
Figure 3 compares the performance of the SC and BL 
strategies. In this graph, the performance indicators are 
reformulated so that the most desirable situation is found 
if all performance indicators are as low as possible. 
Primary energy consumption is expressed here as a 
percentage of the worst performing scenario (AD: 124 
kWh/m2). View and glare performance are shown as the 
share of occupied hours that their required criterion was 
not met. Daylighting performance is presented as the 
complementary percentage to sDA300/50:  the floor area 
that does not receive at least 300 lux for 50% of occupied 
time. These results suggest that, although the SC strategy 
offers better daylighting performance, it does so at the 
expense of the other performance aspects. The reason for 
this is that the sun-tracking behaviour of the SC strategy 
causes the shade to be almost fully raised during mid-day 
in summer leading to unwanted solar heat gains as well a 
risk of glare from bright skies. These moments with bright 
sky conditions will be referred to as high-light conditions 
(Hi) from this point onward. A more beneficial trade-off 
between performance aspects might be found by lowering 
the shade further under these conditions.  

 
Figure 3 Summary of whole building performance for 

the SC and BL strategies 
With the SC strategy, heating energy consumption is 
lower, but cooling and lighting are both higher than with 
the BL. Although lighting energy consumption is only 1% 
higher for the SC strategy than for the BL strategy this 
contrasts with the 26% increase in sDA300/50% that the 
SC strategy offers. The reason for this can be found in the 
spatial and temporal distribution of daylight, the 
illuminance cut-off criterion, and the chosen control 
approach for the artificial lighting system. 
Regarding the temporal distribution of daylight; the 
contrast between lighting energy consumption and 
sDA300/50 suggests that the SC strategy offers less 
daylight at the moments which are most critical for 
lighting energy consumption. That is, moments with 
overcast sky conditions during the winter period. At such 
moments, referred to as moments with low-light 
conditions (Lo) from here onward, the low altitude of the 
sun causes the shade to be positioned rather low, leading 
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to an unnecessary decline in daylighting performance. At 
these instances, the risk of glare or undesirable solar gains 
are low. Fully raising the shade at these moments is thus 
a promising way to improve the SC strategy. 
Development of sensor strategies through BPS  
This section will explore how various sensor alternatives 
can be used to detect low-light and high-light conditions 
and presents a method for comparing the effectivity of the 
different sensors in doing so. The goal of the analyses 
presented here is to find a control threshold which 
corresponds sufficiently well with instances related to 
undesirable glare and daylighting performance without 
leading to many false control decisions. Figure 4 
illustrates how the approach works for using the indoor 
illuminance sensor as an example. The graph explores 
how the sensor could be used to detect low-light 
conditions where the shade could be safely raised without 
causing disturbing glare. The graph is based on results 
from the AU case and it shows DGPs for the two viewing 
directions plotted as a function of what the indoor vertical 
illuminance sensor would measure. For each viewing 
direction, the plotted DGPs value is the maximum of both 
seating positions. Using this graph, the effectivity of a 
potential sensor threshold can be assessed. The goal is to 
detect the conditions with a risk of disturbing glare (points 
below the horizontal 0.4 DGPs line) using a sensor 
threshold which can be expressed as a vertical line. In this 
graph, the detection of glare risk is called a ‘positive’. 
True positives (TP) are moments where the chosen 
threshold rightly detects such conditions, in this example 
the control would remain in sun-tracking mode. True 
negative (TN) refers to moments where the chosen 
threshold would rightly conclude that there is no risk of 
glare and the roller blind would be fully raised. False 
negatives (FN) and false positives (FP) refer to situations 
where the threshold would lead to wrong control 
decisions causing glare or unnecessary loss of daylight 
respectively. The effectivity of different control 
thresholds and sensors can therefore be expressed by the 
share of occupied hours that are contained in each region, 
where a higher share of moments in the ‘true’ regions 
indicate better performance trade-offs between 
daylighting performance and visual comfort. 

In the example shown in Figure 4; the threshold is chosen 
such that false negatives, where raising the shade would 
cause glare, never occur. Here, the 45-degree viewing 
angle is used. This approach leads to a substantial number 
of false positives (11% of occupied hours). The linear 
relationship between glare and sensed illuminance, within 
the plotted range, suggests that a more desirable trade-off 
can be reached by shifting the threshold closer to the point 
where the linear regression line intersects the disturbing 
glare line. This approach is illustrated by the second cross 
in Figure 4, where the threshold was determined by 
allowing DGPs 0.4 to be exceeded 2% of the time.  
Using these two approaches, control thresholds detecting 
low light conditions were determined for each type of 
sensor. In Table 2 these thresholds are summarised along 
with the corresponding effectivity of each sensor strategy, 
expressed as the share of occupied hours spent within 
each ‘true’ or ‘false’ detection region. From this table, it 
can be concluded that the external horizontal irradiance 
sensor is less effective at detecting low light conditions 
than the other sensors. Additionally, these results show 
that the approach where 2% glare probability occurrence 
from ‘false negatives’ is accepted, offers much fewer 
‘false positives’. This suggests that this option offers a 
more desirable trade-off between daylight utilisation and 
glare probability. 
A similar approach is used in choosing a threshold for the 
detection of high light conditions. Here a control action is 
meant to prevent glare in a situation where the control 
strategy would otherwise be tracking the sun. Therefore, 
simulation results from the SC strategy are used. Figure 5 
(A) shows DGPs as a function of measured indoor 
illuminance.  The cross marks the effects of using a 
control threshold which would detect a risk of glare at all 
times for a view facing the wall.  The relationship between 
glare probability and measured illuminance is less linear 
than in the last example. The performance trade-off 
between glare and daylight utilisation is therefore also 
less beneficial, as can be seen by the high occurrence of 
false positives (35%). The lack of a linear relationship can 
be explained by the occurrence of glare associated with a 
large fraction of the window being exposed, exposing the 
occupant to a large view of a high luminance sky.

 
Figure 4 DGPs in relation to readings from the indoor vertical illuminance sensor. Simulated results for the AU case.  
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Table 2 Summary of sensor thresholds for detecting low light conditions using different sensors. F: false, T: true. 

A sensor strategy based on a luminance distribution at the 
position of the occupant would be the most ideal in this 
case. As such a strategy is faced with many practical 
obstacles, a promising direction might be to try to 
approximate similar behaviour using the more acceptable 
window sensor position. Figure 5 (B) gives an example of 
such an approach. Here the illuminance measured by the 
sensor is multiplied by the unshaded height of the 
window. The relationship between DGPs and this non-
physical quantity is much more linear than in the case with 
measured illuminance. Consequently, the performance 
trade-off is more beneficial as can be seen by the lower 
occurrence of false positives (18%). 
Table 3 give a summary of the developed thresholds, in 
relation to an assessment of their effectivity, for each of 
the sensor types. It can be seen that the approach where 
sensor measurements are multiplied by the unshaded 
height of the window, is generally more effective. The 
results suggest that the global horizontal irradiance sensor 
offers the worst performance if direct measurements are 
used. Surprisingly, however, this sensor appears to be the 
most favourable when the measurements are multiplied 
by the unshaded height of the window. This appears 
counterintuitive as the placement and measurement 
spectrum of the sensor has the least in common with the 
sensor that is used to assess glare. The explanation for 
these results is that, when the sun is not in view, the 
remaining occurrence of glare discomfort is strongly 
connected to the overall brightness of the sky. The two 
vertical sensors are less effective in measuring such an 
overall sky brightness as their measurements are more 
strongly influenced by the direct solar component. 
Evaluation of the developed sensor strategies 
To assess the effectivity of the different sensor types, only 
the most promising threshold approaches will be used.   

   

 
Figure 5 Simulated results from the SC case.  

DGPs in relation to:  
A. indoor vertical illuminance B. indoor vertical 

illuminance multiplied by the unshaded window height.
Table 3 Summary of sensor thresholds for detecting high light conditions using different sensors. F: false, T: true. 

 Exterior horizontal 
irradiance sensor 

Exterior vertical irradiance 
sensor 

Interior vertical illuminance 
sensor 

Negative Positive Negative Positive Negative Positive 
Threshold based on:  

DGPs45 deg >= 0.4 
30 W/m2 50 W/m2 4000 lux 

FN:   0% TP: 60% FN:  0% TP: 60% FN:   0% TP: 60% 
TN: 17% FP: 22% TN: 31% FP:   9% TN: 29% FP: 11% 

Threshold based on:  
DGPs45deg[2%] >= 0.4  

80 W/m2 80 W/m2 6400 lux 
FN:   2% TP: 58% FN:   2% TP: 58% FN:   2% TP: 58% 
TN: 29% FP: 11% TN: 39% FP:   1% TN: 39% FP:   0% 

 Exterior horizontal 
irradiance sensor 

Exterior vertical irradiance 
sensor 

Interior vertical illuminance 
sensor 

Negative Positive Negative Positive Negative Positive 
Threshold based on:  
DGPs0 deg >= 0.40 

300 W/m2 150 W/m2 12300 lux 
FN:   0% TP:   7% FN:   0% TP:   7% FN:   0% TP:   7% 
TN: 69% FP: 23% TN: 57% FP: 36% TN: 58% FP: 35% 

Threshold based on:  
DGPs0 deg >= 0.40 and  

sensor value * 
unshaded height 

760 (W/m2)∙m 380 (W/m2)∙m 32500 lux∙m 

FN:   0% TP:   7% FN:   0% TP:   7% FN:   0% TP:   7% 
TN: 82% FP: 11% TN: 71% FP: 21% TN: 74% FP: 18% 
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Figure 6 Summary of whole building performance for the improved SC strategy using different sensors.  

Lo: responds to low light condition, Hi: responds to low light condition, Performance indices defined as in Figure 3 
Low light conditions will be detected using the thresholds 
where some occurrence of glare probability is accepted. 
High light conditions will be detected using the thresholds 
using the multiplication of measurements with the 
unshaded height of the window. In response to a low light 
condition being detected, the shade will be fully raised. In 
response to the detection of a high light condition, the 
control strategy will use the level of a seated occupant (1.2 
meters) as a maximum height for the shade’s position. To 
this end, the control strategy will use the minimum of the 
position following sun-tracking and 1.2 meters.  
Figure 6 presents a summary of whole building 
performance for the developed control strategies and 
sensor alternatives. The performance indicators are 
defined as in Figure 3. For each sensor alternative, the 
effectivity in detecting low, and high light conditions is 
assessed by also evaluating scenarios where only one of 
the two proposed control extensions is implemented. For 
all sensor types we see a similar pattern in performance 
improvements. Compared to the initial SC strategy, fully 
raising the shade with low light conditions (Lo) improves 
daylighting and energy performance as well as the time 
with a view to the outdoors without causing a significant 
change in visual discomfort. The improvements in energy 
performance can be attributed to reductions in heating, 
lighting and even cooling energy consumption due to 
reduced lighting gains.  
The control response to high light conditions improves 
overall energy performance and reduces the time that the 
visual discomfort criterion is met by 17-19%. These 
improvements do have a negative effect on daylighting 
performance (10-14% reduction in sDA). The 
implementation of both control modes has a beneficial 
effect on all performance aspects. Only in the case of the 
exterior outdoor horizontal irradiance sensor does this 
lead to a slight decline in daylighting performance in 
relation to the initial strategy. For all sensor types, the 
improved strategy shows superior performance over the 
conventional BL strategy in all performance indicators. 
Depending on which sensor is used, the improved strategy 
offers 1-4% reduction in primary energy consumption, 
26-42% more floor area with sufficient daylight, 19-21% 

more occupied hours with a view and 6-9% less time with 
a probability of disturbing glare. Substantial differences 
can be observed between the three sensors, where the 
indoor illuminance sensor stands out as the best 
performing alternative for all performance indicators. The 
least performing sensor is the global horizontal irradiance 
sensor which scores worst for all indicators.  
Conclusion 
This simulation study showed that, using the proposed 
method, a sensor strategy for automated shading systems 
can be developed, resulting in significant improvements 
in terms of whole building performance over conventional 
shading control systems. The screening method identifies 
sensor thresholds associated to desirable building 
performance using only a very limited number of 
simulations. This offers opportunities for utilising this 
method within a framework meant for answering a 
broader range of questions. These could be focussed on 
the robustness of conclusions to occupant related 
uncertainties, as well as the sensitivity of the results to 
assumptions regarding the case study building.  
Although this case study focussed on using discrete 
thresholds and actuations, more beneficial performance 
trade-offs might be found using proportional control 
responses, and the presented method can be applied in 
their development. For instance, rather than using a fixed 
maximum shade height under high light conditions, this 
maximum can be determined using the slope in Figure 5.  
Within the case study, the indoor illuminance sensor was 
identified as the most desirable alternative in terms of 
building performance. This study also concludes that the 
performance prediction of a variable height shading 
strategy is particularly sensitive to the modelled number 
of fenestration divisions used to describe the variation in 
shade positions within EnergyPlus and the Radiance 
three-phase method.  
The performance indicator that was used for glare calls 
for some caution in its interpretation. Although DGPs has 
been shown to be a reliable metric in cases where the sun 
is not in an occupant’s field of view, this condition is not 
always met in all the cases presented in this study. 
Wienold (2009) and Konstantzos et al. (2016) have shown 
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that the perception of glare can occur due to direct 
sunlight being visible through a fabric roller shade. 
Additionally, direct sunlight is visible in the BL and AU 
reference scenarios. Although the DGPs can give 
different results than the more reliable image based DGP 
metric, Santos and Caldas (2018) have shown that these 
metrics are consistent in predicting the occurrence of 
instances which exceed the disturbing glare criterion 
(DGP/DGPs >0.4) used in this study. The choice for a 
glare metric should also be considered in relation to the 
uncertainty in the inputs required by the associated 
simulation methods. The increased reliability of the DGP 
metric, for instance, has to be weighed with the 
uncertainty associated to luminance-based glare 
assessments from simulations with a low-resolution 
BSDF and the required assumptions regarding façade 
design and interior layout. It can be concluded that fit-for-
purpose glare performance prediction for the 
development of solar shading controls requires further 
research. The method presented in this paper, however, 
does not depend on the applied metric.   
The use of hourly weather data in this study is reason for 
some reservations regarding its conclusions. In reality, 
sub-hourly outdoor daylight conditions show much more 
variability than what is represented by such data. 
Walkenhorst et al. (2002) have shown that the temporal 
interval of irradiance data can significantly influence 
simulated performance predictions of spaces equipped 
with daylight dimming systems and its influence is 
expected to be even stronger for automated shading 
systems. Although methods for the generation of 
synthetic sub-hourly weather data are available, the 
application of these methods to the Dutch climate and 
automated solar shading control has not been tested. This 
topic is considered a large uncertainty in the use of BPS 
for the development of dynamic shading solution and it is 
recommended for further research.  
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Abstract 
Windows account for around 30% of the total heating and 
cooling loads in buildings. The development of windows 
with better energy performance has always been a hotspot 
in building technology research. However, the 
improvement of static properties of windows is expensive 
and restricted. Dynamic windows, on the other hand, 
show a great potential for energy saving with possibly 
lower cost. Movable insulation is a technology proposed 
a long time ago but has not been studied systematically. 
This paper proposes an automatic control method for 
movable insulation with a control accuracy of 95%. 
Through building energy simulation, it is found that the 
energy performance of movable insulation is better than 
triple-glazed windows in all climate zones tested and its 
energy savings increase with the extremity of climate. A 
net present value analysis is also conducted for the 
building designers and owners’ information.  

Introduction 
In 2017, residential buildings account for 20.4% of the 
total energy consumption in the US, the portion for 
commercial buildings being 18.5% (Energy Information 
Administration, 2018). Together, they make building the 
largest energy consumption sector in the US. Reducing 
the heating and cooling loads with high-performance 
envelope is one of the most important ways of building 
energy conservation. According to Arasteh et al. (2006), 
the heating and cooling loads induced by windows make 
up roughly 30% of the total heating and cooling loads of 
buildings. Therefore, improving the performance of 
windows can be an effective way of saving energy. 

The most critical window properties related to energy use 
are U-factor, solar heat gain coefficient (SHGC), window-
to-wall ratio (WWR), and orientation. The U-factor of a 
window depends on the U-factor of the glazing (Ug), the 
U-factor of the frame (Uf), the U-factor of the spacer and 
the configuration of the window (International 
Organization for Standardization, 2006), and similarly for 
the SHGC. Hereinafter, the U-factor and SHGC refer to 
the U-factor and SHGC of the whole window, except 
where noted. Generally speaking, for residential buildings 
in heating dominated climates, medium-sized windows 
facing south and small-sized windows facing other 
directions (for the Northern Hemisphere) with a U-factor 
as low as 0.6 W/(m2ꞏK) and an SHGC as high as 0.45 is 
conducive to the reduction of heating load (Persson et al., 

2006; Gasparella et al., 2011; Arasteh et al., 2003; Arasteh 
et al., 2006; Karlsson and Roos, 2001). It should be noted 
that 0.45 is not a high value in itself, but a U-factor of 0.6 
W/(m2ꞏK) requires triple-glazing as well as double or 
even more low-e coatings, which makes it hard for the 
SHGC to get above 0.45 (Karlsson and Roos, 2001; Jelle 
et al., 2012). However, this window configuration may 
increase the cooling demand during the summer unless 
proper shading is used. For residential buildings located 
in cooling dominated areas, it is necessary to apply 
shading to small-sized windows facing directions other 
than north with a low U-factor and a low SHGC in order 
to receive beneficial effects from windows (Gasparella et 
al., 2011; Arasteh et al., 2003; Arasteh et al., 2006). The 
size and SHGC of the windows facing north are not 
restricted in this case, as long as their U-factor is low 
enough. 

The energy saving potential of varying the static U-factor 
and SHGC of windows is limited by the material 
properties. In addition, one value that is advantageous in 
one season may be disadvantageous in another. 
Minimizing window size to achieve energy goal is also 
out of the question because architects and occupants are 
usually in favor of large windows to have better views, let 
in more daylight, and realize aesthetic purposes. In light 
of these reasons, we try to find an alternative method in 
which the U-factor and SHGC of the windows can have 
different values according to the need. Windows with 
dynamic properties can be realized through different 
ways. The simplest one is to use louvers or shutters to 
reduce the unwanted solar heat gain. There have been 
numerous simulation and experimental studies on using 
louvers to reduce the cooling load and glare (Palmero-
Marrero and Oliveira, 2010; Alawadhi, 2016; Hammad 
and Abu-Hijleh, 2010; Montier et al., 2013). The SHGC 
can also be varied using thermo-, photo- or electro-
chromic materials (Jelle et al., 2012). Simulation results 
have shown that windows with dynamic SHGCs are 
especially appropriate for climates with two distinct 
heating and cooling seasons, and the energy saving 
potential is on the same level as windows with much 
superior properties (Arasteh et al., 2003; Arasteh et al., 
2006).  

Another way of endowing windows with dynamic 
properties is to use movable insulation. Movable 
insulation is an opaque insulation layer which can be 
either attached to or removed from the window according 
to need. The moving mechanism can be sliding, folding, 
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or rolling, and the installation position can be either the 
inside or outside of the glazing. Movable insulation can 
change not only the SHGC but also the U-factor of the 
window. Numerous movable insulation application cases 
have been summarized in Langdon (1980) and Shurcliff 
(1980). Figure 1 shows a possible configuration of the 
sliding insulation on the exterior side of the glazing. The 
main difference between movable insulation and dynamic 
louvers is that the use of dynamic louvers emphasizes on 
the control of the SHGC alone, the associated U-factor 
change being unintended and uncontrolled. Therefore, 
automatically controlled louvers are mostly applied to 
office buildings only to reduce solar heat gain (Hammad 
and Abu-Hijleh, 2010). While movable insulation 
controls both the U-factor and SHGC of windows, and it 
is mainly applied to residential buildings to reduce both 
cooling and heating loads. 

However, no systematic research has been done on the 
impact of movable insulation yet. Firstly, no dynamic 
whole building simulation has been conducted to answer 
if movable insulation can save energy compared to 
baseline windows, how much it can save, and what 
climate zones it is most appropriate for. Hammad and 
Abu-Hijleh (2010) and Montier et al. (2013) studied the 
energy saving potential of louvers and shutters with a 
commercial building simulation software, IES-VE. 
However, due to the limitation of the software, their 
simulation is not really dynamic. Secondly, no control 
method for movable insulation has been proposed. 
Thirdly, a comparison study between baseline windows 
plus movable insulation and advanced triple-glazed 
windows is required to provide designers and house 
owners suggestions. Lastly, the benefits of energy saving 
measures should be weighed against their costs. A net 
present value (NPV) analysis is required to justify any 
design or renovation decision. In the following sections, 
these problems will be discussed. 

 
Figure 1: A possible configuration of the sliding 

insulation 

Methods 
Model 

A typical single-family house model was chosen, as 
shown in Figure 2. The house has a floor area of 200 m2. 
The WWR is 30%, which is a typical design value in the 
US. A basic overhang with a width of 20 cm is added to 

the windows. The indoor environment is controlled by a 
packaged unit with electric cooling and gas heating. 

A family with four members, two adults and two children, 
live in the house. The metabolic rate of the adults is set as 
80 W/person, and that of the children is set as 60 
W/person. During the weekdays, the family leave home at 
8:00 a.m. and return home at 5:30 p.m. On Saturdays, the 
family would go out together at 8:00 a.m. and return home 
at 12:00 p.m. On Sundays, the family stay at home all day. 
The loads of lighting and appliances are 2 and 7 W/m2 
respectively, and they both follow their respective 
schedules. 

 
Figure 2: The dimensions of the single-family house 

model 

Scenarios  

Minneapolis (MN), San Francisco (CA), Atlanta (GA), 
and Phoenix (AZ) were chosen as representative cities. 
For each city, three scenarios were studied: baseline 
window (double-glazed), baseline window plus movable 
insulation, and advanced window (triple-glazed, TG). In 
order to make the buildings in different climate zones 
comparable, the properties of the wall, roof, and baseline 
window except the SHGC were chosen according to the 
requirements for climate zone 6A from ASHRAE 90.2 
(American Society of Heating, Refrigerating and Air-
Conditioning Engineers, 2007). The SHGC of the 
baseline window was set as 0.6 for Minneapolis and San 
Francisco and 0.4 for Atlanta and Phoenix. The SHGC of 
the triple-glazed window was set as 0.45 for Minneapolis 
and San Francisco and 0.4 for Atlanta and Phoenix. Some 
of the best low-e triple-glazed windows have a Ug close 
to 0.50 W/(m2ꞏK). Combined with the best frame and 
spacers, the whole window U-factor can be as low as 0.6 
(International Organization for Standardization, 2006; 
Jelle et al., 2012). However, this is the lowest value that 
current technology can get. To be more representative of 
the market products, we chose 0.7 W/(m2ꞏK) as the 
advanced window U-factor. 

We placed the insulation layer on the outside of the 
glazing because the thermal resistance of the insulation is 
far higher than the glazing. If we place the insulation on 
the inside of the glazing, moisture would enter the space 
between the insulation and the glazing and condensate, 
thus causing mold problem. The insulation layer used in 
this study comprises from outside to inside a layer of 
aluminum foil, a 4-cm-thick extruded polystyrene layer, a 
1-cm-thick gypsum board, and a layer of latex paint. The 
aluminum foil not only protects the insulation layer from 
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weathering but also reduces the radiation heat transfer 
with its low emissivity. The total R-value of this 
insulation layer is 1.40 m2ꞏK/W. Since the insulation layer 
considered has specially designed sealing device as 
shown in Figure 1, it is reasonable to reckon that its air 
permeability can be classified as tight according to ISO 
10077-1 (International Organization for Standardization, 
2006). And based on ISO 10077-1, the U-factor of the 
window with an additional insulation layer is calculated 
by 

 𝑈
. .

                   ( 1 ) 

where UWI is the U-factor of the window with insulation, 
W/(m2ꞏK); UW is the U-factor of the original window, 
W/(m2ꞏK); RI is the R-value of the insulation layer, 
m2ꞏK/W. The calculated total U-factor of the window 
with insulation is 0.50 W/(m2ꞏK). Its SHGC is 0. 

The infiltration rate of the house is set as 0.5 air changes 
per hour (ACH) for the baseline scenario and 0.4 ACH for 
the triple-glazed scenario. The assumption is that the 
triple-glazed window is an advanced choice that not only 
has better properties but also has lower infiltration rate. 
For the movable insulation scenario, the infiltration rate is 
0.5 when all the movable insulations are open and reduces 
to 0.4 ACH when all the movable insulations are closed. 

Control 

Windows on different façades are controlled 
independently. The diagram of the automatic control 
system is shown in Figure 3. The outdoor and indoor 
thermometers measure the outdoor and indoor 
temperatures respectively. The pyranometer measures the 
incident solar radiation (both direct and diffuse) on the 
window. The black bulb temperature sensor measures the 
mean radiant temperature of the environment surrounding 
each window. When the sun is shining, the black bulb 
temperature sensor should be shaded from the sun or just 
simply disabled. The infrared detector detects the 
presence of occupants. When the house is occupied, the 
cooling set point is 26°C and the heating set point is 20°C. 
The access to daylight is given priority over building load 
reduction. Thus, the movable insulation will remain open 
as long as the house is occupied and the incident solar 
radiation on the window exceeds 20 W/m2. When the 
house is unoccupied, the cooling set point is 30°C and the 
heating set point is 16°C. The user input information, 
including the cooling and heating set points, window U-
factor, window average transmittance, window average 
absorptance, and window outside face emissivity, is used 
to calculate the energy balance of the window. If the 
window average transmittance and window average 
absorptance are not available, the user can simply input 
the SHGC and the system will estimate these values using 
the method explained in Arasteh (2009). The control step 
is set as 10 minutes in the study. 

 
Figure 3: Diagram of the control system 

The control algorithm is based on the energy balance of 
the window. The method employed in this work is similar 
to that used by EnergyPlus (U.S. Department of Energy, 
2018). In this model, we consider the glazing system as 
an equivalent single layer. The equivalent thermal 
conductance k is calculated according to Arasteh (2009). 
The portion of incident solar radiation absorbed by the 
glazing system is split equally and added to surface 1 and 
surface 2, where surface 1 is the exterior surface of the 
equivalent layer and surface 2 is the interior layer. The 
heat balance equations for surface 1 and surface 2 are 

ℎ 𝑇 𝑇 ℎ 𝑇 𝑇 𝑘 𝑇 𝑇 𝛼𝑆   

 0  ( 2 ) 

 ℎ 𝑇 𝑇 𝑘 𝑇 𝑇 𝛼𝑆 0         ( 3 ) 

where hrad is the equivalent radiation heat transfer 
coefficient and is calculated by ℎ 𝜎𝜀 𝑇
𝑇 𝑇 𝑇 , W/(m2ꞏK); Trad is the mean radiant 
temperature of the exterior environment, K; To, T1, T2, and 
Ti are the temperatures of the outdoor air, surface 1, 
surface 2, and indoor environment respectively, K; α is 
the solar absorptance of the glazing system; S is the 
incident solar radiation, W/m2; ho is the outside surface 
convection heat transfer coefficient, W/(m2ꞏK); hi is the 
inside surface heat transfer coefficient, which takes both 
convection and radiation into account, W/(m2ꞏK). From 
Equations (2) and (3) we can solve for the temperatures 
of surface 1 and surface 2 and then the conduction heat 
flux through the window is calculated by 

 𝑄 𝑘 𝑇 𝑇         ( 4 ) 

The solar radiation transmitted through the window is 
calculated by 

 𝑄 𝜏𝑆                                ( 5 ) 

where τ is the solar transmittance of the glazing system. 
The total heat transfer rate through the window when the 
movable insulation is open is 

 𝑄 𝑄 𝑄                        ( 6 ) 

When the movable insulation is closed, the transmittance 
of window is reduced to 0. All the absorbed solar radiation 
should be added to surface 1. The conduction heat flux 
through the window in this case, Q1, can be calculated 
using similar heat balance equation.  
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When Tin > 25°C, the control system will compare Q0 and 
Q1 and choose the smaller one as the movable insulation 
status to reduce heat gain through the window. When Tin 
< 21°C, the control system will choose the greater one of 
Q0 and Q1 as the movable insulation status to increase heat 
gain through the window. The reason why the control of 
movable insulation uses 21°C and 25°C instead of 20°C 
and 26°C as thresholds is that with the heating ventilating 
and air conditioning (HVAC) system working properly, 
the indoor temperature will fluctuate slightly around 20°C 
when heating is on and 26°C when cooling is on. The 
adoption of 21°C and 25°C as thresholds will ensure that 
load reduction is always effective as long as the HVAC 
system is on. It should be noted that the movable 
insulation only has two statuses, on and off. This is 
because partially opening the movable insulation will 
make it lose its airtightness, in which case the movable 
insulation becomes an ordinary shutter.  

Simulation 

The building energy simulation is conducted by 
EnergyPlus, which is a whole building energy simulation 
program developed by the National Renewable Energy 
Laboratory (NREL) (U.S. Department of Energy, 2018). 
It has been widely validated and verified. The control 
algorithm is written in Matlab. The co-simulation of 
EnergyPlus and Matlab is realized by a co-simulation tool, 
Building Controls Virtual Test Bed (BCVTB), developed 
by Lawrence Berkeley National Laboratory (LBNL) 
(Wetter and Nouidui, 2016). The time step of simulation 
is 10 minutes. At each time step, EnergyPlus sends the 
outdoor dry-bulb temperature, sky temperature, indoor 
temperature, incident solar radiation rate per area on each 
window surface, outside radiation heat transfer 
coefficients (including to air, to sky, and to ground) of 
each window and the occupancy schedule to Matlab via 
BCVTB. After the processing of the control algorithm, 
Matlab sends the status of each movable insulation and 
the resultant infiltration rate back to EnergyPlus. Then, 
EnergyPlus performs building energy simulation. The 
infiltration rate for the movable insulation scenarios 
changes according to the statuses of the movable 
insulations. 

Results 
Proving the control algorithm is accurate 

When calculating the energy balance of the window, static 
outdoor convection heat transfer coefficient, glazing 
system absorptance and glazing system transmittance are 
used. For the heat transfer between the window and the 
indoor environment, a single static heat transfer 
coefficient is used to include both convection and 
radiation effects. These simplifications make it possible 
to control the movable insulation with only a few 
measured variables. However, we need to prove that these 
simplifications will not compromise the control accuracy 
too much. 

We ran the cases with constantly closed and open 
movable insulation and let EnergyPlus report the window 
net heat transfer rates for these cases. If the difference 
between them is positive (Q0>Q1), opening the window at 

this time step will lead to more heat gain through the 
window. If the difference is negative (Q0<Q1), opening 
the window at this step will cause more heat loss through 
the window. In general, there are only five scenarios for 
the expected movable insulation status as shown in Table 
1. If the control status of the movable insulation matches 
the expected status, the control algorithm is reckoned to 
be accurate at this time step. 

Table 1: The five scenarios if the control algorithm is 
accurate 

Indoor 

temperature 

(°C) 

Window net 

heat transfer 

rate difference 

(W/m2) 

Occupancy Daylight Expected 

movable 

insulation 

status 

  Occupied Yes Open 
<21 –   Closed 
<21 +   Open 
>25 –   Open 
>25 +   Closed 

Taking the southern window of Phoenix as an example, 
out of a total of 52,560 simulation steps in a year, the 
control algorithm made the right decision in 49,828 steps. 
The accuracy is 94.8%. The inaccuracy mainly comes 
from two sources. Firstly, due to the inherent limitations 
of BCVTB, there is a two-timestep lag between the 
measurement of the input variables and the 
implementation of the control decision (one for data 
transmission from EnergyPlus to Matlab and the other for 
data transmission from Matlab to EnergyPlus). Secondly, 
during summer nights when the outdoor temperature is 
close to indoor temperature, the difference between Q0 
and Q1 is very small and closing or opening the movable 
insulation does not make a difference. Therefore, the real 
control accuracy should be higher than 95%, and the 
inaccurate timesteps have little impact on the energy 
consumption. It is reasonable to reckon that the control 
algorithm is accurate. 

The energy performance comparison 

Figure 10 shows the monthly cooling/heating energy for 
the three scenarios in different locations. The 
cooling/heating energy for the movable insulation 
scenario is always much lower than that for the baseline 
scenario. The heating energy reduction effect of the 
movable insulation is more significant than its cooling 
energy reduction effect. In the transition seasons of 
Phoenix and the whole cooling season of Atlanta, the 
cooling energy for the triple-glazed scenario is close to or 
even higher than that for the baseline scenario. This is 
probably because triple-glazed windows prevent the use 
of free cooling during the night.  

Figure 4 shows the annual cooling/heating energy for the 
three scenarios in different locations. The number on each 
column indicates the percentage of energy saved by 
movable insulation compared to that scenario. If the 
number is negative, it means that the energy consumption 
for the movable insulation scenario is actually higher than 
the compared scenario. For example, the annual heating 
energy for the movable insulation scenario in Atlanta is 
40% lower than that for the baseline scenario and 3% 
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percent higher than that for the triple-glazed scenario. The 
annual heating energy for the movable insulation scenario 
is 31%, 49%, and 40% lower than that for the baseline 
scenario in Minneapolis, San Francisco, and Atlanta 
respectively. The heating energy of Phoenix is too small 
to be meaningful in comparison. The heating energy for 
the movable insulation scenario is almost the same as that 
for the triple-glazed scenario. The cooling energy for the 
movable insulation scenarios is 23%, 18%, and 14% 
lower than that for the baseline scenario, and 3%, 11%, 
and 17% lower than that for the triple-glazed scenario in 
Minneapolis, Phoenix, and Atlanta respectively. In 
general, the movable insulation has similar performance 
to triple-glazed window in terms of reducing heating 
energy and outperforms triple-glazed window in terms of 
reducing cooling energy. 

 

 
Figure 4: The annual heating/cooling energy 

comparison  

Illustration of how movable insulation saves energy  

Figure 5 shows the hourly heating energy profile on two 
typical winter days for Minneapolis. Figure 6 shows the 
movable insulation status of each window for the same 
time period. From Figure 5 we can see that, after the 
occupants return home at 5:30 p.m., the heating energy of 
the HVAC system first rises dramatically to raise the 
indoor temperature from 16°C to 20°C, then drops a little, 
and rises again as the outdoor temperature decreases until 
6:00 a.m. The heating energy for the movable insulation 
scenario is the lowest throughout the night because the 
window with movable insulation has the lowest U-factor. 
During the day, however, the heating energy of the 
movable insulation scenario is a little higher than that of 
the triple-glazed scenario, because some of the windows 
are opened to let in sunshine, which increases the 
infiltration rate. 

From Figure 6 we can see that, the insulation layers on the 
southern and eastern windows are opened first in the 
morning and the insulation layers on the western windows 
are closed last at dusk. The insulation layer on the 
northern windows remains closed all the time because the 
diffuse solar radiation transmitted through the north 
window is not enough to compensate for the convective 

heat loss. So, opening the insulation layer on the northern 
windows will always lead to a negative net heat gain. 

 
Figure 5: The heating energy profile on two typical 

winter days for Minneapolis 

 
Figure 6: The movable insulation status of each window 
on two typical winter days for Minneapolis (the presence 

of the colour bar indicating that movable insulation is 
closed.) 

Figure 7 shows the hourly cooling energy profile on two 
typical summer days for Phoenix. Figure 8 shows the 
movable insulation status of each window for the same 
time period. From Figure 7 we can see that, during the 
first day there are two cooling energy peaks at 8:00 a.m. 
and 7:00 p.m. respectively. They are the typical breakfast 
and dinner time which has large internal load. During 
these two periods, the cooling energy of the movable 
insulation scenario is larger than that of the triple-glazed 
scenario, because the insulation layers are opened to 
provide daylight. During the unoccupied hours of the day, 
the cooling energy of the movable insulation scenarios is 
prominently lower than the other two, because the 
insulation layer not only reduces the convective heat gain 
but also blocks solar heat gain. During the night, the 
cooling load of the movable insulation scenario is only 
slightly lower than that of the triple-glazed scenario, 
because the difference between the outdoor temperature 
and indoor temperature during the night is quite small. In 
the afternoon of the second day, the cooling energy of the 
movable insulation scenario is markedly higher than that 
of the triple-glazed scenario, because it is Saturday and 
the building is occupied in the afternoon. 

In Figure 8, all the insulation layers are opened at 6:50 
a.m. for daylight. Actually, they should be opened at 6:30 
a.m. when the residents just get up, but there is a two-
timestep lag in the implementation of the control decision 
as mentioned before. At 8:30 a.m. (should be 8:10 a.m.), 
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all the insulation layers are closed because the residents 
left the building. All the insulation layers remain closed 
to reduce the heat gain until the residents return home. 
One interesting thing to mention is that the movable 
insulation on the southern window is closed before that on 
the northern window at sunset, because the sun actually 
rises and falls in the north in the summer in the Northern 
Hemisphere. 

 
Figure 7: The cooling energy profile on two typical 

summer days for Phoenix 

 
Figure 8: The movable insulation status of each window 

on two typical summer days for Phoenix 

The reduction of peak heating load 

Figure 9 shows the heating load profile that contains the 
peak heating load for Minneapolis. There are two peaks 
when the occupants just return home. However, these 
peaks are trivial to our study, because they are only 
transient peak loads to raise the room temperature from 
the unoccupied setpoint (16°C) to the occupied setpoint 
(20°C). If the control logic is changed to allow the room 
temperature to gradually warm up, these peaks can be 
easily removed. The true peak heating load of concern 
occurs in the early morning of the second day when the 
outdoor temperature is the lowest. This peak load cannot 
be removed using some simple control strategy. The peak 
loads of the baseline scenario, triple-glazed scenario, and 
movable insulation scenario at this time are 13.702 kW, 
10.213 kW, and 9.744 kW respectively. The movable 
insulation has the potential to reduce the peak heating load 
by 28.9% compared to the baseline scenario and 4.6% 
compared to the triple-glazed scenario. Since the peak 
heating load is lower, a smaller heating system can be 
selected, and less initial investment is required.  

 
Figure 9: Heating load profile including the peak 

heating load for Minneapolis 

NPV analysis 

An NPV analysis has been conducted for the tripe-glazed 
and movable insulation scenarios. Table 2 shows the 
energy bills for different scenarios in different cities. The 
heat content of natural gas (1037 Btu/ft3), electricity price 
($0.13/kWh) and natural gas price ($12.6 kft3) are the 
U.S. national average values from Energy Information 
Administration (EIA) website (Energy Information 
Administration, 2018). 

Table 2:  The energy bills for different scenarios in 
different cities 

City MIN SFO PHX ATL 
Annual 

Cooling 

Electricity 

Bill $ 

 

Baseline 108.89 10.71 710.98 221.90 

TG 85.86 6.27 649.67 228.58 

MI 84.25 9.11 579.81 190.83 

TG 

Saving 

23.03 4.44 61.31 -6.69 

MI 

Saving 

24.64 1.60 131.17 31.07 

Annual 

Heating 

Natural Gas 

Bill $ 

 

Baseline 899.64 150.48 29.70 237.19 

TG 637.43 83.08 9.75 139.69 

MI 624.47 76.31 9.00 143.24 

TG 

Saving 

262.21 67.40 19.95 97.50 

MI 

Saving 

275.17 74.17 20.70 93.95 

Total 

Energy Bill 

Saving $ 

TG 285.24 71.85 81.26 90.81 

MI 299.81 75.77 151.86 125.02 

The costs of the baseline window and movable insulation 
system are estimated based on the data from RSMeans 
Building Construction Cost Data 2016 (Plotner et al., 
2015). The estimated price of a double-glazed window 
with a size of 1.83 m × 1.22 m is $725 (U.S. Dollars). The 
house model in question needs 24 such windows in total. 
The estimated price of the insulation layer is $47.79 per 
square meters, and the total price of the control system is 
$704. Based on the price data from multiple sources 
(Pikas et al., 2014; Menzies and Wherrett, 2005), it is 
reasonable to assume that the price of the triple-glazed 
considered in this study is 20–30% higher than that of the 
double-glazed window. Two scenarios in which the price 
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of the triple-glazed window is 20% and 30% higher than 
that of the baseline window respectively are considered in 
the NPV analysis. The initial costs are the premium prices 
of the movable insulation and triple-glazed window on 
top of the baseline window. The discount rate used is 3% 
which is the DOE discount rate for projects related to 
energy conservation, renewable energy resources, and 
water conservation (Lavappa and Kneifel, 2018). The 
results are shown in Figure 11. 

In Figure 11 we can see that, in Minneapolis the pay back 
periods for movable insulation and triple-glazed window 
with a price 20% higher than the baseline window are 14 
and 16 years respectively. In all other scenarios, the 
investment will not pay off in 25 years. Therefore, in 
terms of saving money, it is only reasonable to add 
movable insulation to the baseline window or replace the 
baseline window with triple-glazed window in places with 
extremely harsh winters like Minneapolis. However, it 
should be noted that some energy saving measures have 
already been taken in the house considered. In light of 
this, installing movable insulation may also be economic 
in Phoenix. 

Conclusion 
A control method has been proposed for movable 
insulation. The control method, which is based on the 
energy balance calculation of the window, ensures the 
access to daylight and is proven to have sufficient 
accuracy. 

Movable insulation is effective in reducing cooling 
energy and especially heating energy compared to double-
glazed windows in all climate zones. In places with 
extreme climates (hot summer or cold winter), the load 
reduction effect of double-glazed windows plus movable 
insulation is more prominent than that of triple-glazed 
windows. 

Movable insulation can reduce the peak heating load 
which occurs in the early morning of cold days compared 
to both double- and triple-glazed windows. This helps 
reduce the initial investment on heating equipment. 

It is profitable to install movable insulation or replace 
double-glazed windows with triple-glazed windows only 
in places with extremely harsh winters like Minneapolis.  
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Figure 11: The NPVs of movable insulation and 
triple-glazed windows in different cities 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
4870

 

 
  



Actuation Of Changeable Optical Properties By A Construction Node Temperature  

– An Example Of PCM-Window 

 

Anna Wieprzkowicz1, Dariusz Heim1  
1Lodz University of Technology, Lodz, Poland 

 

 

 

 

 

Abstract 

The paper presents the results of numerical analysis of 

complex, triple glazed window with PCM layer. The 

optical properties substitution due to change of phase is 

executed by refined control algorithms for windows. The 

idea of the control/actuator algorithm and its 

implementation in ESP-r software was described. Using 

the proposed method the simulations were executed for 

two extreme summer months under moderate climatic 
conditions. Five different paraffin waxes were analysed as 

a PCM filling and compared with traditional triple glazed 

window. The results were analyzed in terms of energy for 

cooling, energy for lighting, visual discomfort, glare 

effect and thermal discomfort. It was concluded that there 

is no one optimal type of PCM, and the best solution is to 

divide the glazing into sections filled with PCM with 

different melting temperatures. 

Introduction 

Requirements for newly design buildings and thermal 

modernization activities in central Europe focus mainly 

on the decrease of thermal transmittance and lowering the 

heating energy demand while problem of thermal mass 

seem to be neglected. As a result today constructions 

become highly insulated and effective during the winter 

season but also characterized by lower thermal inertia and 

less efficient in summer. Since the thermal inertia 

describes the building dynamic response for a thermal 
wave, its decrease can lead to such problems like 

overheating, not only during the summer days. As rising 

cooling energy demand becomes a challenge even under 

cold climate conditions it creates the need for a new, 

effective approach to be developed. 

It was widely recognized that overheating during warm 
summer days is caused mainly by the excessive solar heat 

gains through transparent parts of the building envelope. 

Thus, the most effective way to limit the cooling energy 

needs is modification of the transparent construction or 

glazing properties as such. Thermal performance of the 

glazing can be improved by the increase of its thermal 

resistance or by the increase of its thermal mass (Liu et 

al., 2017). As far as lowering of the cooling energy 

demand is under consideration, the second one approach 

seem to be more suitable. 

One of the ideas to increase thermal mass of the glazing 

component is application of the phase change material 

(PCM). Such an approach is under the investigation since 

almost twenty years (Ismail and Henríquez, 1997) but 

there are still many aspects that requires more research 
activities (Silva, Vicente and Rodrigues, 2016). Most of 

the research results proving the efficiency of the PCM-

glazing comes from the experimental research conducted 

in warm climatic conditions (Goia, Perino and Serra, 

2014; Liu et al., 2018). Thermal performance of the 

windows was also widely investigated numerically in 

terms of different thermophysical properties (Li et al., 

2016; Zhong et al., 2015), layer thicknesses and melting 

temperatures of PCM (Liu et al., 2017) and optical 

properties (Li, Ma, et al., 2016). Nevertheless most of the 

presented approaches consider only the thermal behaviour 

of the glazing, not considering the fenestration as a part of 
the whole building defined as an one energy system. As 

underlined by Goia (Goia et al., 2015) most of the 

research activities concerning the problem of PCM-

glazing is experimental because simulation of such 

system is very complex and requires collection of the 

input data about the system. In order to conduct robust 

numerical analysis of the PCM-window system it is 

important to precisely determine not only thermal but also 

optical properties of such fenestration, in solid state (Goia 

et al., 2015) but also for liquid and mushy phase (Heim et 

al., 2018).  

The first challenge that was faced and described in the 

paper was adjustment of the calculation procedure, 

implemented in commonly used whole-building 

simulation software -  ESP-r, in such a way that change of 

material phase will also trigger the change of optical 

properties of the material. Such an facilitation can be 
utilized for simulation of any system, under variable 

boundary conditions and can contribute to better 

understanding of the thermo-optical performance of 

PCM-glazing systems, including the influence of all 

energy flows in the building. Furthermore, modified 

calculation procedure implemented in ESP-r was used to 

investigate the performance of triple-glazed window 

enhanced by PCM in terms of energy demand for cooling 

and artificial lighting but also thermal and visual comfort 

aspects were investigated.  

Method 

Due to the fact that optical properties of the PCM 

extremely changes during the phase transition it is crucial 

to include this effect in the model and further in the 

simulation analysis. Based on the previously conducted 

experimental study it was observed that PCM in solid 
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state can have even 10 times lower visible transmittance 

than in liquid state, for the layer thickness of 16 mm . 

Such phenomena have its consequences for both thermal 

and visual performance analysis. It can be stated that 

properly designed window enhanced by the PCM layer 

works as a window equipped with the blinds controlled by 

the external weather conditions. 

The one of the computational environments allowing 

whole building simulation including most advanced 

optical properties definition is ESP-r software. Besides 

the extended possibilities to define the optical properties 

in accordance to the angle of incidence, values of the total 

reflectance, absorption, transmission as well as visible 

transmittance can be controlled and switched under 

specified conditions. The existing ESPsim control 

procedure implemented in ESP-r software is used to 
define the actuator for window blinds control (Strachan, 

1990). In the existing approach optical properties can 

have scheduled controls which allow an alternative 

optical property to be used based on the following sensed 

parameters: 

 a) time - alternative optics are used during a specific 

period of the day, 

 b) total radiation on the outside face of a surface in the 

zone - specified radiation level (W/m2) above which the 

alternate optical properties will be used, 

 c) ambient temperature – specified external temperature 

above which the alternative optical properties will be 

used, 

 d) zone air temperature – specified internal temperature 

above which the alternative optical properties will be 

used, 

 e) illuminance - specified lux level above which the 
alternative optical properties will be used (two alternative 

lux calculation approaches are available). 

For all listed properties substitution option there is 

possibility to define up to 8 control periods in a day but 

all days within the simulation are treated the same. 

Moreover, the alternative optics must correspond to the 

same number of layers as the initial set.  

The challenge that was faced and described in the paper 

was extension of the properties substitution procedure to 

facilitate it in order to simulate PCM-window. As stated 

before, such PCM transition results in similar thermal 
effect as blind operation, but the control procedure is 

different. In case of blinds, the closing and opening is 

adjusted to the indoor comfort requirements while 

modelling of the PCM-window should be rather treated in 

a different manner where changes of optical properties are 

triggered by the temperature of the material (Liu et al., 

2018). In that case the change of optical properties should 

be determined by the process of phase transition. In solid 

state the transmittance is much lower and transmitted 

radiation is diffused. In liquid state the material become 

transparent. Since phase transition and thus optical 

properties change occur in the specified, phase transition 
temperature – characteristic for each PCM, it was stated 

that optical properties substitution should be triggered by 

the temperature of the material. In ESP-r software each 

building component layer is defined by three nodes – on 

both external and internal surfaces of the layer and in the 

middle. It was stated that switch of the optical properties 

should be triggered by the temperature calculated for the 

central node of the PCM layer, as the special material 

properties and latent heat accumulation are also assigned 

to that node. It means, that in specified temperature, when 

phase transition occurs not only additional effect of latent 

heat accumulation will be considered but also change of 
optical properties will influence the thermal calculations 

in the next simulation time-step.  

In the contrary to the latent heat accumulation model, for 

which it was possible to assign the phase transition 

temperature range, optical properties switch modelled in 

ESP-r occur in specified temperature. The additional 
function of properties substitution was added in the source 

code of the software (solar.F file) and tested. The 

properties of PCM window were previously determined 

and defined in ESP-r format for both states (Heim, et al. 

2018) and the enhanced model was used for the 

simulation supporting the design of new hybrid 

translucent component. 

Case study 

The main goal of the simulation study was investigation 

and assessment of the PCM-window performance and 

design of its thermal properties, by selection of the most 

effective PCM transition temperature. In order to meet 

that goal simulation study was performed, using ESP-r 

computational environment. The procedure of the optical 

properties substitution was modified and facilitated to 

allow change of optical properties due to temperature 

change of the node inside the window cavity. Two office 

rooms with the PCM-window facing east and west were 
modelled in such a way to reflect the future experimental 

facility. Special attention was put on the proper definition 

of the optical properties of the window, which were 

previously determined experimentally. Triple glazed 

window with PCM filled external cavity was analysed for 

the period of two extreme summer months (July and 

August) under moderate climate conditions. Three most 

important climate parameters such as temperature, diffuse 

and direct solar radiation used in simulation were 

presented in Figure 1 (data of Typical Meteorological 

Year was used). 
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Figure 1.Wether data used in calculation. 

Results were obtained for five cases of different PCM 

transition temperatures and compared with reference case 

of the standard window (with two cavities filled with 

gaseous medium). The results were analysed in terms of 

energy for cooling, energy for lighting, visual discomfort, 

glare effect and thermal discomfort. Conclusions from the 

study were needed for further experimental research 

works. 

Geometry and boundary conditions 

Simulation analysis was performed using ESP-r 

computational environment. It was assumed that 

performance of the PCM-window will be tested for the 

same assumptions as future experimental research. Thus, 

one office room was modelled, with the dimensions of 

2.6 m x 2.4 m x 4.4 m (h  w  l) with the centrally 

positioned square window with surface of 1 m2. Modelled 

office is surrounded by other rooms, thus it was assumed 

that only one wall (the one with window) will be treated 

as external one, while for others adiabatic boundary 

conditions were set (as well as for floor and ceiling). Two 

office rooms were analysed – with east and west directed 

window (mirror reflected geometry).  

 

Figure 2. Geometry of the analysed case. 

 

Ventilation and internal heat gains 

Since all settings were assumed to reflect future 

experimental set-up, ventilation modes and internal heat 

gains were also considered as in a real scale experiment. 

Firstly, all assumption were differentiated for two rooms 

due to the fact of differentiated occupancy. East oriented 

office was designed to be occupied by two persons while 

in west oriented office only one person will be working. 

Such assumption influenced both the level of ventilation 
air exchange and internal heat gains. Fresh air is supplied 

by under-floor decentralized ventilation unit which gives 

possibility to adjust both the intensity and time of air 

supply. It was assumed that both offices will be occupied 

between 8 and 16 hour and during that time ventilation 

rate will be adjusted to the hygienic needs of the 

occupants. For west oriented office the ventilation rate 

was set at 20 m3/h while for the second room was doubled 

due to twice increased occupancy. Moreover, for both 

offices increased, intensive ventilation was set between 6 

and 7 hour, at the level of 90 m3/h in order to assure fresh 
and not overheated air before the working day starts. 

During the rest of the time of the day the lowest set up 

was assumed at the level of 15 m3/h (Table 1). 

Table 1: Ventilation and heat gains set assumed in the 

analysis. 

Time 

East 

2-person office 

West 

1-person office 

Ventilation 

[m3/h] 

Heat 

gains 

[W] 

Ventilation 

[m3/h] 

Heat 

gains 

[W] 

0 – 6 15 0 15 0 

6 – 7 90 0 90 0 

7 – 8 15 0 15 0 

8 – 16 40 

150 - 

people 

220 – 

equip. 

20 

75 - 

people  

110 – 

equip. 

16 – 24 15 0 15 0 

 

As stated before, two offices differs in number of 

occupants, thus internal heat gains were also doubled for 

east oriented room when compared to the second one. It 

was assumed that occupancy of one person will bring 

75 W of heat gains and equipment used by this person 

additional 110 W. 

 Window construction and materials 

It was assumed that triple glazed window will be 

analysed. Thickness of the glass was 4 mm and both 

cavities has thickness of 16 mm – external one filled with 

PCM and internal filled with gaseous medium. 

Latent heat accumulation was modelled using effective 

heat capacity method and cavity filled with PCM was 

modelled as one layer. Five paraffin waxes were 

considered in the analysis, varied in terms of phase 

transition temperatures and latent heat capacity. All 

considered PCMs have the same specific heat and 
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conductivity, which were assumed the same for liquid and 

solid state (Table 2). 

Based on the manufacturer data for each analysed 

material the apparent heat capacity function was 
calculated in such a way to obtain the best fit between 

model and real material performance. 

 

Table 2: Thermal properties of the analysed PCMs 

PCM 

Phase 

change 

temp. 

range 

[°C] 

L 

[kJ/kg] 

λ 

[W/mK] 

Cp 

[kJ/kgK] 

RT18HC 17-19 260 

0.2 2000 

RT22HC 19-24 190 

RT25HC 18-26 230 

RT28HC 26-29 250 

RT31 27-34 166 

 

Optical properties 

Change of the optical properties during the phase 

transition was modelled according to the method 

described above. Based on the results of the 

measurements the data sets were calculated and 

implemented in ESP-r format. For both liquid and solid 

state of PCM as well as for reference window all 

necessary data was introduced as showed in Figure 3. For 

each window construction and for each of its layers the 

absorbance was calculated in accordance to the angle of 

incidence (blue lines). Moreover, reflectance (blue line) 
and direct transmission (red line) were also defined as a 

function of the angle of incidence. Additionally, the 

visible transmittance was measured for each construction 

and was equal 0.71 for reference window, 0.64 for 

window with liquid PCM and 0.06 for window with solid 

PCM.  

It was assumed that optical properties will be changed 

according to the value of the temperature calculated for 

the central node of the PCM layer (Figure 4). For each 

paraffin the switch temperature was set at its melting 

temperature peak (Table 3). It means that below that 

temperature thermal performance was calculated as for 

window with PCM in solid state and when central PCM 

node reached peak melting temperature optical properties 

were substituted for those designated for window with 

PCM in liquid state. Furthermore, when temperature 

calculated in subsequent time steps of calculation 

exceeded this assumed switch temperature optical 
properties were still kept as for window with liquid 

paraffin until the temperature dropped down again below 

this switch temperature. Such an approach allowed to 

include in the analysis not only latent heat accumulation 

in PCM layer, but also effect of the significant change in 

material transparency during the phase transition. It 

affected not only thermal performance of the window but 

also visual and comfort parameters in the adjacent office 

room. 

a)  

b)  

c)  

Figure 3. Optical properties of the a) window with PCM 

in liquid state, b) window with PCM in solid state, 

c) reference window. 

 

Figure 4. Location of the optical properties switch node. 
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Table 3. Temperatures of the optical properties switch. 

PCM type 
Temperature of the optical 

properties switch [°C] 

RT18HC 18 

RT22HC 22 

RT25HC 25 

RT28HC 28 

RT31 31 

Results 

Cooling energy 

Since it was stated that PCM-window should be designed 

for the extreme summer months, the first analysed 

parameter was energy demand for cooling, calculated for 

the central Europe climatic conditions (city of Lodz, 

Poland), for July and August. Analysis was performed for 

two mirror-reflected office rooms described above – 

oriented east and west. Energy for cooling was calculated 
assuming cooling set-point at 26°C. Results obtained for 

window filled with five different paraffin were compared 

with the energy demand calculated for traditional window 

– reference case. 

 

Figure 5. Cooling energy demand for east and west 

oriented office calculated for two extreme summer 

months for the location of Lodz. 

Based on the results presented in Figure 5 it can be 

observed that for both offices application of the PCM 
contributed to the decrease of cooling energy demand. 

The higher melting temperature of the material the higher 

cooling energy savings were obtained (Table 4). Such 

tendency can be justified by two phenomena: 

• Higher melting temperature is more suitable for 

climatic conditions characteristic for extreme summer 

months – high solar radiation and ambient temperature – 

which results in more effective phase transition process 

and increased latent heat accumulation, 

• The higher melting temperature the longer time 

material remains in solid state which results in longer time 

when PCM works as blinds, reducing heat gains and 

temperature rise inside the adjacent room. 

Table 4. Comparison between energy demand obtained 

for reference and PCM-window. 

Orient

ation 

Decrease of cooling energy demand in 

accordance to the reference case [%] 

RT18HC RT22HC RT25HC RT28HC RT31 

E 14.7 18.0 22.0 24.9 25.0 

W 11.2 13.2 15.8 17.1 17.1 

Energy for artificial lighting 

Considering the fact that transition temperature of PCM 

and its transparency influence not only cooling energy 

demand but also visual conditions inside the adjacent 
room, the second analysed parameter was energy needed 

for artificial lighting. 

Energy demand for artificial lighting was calculated based 

on the number of hours when PCM is in liquid and solid 

state, which were designated accordingly to the current 

temperature of PCM node. Based on the previously 
conducted analysis and calculated values of UDI 

parameter it was assumed that reference window and 

window with liquid PCM will provide sufficient daylight 

during 70% time of the day (Heim et al., 2013), while in 

case of window with PCM in solid state artificial lighting 

will be needed during the all day. Power of the lighting 

was assumed as installed in the office room where full 

scale experiment will be conducted at the level of 90 W. 

It means that energy for artificial lighting was calculated 

using formula: 

𝐸𝑙 =
(0.3𝐻𝑙+𝐻𝑠)90

1000∙𝐴
 [

𝑘𝑊ℎ

𝑚2
]                       (1) 

where: 

Hl – number of hours when PCM is in liquid state (for 

reference case whole analysed period of time);  

Hs – number of hours when PCM is in solid state;  

A – area of the office room. 

Due to the adopted assumptions each application of PCM 

in window should result in the increased need for energy 

for artificial lighting. Based on the results presented in 

Figure 6 it can be observed that, in contrary to the values 

obtained for energy for cooling, energy for artificial 

lighting increases with the increase of the melting 

temperature of the PCM. It can be justified by the fact that 

material with higher melting temperature needs bigger 
input of the heat from the outside to melt, so stays in solid 

state for a longer time.  

Comparison between values obtained for both offices 

showed that east oriented façade is more exposed for high 

temperatures and solar radiation (more than twice higher 

cooling energy demand than for western façade) so 
melting process occurs earlier and less energy for 

artificial lighting is needed. 

 

Figure 6. Energy demand for artificial lighting for east 

and west oriented office. 
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Thermal comfort 

Besides the energy aspects of the PCM application in the 

window cavity, it has also great impact on the thermal 

conditions and thermal comfort of the occupants in the 
adjacent office room. In order to access thermal comfort 

quantitatively and qualitatively degree-hours of the 

overheating were calculated and compared (Figure 7) 

using formula: 

𝐷𝐻𝑂 = ∑ (𝑇𝑖 − 26) ∙ 𝑡 [𝐾 ∙ ℎ]𝑛
𝑖=1            (2) 

where: 

Ti – instantaneous value of the room temperature [°C];  

t – length of the time step of calculation [h];  

i – subsequent number of the time step [-]; 

n – number of the time steps of analysis [-]. 

Analysis of the thermal comfort was performed assuming 

no cooling system, what allowed to assess the influence 

of PCM application on the thermal conditions inside the 

room. Since only two extreme summer months were 

analysed thermal comfort was analysed only in terms of 

the risk of overheating and hours when indoor 

temperature exceeds the assumed cooling set point (26°C) 

were taken into account. 

 

Figure 7. Degree-hours of overheating. 

 

It can be observed that application of PCM in window 

cavity resulted in the reduction of the degree-hours of 

overheating as a result of the reduction of the indoor 

temperature. Furthermore, more detailed analysis of the 
temperature fluctuations inside the room revealed that 

PCM-window contributes to the reduction of the indoor 

temperature up to 4°C (Figure 8). 

 

Figure 8. Internal temperature fluctuations for selected 

three days, for east oriented office. 

 

Visual comfort 

The last one aspect analysed using ESP-r was the 

influence of PCM application on the visual comfort. It 

was stated that two aspects of visual comfort should be 
considered: sky view and glare risk. Due to very low value 

of the visible transmittance of PCM in solid state it was 

assumed that for such conditions there will be no 

possibility to have view out through the window. On the 

other hand, PCM in the liquid state has visible 

transmittance quite similar to the reference “clear” 

window and do not disturb the view out. In order to 

quantitatively asses the visual comfort number of hours 

when sky view is not obscured were calculated.  

Table 5. Assumptions for calculation of the number of the 

visual discomfort calculation 

Orien

tation 
Time 

Sky 

conditions 

PCM 

state 

Glare 

risk 

Sky 

view 

East 

 

8-10 

Clear Solid No No 

Clear Liquid Yes Yes 

Overcast Solid No No 

Overcast Liquid No Yes 

10-16 

Clear Solid No No 

Clear Liquid No Yes 

Overcast Solid No No 

Overcast Liquid No Yes 

West 

 

8-14 

Clear Solid No No 

Clear Liquid No Yes 

Overcast Solid No No 

Overcast Liquid No Yes 

14-16 

Clear Solid No No 

Clear Liquid Yes Yes 

Overcast Solid No No 

Overcast Liquid No Yes 

 

Moreover, calculation of the hours of visual comfort was 

complemented by the glare risk analysis. It was stated that 

during the sunny days, during the hours when sunbeams 

incidents directly on the window surface solid PCM will 

play a role of a shading device, protecting from the glare. 

For east façade such situation occurs at the morning hours 
and for west orientation at the afternoon. It means that 

during that time (when there is a glare risk) the fact that 

there is no sky view is positive effect of solid state PCM 

and that time is not calculated as time of discomfort. The 

sky conditions were assumed as clear and sunny if ratio 

between diffuse and direct solar radiation was less than 

0.27. Details of the sky view and glare risk assessment 

calculation were presented in Table 5. Values of the hours 

of visual discomfort were presented in Figure 9. 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
4876

 

 
  



a)  

b)  

Figure 9. Hours of visual discomfort for the windows 

directed: a) east, b) west. 

Values of the visual discomfort referenced as “sky view” 

in Figure 9 reflects directly the number of hours then PCM 

was in solid state while the second one value named “sky 
view + glare effect” was recalculated adding hours when 

glare effect occurred or subtracting hours when solid state 

of paraffin contributed to the protection from the glare 

effect. 

Conclusions 

Today’s pursuits approaching development in energy 
efficiency in building sector focuses mainly on the 

lowering heating energy demand. As a result, 

consideration of the cooling energy becomes more 

crucial, even in such cold climatic condition as 

characteristic for considered city of Lodz. It is expected 

that future buildings will be characterized by very good 

thermal insulation and so on very low heating demand, 

while problem of overheating seem to be left in the 

background. Considering those trends, PCM-windows 

should be suitable solution for newly designed, energy 

efficient buildings, contributing to the lowering the 

cooling demand during the extreme summer months.  

The PCM application in the window cavity was 

comprehensively analysed taking into account both 

energy and comfort aspects. Based on the simulation 

results for all cases the amount of energy needed for 

cooling and lighting were compared. Based on the 
experimental analysis due to very low transmittance of 

PCM in solid state it was assumed that for the time when 

PCM is not liquid additional power of 90 W for lighting 

will be required. On the other hand, it was observed that 

due to limited solar energy transmission through solid 

PCM the energy demand for cooling was decreasing with 

the increase of PCM transition temperature.  

a)  

b)  

Figure 10. Energy demands for the case of windows 

directed: a) east, b) west. 

a)  

b)  

Figure 11. Hours of discomfort for the case of the 

windows directed: a) east, b) west. 

 

Moreover, influence of the PCM application on the 

thermal and visual conditions inside the adjacent room 

was considered. It was assumed that standard window and 

window with liquid PCM can assure good sky view and 

visual comfort while PCM in solid state deteriorates those 

conditions. Nevertheless, lower light transmittance 

contributed to the limitation of the glare effect. 

Discomfort parameters were calculated by the number of 

hours when specific conditions were not met (Figure 11) 

while energy aspects in kWh/m2 (Figure 10). 
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Analysis of the energy effect of PCM application revealed 

that for east orientation the most effective performance 

was obtained for the paraffin RT25HC while for west 

orientation RT18HC. On the other hand, thermal and 

visual comfort analysis showed that the most suitable 

paraffin for both facades will be the one with the lowest 

considered melting temperature – RT18HC. 

Finally, it was assumed that considered square 1m2 

window will be divided into 4 and 2 sections in case of 

east and west orientation respectively. Furthermore, 

according to the obtained results it was stated that central 

or lower part of the window will be filled with the paraffin 

selected accordingly to the comfort aspects and will 

assure the highest possible view out while the second half 

of the window surface will be dedicated to the overheating 

protection and filled with the paraffin selected due to 
energy demand results. Schematic view of the final 

window construction recommended for further 

experimental analysis was presented in Figure 12. 

 

a)  

b)  

Figure 12. Schematic view of the construction and PCM 

temperatures for the windows directed: a) east, b) west. 
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Abstract 
This study presents a first assessment of the overall 
energy performances of a novel BIPV façade systems. 
Specifically, it focuses on an innovative extensible louvre 
integrating PV. A suitable optical model was developed, 
and validated against Window software, for 
characterizing the bidirectional properties of the complex 
fenestration system (CFS), having a peculiar shading 
geometry and combination of PV and blind surfaces. The 
CFS characterization and the control strategy, for 
regulating louvre tilt and extension, were implemented in 
EnergyPlus via EMS, for simulating heating cooling and 
lighting needs. PV generation was modelled taking into 
account partial shading effects. The integrated building 
and PV simulation and the introduction of an overall 
energy performance index allow to optimize the control 
strategy. The results show that for a South facing typical 
office module in Milan the new BIPV system, beside the 
relevant RES exploitation, is able to provide effective 
solar control, without compromising daylighting. 

Introduction 
In the perspective of new Zero Energy Buildings, the 
exploitation of RES is a key issue. In this regard, the 
integration of photovoltaic components in the building 
envelope, not only in the roof but also in façade, will play 
an important role. In this context, new developments in 
integrated simulation tools are necessary to support the 
design, use and optimization of building integrated 
photovoltaics (BIPV) technologies. 
Peng et al. (2017) demonstrated that window attachments 
have a large impact on building energy performance and 
that the use of indicators to relatively quantify the benefits 
of solar shadings in both heating and cooling seasons is of 
crucial importance for a correct energy rating. Following 
this path, this work analyses the integrated performance 
of external shading systems integrating photovoltaics 
(PV). 
In fact, this paper focuses on the development of an 
optical and PV model, integrable with a building 
simulation tool, to evaluate and optimize the integrated 
performances of an innovative BIPV system, which 
consists in external orientable and extensible PV louvers 
(Piccoli and Dama, 2018).  
The novel louvers extension mechanism allows the 
system to provide effective solar control while increasing 
the exploitation of daylighting and solar gains with 

respect to a traditional louvre system: indeed, with the 
extension of the lamellas the beam radiation is blocked at 
will, while the permeability to the sunlight is higher than 
a traditional system when the lamellas are open.  
Due to the peculiar geometrical features of the louvres, an 
optical model characterizing its properties in form of 
bidirectional scattering distribution functions (BSDF) 
was developed, since the available free-to-use and 
commercial software with this aim, such as Window by 
LBNL, do not include the possibility to analyse such 
complex surfaces - i.e. with not uniform reflectance and 
curvature -, but have the advantage to be integrable with 
widely diffused building simulation software. For this 
reason, the developed model produces the same type of 
output of Window. 
In order to accurately predict the energy yield of the PV 
generators, a dedicated BIPV model including partial 
shading effects as well as thermal and optical aspects was 
employed. Such a model describes the effects of 
mismatching considering the PV cells reverse 
characteristic and power losses and was experimentally 
validated by Piccoli et al. (2019). 
In order to evaluate the performances and 
multifunctionality of the new PV shading system, it was 
applied, as a case study, to a typical office module with a 
South facing window and simulated in EnergyPlus. The 
implemented control strategy was based on the external 
climatic conditions of temperature and solar irradiance. 
Finally, daylighting potential, heating and cooling needs 
reduction and PV production have been evaluated and an 
overall energy performance indicator has been 
introduced. It allows to optimize the control strategy 
thresholds and to evaluate the benefit of the innovative 
shading device integrating PV.  
Resuming, the main novel contributions of the paper 
concern: 

• the development and validation of an extended 
optical model for complex shading devices; 

• the integration in Energy Plus of the novel BIPV 
system; 

• a first assessment of its integrated energy 
performances. 

The building simulation case study and the main features 
of the optical and of the PV model are presented in 
Section “Methods”.  
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Section “Results and discussion” presents the validation 
of the optical model and the evaluation of the energy 
performance indicators for the simulated BIPV system.  

Methods 
The methodology adopted involves the following steps, 
which are described in this Section. 
• The development of an optical model, for the peculiar 

PV louvre system combined with suitable glazing, for 
the bidirectional characterization of the complex 
fenestration system (CFS). Such an optical model 
will be validated against Window LBNL software for 
a case with a traditional blind geometry, with uniform 
curvature and reflectance. 

• The integration of the photovoltaic model with the 
fenestration system one. 

• The definition of a building and climate case study, 
for simulating the building integrated performances 
and the choice of a reference façade system - based 
on the requirements of the Regional Standard (from 
EPBD) - as the benchmark for the energy 
performances. 

• The definition and optimization – for the specific 
building and climate - of a control strategy for 
dynamically actuate the tilt angle and the extension 
of the louvres, based on the following hierarchy 
priorities: daylighting, solar control and solar energy 
harvesting. 

Optical model 
The geometrical features of the moveable PV-louvres 
systems are presented in Figure 1. 

 
Figure 1 - vertical sections of the extensible louvres in different 

configuration mode: daylighting, solar tracking and solar 
control 

A PV module is integrated on the upper side of the more 
external lamella of each extensible louvre. The optical 
properties of the PV and blind surfaces are reported in 
Table 2. Both the complex geometry and the mixing of 
different materials require the development of a model 
which is able to go beyond the currently available 
libraries.  
Such a model, developed in a Matlab environment, 
calculates the bidirectional optical properties of the 
shading and/or of the fenestration system when it is 
combined with glazing. It is based on the radiosity 
method, i.e. it assumes purely diffuse reflection on the 
lamellas. 

Table 1 – PV-shading optical properties 

PROPERTY PV  BLIND 
Solar reflectance  0.19 0.7 

Visual reflectance 0.19 0.7 
 
The procedure used is similar to the one presented by 
Curcija et al. (2018) and employed by Window software. 
The same angular matrix base was used in order to 
produce a comparable output for Window and a suitable 
input for EnergyPlus (EP). The curved surfaces are 
approximated as a broken line, the contributions to the 
transmission (or reflection) through the fenestration 
“layer” is divided in a direct part, which does not take part 
to reflections among the lamellas, and a diffuse part, 
which activates a mutual reflection cascade. 
The main difference in the calculation method is the way 
to solve mutual reflections, where the explicit formulation 
introduced by Dama and Lastaria (2012) is adopted.  
The absorptances of the shading and of the glazing layers 
in the CFS are calculated from the bidirectional 
transmittance and reflectance of each individual layer 
employing - for each pair of layers - the following 
formulation which accounts for multireflection:  

α*i
1F= α i

1F+ Σjk τij1Fρjk
2F α k

1B+ 

                  + Σjklm τij1Fρjk
2F ρkl

1B ρlm
2F α m

1B+… (1) 

α *i
2F= Σj τij1F α j

2F+ 

          + Σjkl τij1Fρjk
2F ρkl

1F
 α l

2F+ …   (2) 

Which in matrix formulation respectively give: 

A*1F = A1F + T1F[1-R2F R1B]-1R2FA1B  (3) 

A*2F = T1F[1-R2F R1B]-1A2F   (4) 

Where A* indicates the layer absorptance evaluated in the 
fenestration system. 
PV model 
The PV model adopted to estimate the renewable energy 
production of the BIPV system describes the working 
characteristic of crystalline silicon modules exposed to 
partial shading. Such a model takes into account the 
power losses occurring in the real application due to 
current or voltage limitation due to a limited sky view and 
mismatch among the cells (Alonso-Garcìa et al., 2006; 
Liu et al., 2011), as well as the change in temperature of 
the cells (i.e. power dissipation across the lamellas).  
The simplified version of the model introduced by Piccoli 
et al. (2019) is particularly suited as implies a low 
computational effort without jeopardizing the accuracy of 
the power production results. It consists of a classical five 
parameter cell model (De Soto et al., 2006) integrating a 
dynamic 1-D thermal model of the cells and lamella 
materials. The fastening of the simulations is obtained 
describing the by-pass diodes as logical on-off switches, 
while the accuracy is validated with both experimental 
measurements and detailed electrical modelling. Figure 2 
depicts the working principle of the PV model 
simplification. 
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Figure 2 - Graphical representation of the PV model (Piccoli 

et al. 2019). A) Shadow calculation and cell characteristic 
model. B) Two simple arrays are simulated separately with low 

computational effort. C) The array is electrically/ thermally 
simulated combining the simple characteristics. 

Case study 
As a case study for evaluating the performances of the 
new PV shading system a typical office module with a 
South facing window and the location of Milan were 
selected. 

 
Figure 3 - Top (a) and front (b) view of the building module 

(positioning of daylighting reference points). 

A front and plan view of the office module is drawn in 
Figure 3. The window to wall ratio is 0.5. The module has 
only one external wall, all the other walls, floor and 
ceiling are assumed adiabatic, ventilation is based on 
occupant schedule and an additional constant infiltration 
rate is assumed. Simulation of heating and cooling needs 
are performed using EP v8.5 with Ideal Air System and 
Economizer. The main specifications for the building 
simulation are reported in Table 2 and Figure 4. 

Table 2 - Main building simulation specifications 

Floor 
area 

Wind. 
area 

Heat/Cool 
setpoints 

Heat/Cool 
attenuation 

setpoints 

Daylighting 
threshold 

13.5 m2 4.5 m2 20/26 °C 16/30 °C 600 lux 

Uopaque 
Light. 
power 

Light. 
control 

N.of people 
& PC Air infiltr. 

0.19 
W/m2K 

11 
W/m2 Two steps 2 0.15 Vol./h 

 

 
Figure 4 - Relative office occupancy schedule for Weekdays 

For the baseline case, a spectrally selective double glazed 
unit (DGU) was chosen for the fenestration system, 
without the application of shading. It results in window 
thermal transmittance below 1.4 W/(m2K) and solar factor 
below 0.35, meeting the envelope performance 
requirements given by the Regional Standard.  
The innovative PV louvre system was instead combined 
with a LowE double glazed unit, with similar thermal 
transmittance to the baseline, but higher solar and visual 
transmittance, since the solar control requirement is here 
satisfied by means of external shading. The properties of 
the two glazing are reported in Table 3.  

Table 3 - Glazing properties – the Spectrally selective DGU 
employed in the baseline and the Low-E DGU adopted in 

combination with the external louvre system (optical properties 
at normal incidence angle) 

PROPERTY SPECTRALLY 
SELECTIVE LOW-E 

Solar transmittance 0.25 0.42 
Visual transmittance  0.58 0.75 

Solar factor  0.32 0.50 
Thermal transmittance 1.09 W/(m2K) 1.16 W/(m2K) 

 
As for the PV modules implemented in the simulation, it 
is assumed to implement lightweight, flexible 
monocrystalline silicon modules, whose equivalent cells 
main characteristics are gathered in Table 4. The PV cells 
are disposed over two rows (one forward and one 
backward), each of them connected in parallel with a by-
pass diode in order to improve the performance of the 
system when the most backward row is shaded. 
Considering the building module geometry and the 
extensible louvre mechanism, the PV area installed is 2.25 
m2, meaning 358 W peak power (26.5 WPV/m2

floor). As the 
PV is installed only on the window surface, the results can 
be compared against any semi-transparent BIPV 
application (e.g. PV glasses, overhangs etc.). 

Table 4 - Equivalent PV cells parameters implemented in the 
simulation 

Technology m-Si 
VMP 0.58 V 
IMP 8.16 A 
PMP 4.73 W 
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VOC 0.65 V 
ISC 8.45 A 
Efficiency 15.91% 
kV -0.33 %/°C 
kI 0.036 %/°C 
NOCT 42 °C 

 
The implementation of a dynamic CFS in EP is not 
straightforward still. Firstly, Delight, the most accurate 
daylighting engine, is actually not available in the latest 
versions due to a possible programming bug when dealing 
with complex shading layers. Therefore, the less accurate 
SplitFlux method was used instead. Secondly, the Energy 
Management System (EMS) available calling point 
happens too late in the program workflow, so that to get 
an acceptable result with regard to daylighting it is 
necessary to run simulations with timesteps of five 
minutes. 
Control strategy 
The BIPV shading system is actuated through the EMS 
according to the defined control strategy. Due to the 
currently available features of EP, it is mandatory to use 
only CFS-independent input as control parameters. For 
this reason, instead of illuminance sensors, the device is 
regulated according to the solar irradiance on the façade 
and on the external air temperature. 
Three possible configuration modes can be actuated (see 
also Figure 1): 
• Daylighting, the lamellas are kept reclosed and 

horizontal 
• Solar tracking, the lamellas are tilted orthogonal to 

the Sun and reclosed 
• Solar control, the lamellas are tilted orthogonal to 

the Sun and partially or fully extended 
Solar tracking is activated anytime the measured vertical 
irradiance (Gv), is above a threshold (GST), which is 
expected to do not conflict with daylighting need.  
Whenever free cooling is an available option (i.e. external 
temperature is below a certain value, which has been fixed 
10°C below the cooling setpoint) the solar control priority 
is neglected in favour of daylighting. 
Schematically: 
• If the external air temperature is below 16°C 

o If GV < GST  daylighting mode 
o If GV > GST  solar tracking mode 

• If the external air is above 16°C, the lamellas can be 
extended according to the irradiance level 

o If GV < GST  daylighting mode 
o If GV > GST  from solar tracking to solar 

control mode, the extension of the lamellas 
is proportional to the irradiance exceeding 
the threshold (maximum extension when 
vertical irradiance is double the threshold)  

The irradiance threshold is dependent on the building type 
and use (window to wall ratio, internal gains, ventilation 
strategy…). In this work, the optimal value for the 

selected case study is found via a parametric analysis of 
the building performances, as reported in the next Section.  
Results and discussion 
This section presents and discusses the results of the 
validation of the developed optical model and the results 
of the building integrated simulation of the performances 
of the innovative PV-louvre system.  
Both for the model validation and for the performance 
simulation the external louvres were combined in a CFS 
with the (lowE) double glazing unit already introduced in 
the previous section Table 3.  
Optical model validation 
The optical model used for the generation of the BSDF 
has been validated comparing the results obtained with 
the simulation of a CFS composed by a double glazing 
and a venetian blind with LBNL Window. Four test cases 
were analysed combining different blind reflectance and 
different tilt angles. The relevant parameters are resumed 
in Table 5. 
Directional to hemispherical and hemispherical to 
hemispherical (diffuse) properties are integrated form the 
bidirectional characterization matrix employing the 
angular factors ψj, as in equation (5) and (6) which define 
respectively directional to hemispherical and diffuse 
transmittances: 

τi = Σ j τij ψj    (5) 

τdiff = (Σ i τi ψi )/π   (6) 

where τij are the elements of the bidirectional matrix with 
i and j respectively as incidence and outgoing indexes. 

Table 5 - Blind properties in the validation cases 

CASE REFLECTANCE TILT ANGLE 
A 0.7 0° 
B 0.7 45° 
C 0.3 0° 
D 0.3 45° 

 
In order to validate the developed model against Window 
calculation, two error evaluators have been introduced:  
1) max_∆X, the maximum absolute error of the 

directional to hemispherical property Xi, among 
incident directions i,  

𝑚𝑚𝑚𝑚𝑚𝑚_∆𝑋𝑋 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖��𝑋𝑋𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑋𝑋𝑖𝑖𝑤𝑤𝑖𝑖𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤��  (7) 
2) WMRE_X, the weighted mean relative error of X  

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊_𝑋𝑋 =
 ∑  �𝑋𝑋𝑖𝑖

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑋𝑋𝑖𝑖
𝑤𝑤𝑖𝑖𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤�𝜓𝜓𝑖𝑖𝑖𝑖

∑  𝑋𝑋𝑖𝑖
𝑤𝑤𝑖𝑖𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤𝜓𝜓𝑖𝑖𝑖𝑖

   (8) 

where X can be any window or layer transmittance, 
reflectance or absorptance.  
The results for the main solar properties are gathered in 
Table 6, while in Figure 5 an example of directional 
properties distribution is shown. Both representations 
demonstrate a good agreement of the results with the 
reference. Cases A and B, in which blind reflectance is 
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higher, present also higher errors. Nevertheless, WMRE 
are always within 4% except for the solar front 
absorbance of the first layer (the Venetian blinds) in Case 
A, where WMRE is 6%, with max_∆ that achieves 0.1.  
Table 6 – maximum absolute and relative errors in modelling 

the CFS test cases respect to Window 

Property  case A B C D 

 
𝜏𝜏𝐹𝐹  

max ∆ 0.04 0.05 0.02 0.02 

WMRE 3% 3% 2% 1% 

𝜏𝜏𝑚𝑚𝑖𝑖𝑑𝑑𝑑𝑑𝐹𝐹 𝑤𝑤𝑖𝑖𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤 0.22 0.16 0.18 0.13 

 
𝜌𝜌𝐵𝐵  

max ∆ 0.03 0.03 0.01 0.01 

WMRE 2% 4% 1% 2% 

𝜌𝜌𝑚𝑚𝑖𝑖𝑑𝑑𝑑𝑑𝐵𝐵 𝑤𝑤𝑖𝑖𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤 0.31 0.34 0.30 0.31 

𝛼𝛼∗1𝐹𝐹 max ∆ 0.10 0.11 0.04 0.04 

WMRE 6% 4% 1% 1% 

𝛼𝛼𝑚𝑚𝑖𝑖𝑑𝑑𝑑𝑑∗1𝐹𝐹 𝑤𝑤𝑖𝑖𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤 0.28 0.31 0.50 0.60 

𝛼𝛼∗2𝐹𝐹 max ∆ 0.04 0.05 0.02 0.02 

WMRE 3% 3% 2% 1% 

𝛼𝛼𝑚𝑚𝑖𝑖𝑑𝑑𝑑𝑑∗2𝐹𝐹 𝑤𝑤𝑖𝑖𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤 0.18 0.14 0.14 0.11 

𝛼𝛼∗3𝐹𝐹 max ∆ 0.005 0.004 0.002 0.002 

WMRE 3% 4% 2% 2% 

𝛼𝛼𝑚𝑚𝑖𝑖𝑑𝑑𝑑𝑑∗3𝐹𝐹 𝑤𝑤𝑖𝑖𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤 0.029 0.023 0.024 0.017 

 

 
Figure 5 - Optical model validation, case B: a) window front 
transmittance and back reflectance b) layers absorbance (1 

shading, 2 external glass, 3 internal glass) 

Energy performances  
In order to evaluate the multi-functionality and the overall 
energy performances of the new PV shading system the 
following indicators have been introduced and 
considered, comparing the results of the building 
simulation case study with the new and the reference 
window system defined in the previous section: 
• Daylighting hours (DL) 
• Net annual electrical (or equivalent) energy 

consumption for heating, cooling and lighting per 
floor unit area, including the exploitation of the PV 
generation: 

𝑊𝑊𝑤𝑤𝑚𝑚𝑛𝑛 = 1
𝜂𝜂𝐶𝐶

E𝐶𝐶 + 1
𝜂𝜂𝐻𝐻

E𝐻𝐻 + 1
𝜂𝜂𝐿𝐿

E𝐿𝐿 − 𝜂𝜂𝐸𝐸E𝑃𝑃𝑃𝑃  (9) 

The Enet indicator is similar to the energy balance index 
introduced by Oliviero et al. (2014). Here EC, EH, EL, EPV, 
are respectively the specific annual energy need for 
cooling, heating, lighting and the PV generated, and 
𝜂𝜂𝐶𝐶, 𝜂𝜂𝐻𝐻, 𝜂𝜂𝐿𝐿, 𝜂𝜂𝐸𝐸 are the corresponding system efficiency, 
assuming electrical supply/delivery. In this work, the 
energy needs and the PV generation have been 
dynamically simulated while the system efficiencies have 
been assumed as reported in Table 7. Considering such 
figures, the energy consumption related to the louvre 
mechanism movement is assumed to fall within the 
overall electrical system efficiency 𝜂𝜂𝐸𝐸. 
 

 Table 7 – Assumed cooling, heating, lighting and PV-
exploitation efficiency 

ηC ηH ηL ηE 

3 3.9 1 0.9 
 
Parametric building simulations have been carried out to 
optimize the choice of the irradiance threshold GST, 
regarding the control strategy on the PV-louvres system. 
The overall results for seven threshold levels are reported 
in Table 8 and Figure 6, where the results for the reference 
building are reported for comparison as Case 8.   
 
Table 8 – Building energy performances and daylight hours for 

system actuated with seven irradiance thresholds and for the 
benchmark 

 GST 

W/m2 
DL   
h 

EC/ηC 
kWh/ 
(m2y) 

EH/ηH 
kWh/ 
(m2y) 

EL/ηL 
kWh/ 
(m2y) 

EPV*ηE 
kWh/ 
(m2y) 

Enet 
kWh/ 
(m2y) 

1 100 1772 19.1 4.6 6.0 21.4 8.3 
2 150 1886 19.2 4.6 5.2 21.4 7.5 
3 200 1956 19.3 4.5 4.8 21.3 7.3 
4 250 1998 19.6 4.5 4.5 21.1 7.4 
5 300 2018 19.9 4.4 4.4 20.9 7.7 
6 350 2034 20.1 4.4 4.3 20.7 8.1 
7 400 2040 20.4 4.3 4.3 20.4 8.6 
8  2093 22.1 3.7 3.9  29.7 
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Figure 6 – Energy performance of the building and daylight 

hours for seven irradiance thresholds and the benchmark 

The best option, based on the overall electrical energy 
index EP, is Case 3 with 75% of savings, which is due to 
a slight overall improvement in the energy efficiency and 
the significant contribution of the PV production. In Table 
9 the daylight hours and the sensible heating and cooling 
demands are compared with the benchmark to highlight 
the contribution of the shading system to the energy 
balance. Furthermore, in the same table it is introduced 
the change in the energy use Euse, which is a balance of 
the total energy used for heating, cooling and lighting: as 
it does not include the PV, it gives a more precise idea of 
the performance of the proposed solution when regarded 
as traditional fenestration system. 
 
Table 9 – Relative impact in daylight hours, sensible heating, 

sensible cooling, lighting, total use and net needs respect to the 
benchmark 

 GST 

W/m2 
DL ESC  ESH  EL  Euse Enet 

1 100 -15% -35% +63% +56% 0% -72% 
2 150 -10% -34% +61% +34% -3% -75% 
3 200 -7% -32% +58% +22% -4% -75% 
4 250 -5% -29% +56% +16% -4% -75% 
5 300 -4% -26% +52% +13% -6% -74% 
6 350 -3% -23% +49% +11% -3% -73% 
7 400 -3% -20% +45% +10% -2% -71% 

 
The new extensible louvre system in Case 3, with GST 
equal to 200 W/m2, reduces the sensible cooling need of 
about one third, with a loss of daylighting availability of 
7%. Even though the reduction in the transmitted solar 
energy affects both the heating and lighting demands, 
these are not dominant over the overall energy balance. 
Indeed, the energy performance of the reference building 
is characterized by very low heating demand, due to the 
high insulation and the internal gains typical of offices. It 
can be noted, that higher values of GST produce an even 
smaller reduction in daylight hours still providing a solar 
control somewhat improved respect to the benchmark. 

 

Figure 7 - Daily profiles of relevant parameters on May 
16th,17th and 18th for Case 3, including internal gains power 

(Pig), irradiance on the façade (Gv), reference points 
illuminances (Rp1, Rp2), sensible cooling supply power (Psc), 

internal and external air temperatures (Tint, Text) 

Figure 7, analysing the characteristic days in spring, 
shows how the activation of the control strategy reduce 
the solar loads and delays the need for cooling, while 
keeping the daylight level over the comfort level (600 lux 
threshold). 
On top of this, decreasing the threshold irradiance in the 
control strategy means to give more Sun tracking freedom 
to the PV louvres: as shown in Table 10, this is reflected 
on a relative 4% increase of the PV performance ratio 
(PRV), defined as 

𝑃𝑃𝑊𝑊𝑃𝑃 = 𝐸𝐸𝑃𝑃𝑃𝑃∗ 𝜂𝜂𝐸𝐸
𝐻𝐻𝑃𝑃𝜂𝜂𝑃𝑃𝑃𝑃

               (10) 

Where 𝐻𝐻𝑃𝑃 is the yearly solar irradiation on the vertical 
surface and 𝜂𝜂𝑃𝑃𝑃𝑃 is the PV peak efficiency. In the same 
table, it is reported the PRV for vertical modules: as in 
such configuration no partial shading appear, it can be 
used as a benchmark. The relatively high PRV obtained 
with the extensible louvre is a combination of the 
exposure to the Sun (improved in summer and decreased 
in winter) and mismatch losses. Figure 8 shows three 
summer daily profiles of Case 3 power production in 
comparison with the vertical unshaded modules 
production and the reference maximum production of 
vertical module, which would happen at nominal 
efficiency. In such conditions, partial shading strongly 
decrease the energy production when Sun tracking is not 
active (i.e. morning and evening), while is nearly 
compensated by the better exposure the rest of the day. 
Furthermore, during the central hours no shadow affects 
the modules, thus improving the energy production 
respect to the vertical application thanks to Sun tracking. 
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Table 10 - PRV of the PV system obtained for seven irradiance 
thresholds and for vertical modules 

1 2 3 4 5 6 7 Vertical 
0.72 0.72 0.72 0.71 0.71 0.70 0.69 0.85 

 

 
Figure 8 - PV power per unit module surface generated in 
Case 3 (P3) compared to generation of vertical modules 
(Pvertical) and to the reference power assuming vertical 

modules at nominal efficiency (Pmax-v) on July 3rd, 4th and 5th 

Conclusions 
This paper has provided a first assessment of the overall 
performances of dynamic complex fenestration systems 
integrating PV. In particular, the study is focused on an 
innovative BIPV louvre mechanism, whose shading 
surface regulation aims to adapt to the building 
daylighting and energy needs. 
Firstly, it was validated an optical model for the 
bidirectional characterization of the complex fenestration 
system, based on the method employed in WINDOW 
software, suited to deal with the complex geometry of the 
innovative louvre and the combination of PV and blind 
materials. 
Secondly, the use of an electrical-thermal PV model 
allowed to simulate the performances of the building 
integrated renewable energy system in a real 
environment. Simulations demonstrate how partial 
shading is affecting the yearly energy yield, thus 
highlighting the importance of the assumption regarding 
the PV system (i.e. technology, electrical connections and 
disposition over the louvre). In general, the PV 
performance is satisfactory for a semi-transparent 
application, thanks to the tracking possibility and the use 
of crystalline silicon technology. 
Thirdly, the energy and daylighting performance of the 
system is simulated thanks to the integration of these two 
models into dynamic building simulations. The 
assessment of a proper control strategy allowed to reach a 
good compromise between daylighting and energy 
performances, leading to appreciable energy savings, in 
particular in sensible cooling. In fact, the louvers 
extension mechanisms allowed the system to provide 
effective solar control, with a very low impact on the 
daylight availability with respect to a benchmark based on 
standard in law. 

Due to the relevance of this type of systems in reducing 
the energy consumption of some of the European building 
stock categories, it is important to continue the 
improvement in complex fenestration modelling and 
simulation. In particular, even though this paper 
demonstrates how complex and dynamic semi-
transparent BIPV systems models can be integrated into 
whole building energy simulations, more effort should be 
done to improve the robustness of the tools and to extend 
the capability of simulating dynamical control of the 
building envelope elements.  
Further developments include the implementation of a 
more sophisticated daylighting calculation method and of 
an improved control strategy as well as the integrated 
modelling of the building energy system (e.g. HVAC, PV 
electrical system, storage etc.). In this regard, timestep 
optimization of the control strategy (i.e. based on actual 
internal daylighting and temperature levels) and model 
predictive controls would offer ample room for 
improvement. 
Furthermore, in order to estimate the potential application 
of the proposed shading system and modelling 
methodology, different building typologies and climatic 
conditions should be considered as well. 
Nomenclature 
α i

1F  front absorptance of layer 1 for entering 
direction i, when characterized alone 

α*i
1F  front absorptance of layer 1 for entering 

direction i, when included in a fenestration 
system 

α*diff
1F front absorptance of layer 1 for diffuse 

irradiance, when included in a fenestration 
system 

ψi  angular weight in the hemisphere for direction i  
ρij

1B back reflectance of layer 1 for entering direction 
i and outgoing direction j  

ρi
1B back hemispheric reflectance of layer 1 for 

entering direction i  
ρdiff

1B back hemispheric reflectance of layer 1 for 
diffuse irradiance 

τij1F  front transmittance of layer 1 for entering 
direction i and outgoing direction j  

τi1F  front hemispheric transmittance of layer 1 for 
entering direction i 

τi1F  front hemispheric transmittance of layer 1 for 
diffuse irradiance 

A1F  vector of {ai
1F} 

R1B  matrix of {ρij
1B} 

T1F  matrix of {τij1F} 
max ∆ maximum absolute error 
WMRE Weighted Mean Relative Error 
EC/H  Cooling/Heating Energy needs 
EL  Electtric lighting need  
EPV  PV generation  
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GV  vertical irradiance on the facade 
GST  solar tracking irradiance threshold 
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Abstract 
In typical high-rise commercial buildings in moderate 
climates such as that of New York City, over 50% of the 
annual electricity consumption is used for space cooling 
and heating (Kontokosta, 2007). Most of the cooling load 
in office buildings originates from solar heat gain on the 
building envelope. To date, passive solar heat gain and 
loss has been overlooked by researchers. Yet controlling 
solar radiation is important to reducing building energy 
consumption. Admittedly, ETFE membranes are 
increasingly being used in architecture in everything from 
extensive roofing to façade systems, due to their 
transparency and light weight. Research proposed by Park 
(2016) developed a lightweight and low-energy dynamic 
thermal insulation (DI) system for tall building envelopes. 
The system consists of a series of air cavities divided by 
ETFE membranes with a Low-E coating. The still air 
captured within the air-tight cavities functions as thermal 
insulation material, and radiant barrier films reduce 
radiant heat transfer through the air spaces. This system 
has the potential to save energy throughout the year 
because of its ability to consider seasonal variations. 
Importantly, the system is flexible enough to adequately 
adapt to future climate changes. By taking one 
representative future weather scenario as an example, the 
present parametric study was carried out on a DI system 
to investigate the adaptive building envelope and its 
impact on building performance. The results illustrate the 
effectiveness of the proposed envelope system with 
various U-values of heating and cooling load reductions, 
along with additional mitigation of the carbon footprint. 
Introduction 
According to the Intergovernmental Panel on Climate 
Change (IPCC), it is unequivocal that the Earth’s climate 
is warming. The IPCC had shown that several types of 
extreme weather events have changed in frequency and 
intensity over the last 50 years (Taylor, 2008). These 
changes in weather patterns affect the energy 
consumption of buildings. Future adaptation and the 
evolution of building envelope design are necessary to aid 
in the development of climate-adaptable building 
projects. Due to current issues with building simulations, 
actual energy demands have consistently been growing, 
especially for buildings that consume more than 40% of 
the total energy (Amasyali and El-Gohary, 2018).  

 
Figure 1: Conceptual rendering of ATSF. 

 
An ETFE façade is a flexible, high-performance material 
used in the sustainability industry, and is closely related 
to building envelope performance and improvements in 
occupants’ thermal comfort. The system can extend to the 
control system to further reduce energy consumption in 
buildings. The dynamic insulation (DI) of the facade and 
its operation are essential to implementing sustainable 
means of reducing building energy use. Due to the 
development of different materials with a variety of 
properties, one effective way of controlling thermal loss 
and gain in building envelopes may be discrete operations 
of façade properties by the rate of insulation level or solar 
heat gain coefficient.   
The tuneable U-value façade system explored in this 
research is a type of DI system (see Figure 1). DI systems 
enable buildings to adapt to seasonal and diurnal climate 
changes. This feature can potentially contribute to energy 
savings during transition periods between heating and 
cooling of interior spaces. For example, during hot 
summer days, it may be beneficial to have a high degree 
of thermal insulation to prevent the outdoor heat from 
penetrating inside. However, during cool summer nights 
(such as in arid climates) when outdoor temperatures are 
lower, the heat trapped in the interior cannot transfer 
through the envelope because of its insulating properties. 
In this scenario, DI can reduce the thermal insulation 
capacity of the envelope and lower the required cooling 
load.  
A multilayer ETFE construction with dynamic properties 
has the potential to be an effective response to climate 
conditions such as solar radiation, and thus positively 
affect the energy consumption of buildings. This research 
describes the design optimization and equivalent 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
4887

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://doi.org/10.26868/25222708.2019.210642 
 



performance analysis of an adaptive ETFE façade system. 
This façade system is capable of dynamically adjusting its 
U-value (i.e., dynamic insulation) and solar heat gain 
coefficient (SHGC) based on diurnal and seasonal 
temperatures and solar information.  
Methodology 
Building performance simulations (BPS) are commonly 
used to predict building energy consumption, as well as 
occupants’ visual comfort (Malkawi and Augenbroe, 
2004). Through BPS, it is possible to optimize the annual 
energy consumption of buildings by controlling building 
attributes such as shading devices and window materials 
and their operation. This research examines a method of 
controlling ETFE facades, drawing on relevant simulation 
studies to change critical parameters such as the façade’s 
U-value and building’s physical attributes.   
The subject building was a 40-story commercial tower 
with approximately 200 occupants per floor, located in 
New York City (NYC), New York, USA. 
Weather file selection 
The EnergyPlus Weather Format (EPW) file is a file 
format that is widely used in current energy simulation 
practice; however, due to its limited and relatively 
outdated datasets, the existing EPW file is not ideal for 
optimizing envelope systems in response to present 
conditions. Use of the EPW file produces errors in energy 
simulations and misrepresentations of current climate 
changes such as global warming. Before establishing a 
baseline building for the parametric study, the weather file 
needed to be manipulated and estimations made according 
to a comparative analysis of the predicted weather data 
and forecasted real-time data for NYC (NREL, 2019).  

 
Figure 2: Monthly temperature variations on different dates.  

 
Figure 3: Heating and cooling load comparisons. 

To accomplish this task, 2020, 2050, and 2080 predicted 
EPW weather files were generated from the current EPW 

file, using CCWorldWeatherGen (Jentsch et al., 2013); 
the results were then compared to the currently available 
weather data downloadable from the National Solar 
Radiation Database (NSRDB) (see Figure 2). The dry-
bulb temperature and relative humidity were compared to 
obtain the closest predicted data. The 2020 prediction file 
was selected to serve as the baseline simulation weather 
data; the least root mean square error (RMSE) represented 
was 2.54. Figure 3 shows the changes in heating load from 
the baseline, information that can serve as an indicator 
when designing a building responsive to heating and 
cooling degree days. In our case, the design goal is to 
reduce the heating load during the winter actively by 
providing more direct sunlight on the buildings’ façade. 
Note that, when design buildings in the future such as 
2050 and 2080 the design goal will be differentiated to 
reduce cooling load during the summer. 
After selecting the baseline weather file to represent the 
current local temperature in NYC, the annual energy 
consumption of the proposed building was calculated 
using the DOE reference model, with a large office 
building serving as a baseline. The baseline energy use 
intensity (EUI) and simulation assumptions are presented 
in the next section.  
Simulation description 
The goal was to analyse and predict the performance of 
the façade system at the overall building level, using 
computational building simulation tools such as 
DesignBuilder, EnergyPlus, and DIVA. The original 
design information, simulation settings, parameters, and 
assumptions involved in the simulation procedure were 
primarily based on existing documentation of a DOE 
reference building. Additionally, local regulations and 
ASHRAE standard instructions for a similar climate zone 
were applied when appropriate (i.e., US Zone 4A; 
Athalye, Taylor, and Liu, 2016). Several parametric 
studies are described herein as support for our proposal of 
the best-performing geometry and DI system.   
A baseline envelope design was chosen after conducting 
a radiation analysis. While topo-optimization (see Figure 
4; Park, 2016) provided the most desirable structural 
configuration among the various options, the radiation 
analysis facilitated the selection process of the final 
design by referencing the results of the optimized solar 
heat gain during winter (more than four hours a day in the 
worst-case scenario). Among the options (all with at least 
four hours of direct sunlight gain per day), Option 5 was 
selected due to the less-direct radiation gain on the south-
facing façade during the summer. Figure 4 shows the 
annual direct sunlight exposure in each design iteration. 
The values were calculated by counting the number of ray 
hits on the façade, and the final design was selected based 
on less than 20% of the areas being under 10% in the 
worst case per day (Han, 2018). 
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Figure 4: Parametric radiation analysis and geometry 

selection. 

Once the building façade design was fixed, a BPS was 
created to design the best-performing building attributes, 
including aspects such as U-value and the SHGC of the 
DI material. This study used several commercial tools: 
Rhinoceros® for 3D modelling, and Grasshopper and 
DIVA for parametric daylighting analysis and façade 
design. For the energy-efficient building design, 
DesignBuilder (see Figure 5) and EnergyPlus were 
employed, along with multiple sets of parameters for the 
operation of the dynamic façade. The primary goal of this 
research was to minimize energy consumption during the 
critical seasons of the year.  
Energy simulation  
Figure 5 shows the baseline building geometry used for 
the energy simulation, and Table 1 illustrates all of the 
relevant input parameters for the annual electricity 
calculation.  

 
Figure 5 DesignBuilder model. 

Table 1: Simulation Assumptions 
 
Weather: 

• USA_NY_New.York-Central.Park_TMY3_ 
CCWorldWeatherGen_2020.epw 

Construction: 
• Exterior Wall: MassWall, wall_ufactor = 0.59 
• Roof: Metal Deck Roof, roof_ufactor = 0.27 
• Window Glazing: Window_U_1.4 
• SHGC_0.40_Tvis_0.38 

Lighting: 
• Lighting Power Density: 5 W/m2-100 Lux  

(1.39 W/ft2-300 Lux) 
• Illuminance Target: 500 Lux  

 
 

HVAC: 
• Unit Type: Split No Fresh Air 
• Mechanical Ventilation: On 
• Natural Ventilation: Off 
• Heating System CoP: 3.5 
• Cooling System CoP: 3.5 
• Heating Setpoint: 21°C (69.8°F) 
• Heating Set Back: 12°C (53.6°F) 
• Cooling Setpoint: 26°C (78.8°F) 
• Cooling Set Back: 28°C (82.4°F) 

 
 

Detailed information regarding building occupancy and 
lighting schedule is listed in the description above. Once 
the DesignBuilder model was set, a building energy 
simulation was conducted. The initial value was later used 
for the parametric study as a relative value for estimating 
the building’s performance improvement.  The baseline 
model showed the average electricity consumption per m2 
to be 185. The separate heating and cooling energy 
consumptions, as well as the whole-building energy use, 
were simulated by season. Other parameters such as the 
occupants’ activity and clothing level, wall/roof 
construction, internal gain, and system configuration were 
constant for each simulation, while the glazing 
configuration and its properties were changed in every 
iteration. The ultimate goal was to find the optimal U-
values for each DI system in response to seasonal 
variations.  
Daylight simulation and operational schedule 
A great deal of research has underscored the importance 
of daylighting effectiveness in buildings. With respect to 
both energy savings and occupants’ comfort, it is 
necessary that daylighting control be automated, based on 
dynamic control systems. Conventionally, blinds are 
controlled to block direct sunlight, based on 
predetermined guidelines such as the ASHRAE 
Fundamentals. A strict method for controlling shading 
devices in response to sunlight often results in an 
undesirable screening of daylight and views to the 
outside. The current state of the art in blinds control 
considers ways of controlling blinds that consider 
occupants’ comfort and daylighting autonomy. Technical 
methods for controlling DI systems include automated 
control with fewer view obstructions. The amount of 
daylight penetration determines the DI system’s controls. 
The daylight simulation described in the next section 
extends a new method of daylighting control that uses DI 
to maximize daylighting and view, while preventing 
glare. In other words, the original approach can be 
adapted to reduce cooling loads and enhance the level of 
natural sunlight entering buildings. The new method is 
meaningful in terms of enriching occupants’ comfort and 
providing advantages associated with biophilia. In 
addition, it demonstrates future means of adapting 
buildings’ façade systems with respect to reducing 
cooling loads during the summer and allowing more 
sunlight in during winter.  
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Performance Simulation  
Window-to-wall ratio study 
In heating-dominated climates or where the heating load 
is a concern, a large window-to-wall ratio (WWR) helps 
to decrease annual heating loads while maintaining 
adequate comfort. A WWR parametric study was 
designed to reduce the heating load in winter and cooling 
load in summer, while maintaining the indoor temperature 
within a comfortable range. Among the tested ratios, an 
80% WWR for the south and 60% WWRs for the 
northeast and northwest façades were identified as 
consuming the least amount of EUI, including the lowest 
heating load for winter and cooling load for summer. 
According to the results of the annual energy simulation, 
the highest impact of the optimized WWR was on the 
heating load, reducing 35% of the total energy use; 
however, it also increased the cooling load during the 
summer. Therefore, to determine the best-performing 
building envelope systems, parametric runs of glazing 
properties with U-values between 0.4 W/m2 °C and 5.8 
W/m2 °C at a subdivision of 0.2 were performed.  
U-value parametric simulation study 
Individual parametric studies were done to schedule the 
performance of an ETFE cushion in different seasons. 
This simulation was designed to evaluate the seasonal 
performance of windows comprised of different 
materials.    

 
Figure 6: Monthly energy use of target building for different 

materials. 

Table 2 illustrates the potential U-values for each system 
with discrete SHGC values. The different SHGCs are 
evaluated below, along with the daylighting simulations. 
Thus, this section limits this value for the performance 
simulation. Figure 8 shows the performance of the ETFE 
as compared to other window materials such as 
monolithic glass, double-glazed glass, and other high-
performance glass and ETFE windows. The results 
illustrate the unique performance of the four-layer ETFE 
cushion throughout the year. Besides the overall 
performance of the ETFE system, the relatively low level 
of energy consumption during the winter by the proposed 
system is clear. This means that with DI systems, a 
heating load reduction could easily be achieved in both 
the winter and summer seasons.  

Table 2: Simulation Assumptions for Different Materials 
Description U-value 

(W/m2C) 
SHGC 

6mm monolithic glass 5.9 0.95 
6-12-6 double-glazed unit 2.8 0.83 
6-12-6 high-performance 

double-glazed unit 
2.0 0.35 

2-layer ETFE cushion 2.9 0.71 – 
0.22 3-layer ETFE cushion 1.9 

4-layer ETFE cushion 1.4 
To propose a more specific operational schedule for the 
DI system, a step-by-step energy simulation was 
conducted via EnergyPlus. Figure 7 shows the annual 
variations in EUI by different U-values. The effectiveness 
of the EUI change is clear; the U-values were 
approximately 2.0 W/m2 °C and 3.2 W/m2 °C. This can 
be used as a reference for different seasonal designs for 
ETFE systems.  

 
Figure 7: U-value parametric simulation. 

The diagram below shows the dynamic operation of a 
different phase of ETFE cushion with U-values ranging 
from 0.4 W/m2 °C to 5.8 W/m2 °C. Again, the goal of this 
study is to provide an operational schedule for an ETFE 
that is less than the total EUI of 160. 
Results 
Energy analysis 
An optimized schedule was developed by evaluating the 
radiation levels during critical seasons: summer, winter, 
and warm and cool swing seasons. Each season’s EUI was 
calculated separately. 

 
Figure 8: Parametric graph of seasonal U-values.  

Figure 10 shows the heating and cooling loads produced 
by different U-values, which are refererenced in the 
following section. The U-values at 1.8 W/m2 °C, 3.2 
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W/m2 °C, and 4.8 W/m2 °C represent slightly different 
trends in internal load calculation, yielding peaks at 0.4 
W/m2 °C and 5.8 W/m2 °C, respectively. Thus, these 
values could be simulated for the total EUI calculation.  
 

 
DI system in swing season 

 
 
 
U-values  
1.8 – 3.2 
W/m2 °C 

 
DI system in cooling season 

 
 
 
U-values  
3.2 - 5.8 
W/m2 °C 

 
DI system in heating season 

 
 
 
U-values 
Below 0.4 
W/m2 °C 

Figure 9: Proposed U-values by season. 
 
Figure 9 illustrates the range of U-values for the seasonal 
and diurnal operational façade schedule. The proposed 
range was optimized for the 2020 weather file, but could 
be adjusted in the future for annual surface solar radiation 
prediction values.  
A comprehensive control logic for EFTE façade operation 
was developed in response to the results of the parametric 
study (see Figure 10). When the level of target radiation 
exceeded 80% of the daily average value, the U-value 
properties of the ETFE cushions inflated. When the level 
of target radiation was below 50% of the daily average 
value, the U-value properties of the ETFE cushions 
deflated to allow more radiation to penetrate indoors. 
The schedule for the EFTE flattening rate and time of day 
are illustrated and the schematic diagram and operation 
controls are presented below, based on the fraction of 
radiation exposure. 
 

 
Figure 10: Seasonal operation schedule. 

 
Figure 10 delineates the conceptual operation of the DI 
system, with different rates of inflation and deflation. The 
inflation rates govern the U-value and SHGC. Hence, 
visual comfort and daylighting penetration can also be 
considered with the operational schedule.   
Daylighting analysis  
With an advanced daylighting simulation in DIVA for 
Rhino (Solemma 2014), annual sunlight exposure (ASE) 
can be achieved in no more than 10% of the regularly 
occupied space, with 55% of the spatial daylight 
autonomy (SDA) at the target lux of 300. Since it is 
difficult to simulate the proposed DI system’s operational 
schedule in DIVA, an alternate method was used in the 
present research. First, we defined the shading schedule 
with translucent roller shades and manually added 
shading geometry to simulate the daily operation of the 
DI system. 
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Seasonal automatic control of the DI system 

 
 Detailed daily schedule for the DI system   

Figure 12: Applied control system and schedule. 
 
The optimized option for winter yielded an sDA of 77% 
for the year, while the optimized option for summer 
produced an sDA of 56% annually (see Figure 12). This 
is because the capacity for injecting fog inside the ETFE 
tubes increased, Thus, we could obtain the average T-vis 
for each option, which varied between 20 and 45.  

 
 

 
Figure 12: Spatial daylight autonomy 

before and after control. 
 
Figure 13 shows the discomfort glare probability for the 
model at a representative desk on the southwest façade. In 
general, southwest façades in offices in similar climate 
zones have an afternoon glare problem. Therefore, a 
sample desk space was chosen to evaluate the 
effectiveness of the ETFE façade in terms of the glare 
metrics for reduction in discomfort. December at 2 pm 
was tested as an example case, since the highest visible 
transmittance is maintained during the winter. At a given 
point in time, the level of intolerable glare in the 
workspace was at 57% without daily operation of the DI 
system. However, day-to-day control of the DI system 
reduced the glare problem from 57% to 33% in the critical 
hours of the day.   

 

  

  
 
Figure 13: Glare reduction by daily operation of the DI. 

 
Finally, to reduce the cooling load, a dynamic facade 
performance simulation was conducted to delineate a 
feasible range of U-values in the facades. Based on the 
results of the parametric studies, the U-values at 1.8 W/m2 
°C in summer and 0.4 W/m2 °C in winter showed the best 
energy performances in terms of EUI. When compared to 
the annual energy consumption of the baseline, the EUI 
of the base case with U-values of 5.8 W/m2 °C and 0.4 
W/m2 °C in the heating and cooling seasons, respectively, 
was 110 W/m2; the optimized model showed a 22% 
reduction in EUI at 86 W/m2 by adjusting the SHGC and 
T-vis values in different seasons.  
Consequently, a total reduction of 49% of the total EUI 
was achieved by conducting radiation and energy 
optimization studies. In addition, the final EUI result was 
lower than the benchmarking data for best-practice large 
offices in NYC, which were at 130 to 150 W/m2. 

 
Figure 14: Seasonal energy load simulation results. 
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Discussion 
DI systems can contribute significantly to energy savings 
in commercial buildings by dynamically controlling the 
U-value of building envelopes, based on seasonal climate 
variations, diurnal temperature swings, and façade 
orientation. The operating principle is to control the 
thickness of the air cavity layer via inflation, in order to 
achieve the target thermal function. The U-value is at its 
minimum (i.e., thermal insulation) at optimum air cavity 
thicknesses that suppress air convection and maximum 
(i.e., heat exchanger) when the air cavities are collapsed 
into a single membrane.  
The preliminary study conducted by Park (2016) 
indicated that a system using a radiant barrier can achieve 
better insulation values than mineral wool or fiberglass 
insulation, while requiring significantly less material and 
overall thickness (e.g., 72mm instead of 140mm to 
achieve a U-value of 0.35 W/m2K). Also, the energy 
simulation study examining a proposed high-rise building 
in New York City using the optimum U-values for 
summer and winter showed that it is possible to reduce the 
total energy use by 56% for heating and 26% for cooling, 
in total consuming only 70% of the total energy of a 
similar scale (i.e., a typical large office building in New 
York City). Moreover, the present research emphasizes 
the effectiveness of DI for reducing building energy 
consumption by providing design strategies that employ 
this technology.  
In heating-dominant climates, the balance between 
HVAC operation schedule and free-cooling (i.e., air-side 
economizer) operation periods is important to ensuring 
occupants’ thermal comfort in large office buildings. The 
proposed dynamic façade includes an operation schedule, 
the material properties of the ETFE cushions, and the 
envelope system. The table of various U-values provides 
the performance simulation results, which is the primary 
factor in annual heating and cooling energy use. A total 
reduction in fuel consumption to 56% of heating and 26% 
of cooling was achieved by applying the dynamic façade 
system (see Figure 13) to the proposed building 
configuration. This is equivalent to an annual carbon 
emission of 2,553.79 tons. As compared to the 
benchmarking data, our final design consumed less than 
the total energy of the best-practice buildings in NYC (i.e., 
the building performance database average value). The 
results of each upgrade in building energy simulation 
demonstrate the improvement in the envelope system in 
terms of both efficiency and economics.  
Because the overall WWR of the proposed design is 
higher than that of the DOE reference building, the 
cooling load reduction was not as significant as that of the 
heating load. Therefore, natural ventilation and an HVAC 
system upgrade are recommended for future 
consideration. In addition, this dynamic envelope system 
has the potential to control indoor lighting loads, which 
consume 25% of the total energy use in large office 
buildings. By controlling the SHGC and T-vis values of 
the ETFE system, occupants’ thermal and visual comfort 
(as measured by daily comfort criteria) are ensured.  

Conclusions and Future Research 
With the growing concern regarding climate change, 
adaptive façades are increasingly being investigated; 
many of these studies used building energy simulation. 
The gaps in average temperature fluctuation during the 
different seasons comprise the main issue affecting the 
regulation of facade schedules. Therefore, we proposed 
varied level of U-values of DI systems in different seasons, 
and simulated energy savings throughout a year. 
Additionally, DGP was calculated in the representative 
desk space on the point in time of the critical season to 
ensure occupants visual comfort at workstations.  
Future work will focus on implementing variable solar 
heat gain coefficient and visible transmittance control 
functions into the DI system. This could be automated 
with a concise schedule and the operational control 
system. This functionality of control of DI system will 
have a significant impact on building energy performance 
because indoor artificial lighting loads can be as high as 
25% of the total energy used in large office buildings. 
Furthermore, it will be interesting to inject different color 
pigments to the gases in air cavity to satisfy humans’ 
visual sensations and regulate a circadian rhythm which 
is becoming an issue in well-living lifestyle.  
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Abstract 
In event of haze and fog in some countries, the outdoor 
air is polluted and cannot be directly drawn into rooms 
for ventilation. A ventilator with air filtration is required. 
Because the outdoor particulate concentrations vary 
greatly with time, adopting the high efficiency 
particulate air (HEPA) filtration may not be optimal. 
This investigation proposed a ventilator with multiple 
modes of ventilation and air filtration. Different 
efficiency of air filters were installed into the natural and 
mechanical ventilation passages. The ventilation rate and 
indoor particle concentrations were modelled by the 
EnergyPlus and validated with the experimental data. 
Then the validated model was adopted to evaluate both 
indoor air quality and ventilation energy consumption in 
a hypothetical apartment located in five different 
climatic zones. Performance of the proposed ventilator 
and the market-available fresh air blower was compared. 
It was found that both the proposed ventilator and the 
fresh air blower were able to assure both indoor CO2 and 
PM2.5 concentrations within the acceptable level. The 
operating time of the HEPA filtration for the proposed 
ventilator was approximately 70% less than that of the 
fresh air blower and for the operating energy the 
ventilator was approximately 30% less. 

Introduction 
Commonly, ventilation is thought being able to improve 
indoor air quality. However, this may not be true when 
the outdoor air is polluted. For example, in event of haze 
and fog, the fine particles with aerodynamic size less 
than 2.5  m (PM2.5) can penetrate into buildings 
through various ventilation paths (Zhou et al.2016). 
Indoor particle filtration has to be carried out to maintain 
acceptable low particle concentrations. 
It is well known that the high efficiency particulate air 
(HEPA) filter can remove most of the airborne particles. 
The inferior features of the HEPA filtration are the high 
flow resistance (Brent et al., 2010) and the associated 
maintenance or replacement cost (Montgomery et al., 
2012). On the other hand, the outdoor PM2.5 
concentrations vary greatly with time and location (Yan 
et al., 2005). The HEPA filtration may be required only 
on some severely polluted days and in some specific 
climatic zones. It is not economical to run HEPA 
filtration for all of the time. 
The indoor particle filtration can remove airborne 

particles but cannot remove gaseous pollutants. 
Appropriate ventilation is still needed to dilute gaseous 
pollutants while filtering airborne particles. A recent 
study (Zhang et al., 2018) revealed that the natural 
ventilation together with portable air cleaning has the 
lowest operating expense and is able to lower the indoor 
airborne particle concentrations within the acceptable 
level. However, the ventilation rate may occasionally be 
insufficient. The mechanical ventilation combining with 
particle filtration has a good capability to satisfy both the 
ventilation and particle filtration demand, but the 
running expense is the highest. There is still lack of a 
ventilator that can respond to the outdoor weather and 
pollution conditions to provide the exactly demanded 
ventilation and particle filtration. 
To develop the ventilation and air cleaning means, a 
software program that is able to simulate both indoor air 
quality and energy consumption is required. The 
EnergyPlus was recently extended to simulate indoor air 
quality from the conventional building energy simulation 
(Chen et al., 2015). The EnergyPlus was validated with 
an acceptable performance to resolve ventilation rate 
(Zhang et al., 2013), energy consumption (Zhou et al., 
2008), and PM2.5 concentration (Taylor et al., 2014), 
and also evaluate the ventilation and air cleaning 
strategies (Zhang et al., 2018). 
This investigation proposed a ventilator that is able to 
naturally and mechanically ventilate a room and provide 
particle filtration on demand. Performance of the 
ventilator was modelled by the EnergyPlus software. 
Accuracy of the modeling was evaluated by the 
measurement data obtained in a test room utilizing such 
a ventilator. Then the ventilator was simulated to 
improve the indoor air quality in a family in five 
different climatic zones in China. Both the achieved 
indoor air quality and the required operating energy of 
the ventilator were solved. The market-available fresh 
air blower with the EPA filtration was adopted as a 
reference case to evaluate the proposed ventilator. 
Methods 
Proposed ventilator 
The proposed ventilator contains the mechanically-
driven flow passage and the naturally-driven flow 
passage, as shown in Figure 1(a). Within the mechanical 
flow passage, there are a medium-efficiency particulate 
air filter, a HEPA filter, and a centrifugal fan. A primary 
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filter and a regulating baffle were installed in the natural 
flow passage. In addition, there are three motor-driven 
sliding movers to control the opening or closing of the 
bypass port between the both flow passages, the indoor 
recirculated air inlet opening, and the port for the 
incoming natural wind without filtration (not shown in 
Figure 1(a)). 
The flow rate regulation baffle is rotatable with the pivot 
in the middle to the upper part of the baffle. Hence the 
torque by the gravitation is counter-clockwise, based on 
Figure 1(b). Due to hiding of the upper baffle inside the 
natural flow passage, the wind-driven torque is 
clockwise. Hence, both torques compromise between to 
stabilize the incoming airflow rate into the room by wind. 
For example, when encountering a mild wind, the 
gravity keeps the baffle close to the vertical position, so 
the flow passage tends to be large. However, when 
encountering a strong wind, the baffle stays close to the 
horizontal, which nearly shuts the flow passage. 

 

 
Figure 1: Schematics of the ventilator: (a) basic 

components and structure; (b) principles of the wind-
driven flow rate regulation. 

The ventilator contains a total of five operating modes 
and the operating modes were switched by the motor-
driven sliding mover. Figure 2 presents the five different 
operating modes. The HEPA filtration mode applies to 
the medium to severe pollution conditions. Both the 
medium-efficiency and HEPA filtration operate in series 
driven by the centrifugal fan, as shown in Figure 2(a). 
The pure medium-efficiency filtration applies to the light 
pollution condition with mild wind. The outdoor air 
driven by the fan passes the medium-efficiency filter and 
then through the by-pass port into the other flow passage 
and finally into the room, as shown in Figure 2 (b). 

Because the much larger flow resistance of the HEPA 
filter than the flow passage in the right, there is nearly no 
flow passing the HEPA filter. Figure 2(c) shows the 
recirculated indoor air filtration, which may be applied 
when a quick removal of indoor airborne particles is 
required. The fan extracts the indoor air from the indoor 
recirculated air inlet opening into the flow passage and 
then passes the HEPA filter. Figure 2(d) shows the 
natural introduction of the outdoor air without filtration, 
which can only be used when there is no outdoor air 
pollution, and the external driven force, such as wind, is 
available. In case the outdoor air is slightly polluted and 
the outdoor wind is strong enough, the natural 
ventilation with filtration mode can be run, as shown in 
Figure 2(e). In the left flow passage, some of the outdoor 
air is pressed into the room by passing the medium-
efficiency filter and the indoor recirculated air inlet 
opening into the room if it is opened. In the right passage, 
the outdoor air passes the regulating baffle and the 
primary filter and finally into the room. 
The constructed ventilator based on the above scheme 
was installed below the window in a test room as shown 
in Figure 3. The dimensions of the ventilator were 0.61 
m×0.35 m×0.81 m. The test room had dimensions of 4.8 
m×3.3 m×2.7 m, and thus the floor area was 15.84 m2 
and the room’s volume was 42.8 m3. The test room was 
located in Dalian, a coastal city in northeastern China. 
The performance of the ventilator in terms of ventilation 
flow rate, fan power consumption, particle filtration 
efficiency, was measured. The ventilation flow rate was 
measured by an air capture hood together with the 
micro-manometer (type: 8380; TSI, USA). The 
measurement resolution was 1 m3/h and the accuracy 
was within ±3% of the reading value. The fan power 
consumption rate was measured by a digital power meter 
(type: PM9805; NAPUI, China). The measurement 
resolution was 0.1 W and the accuracy was within ±0.4% 
of the reading data. The particle filtration efficiency was 
evaluated by the single pass concentration reduction 
after the filter. The instrument to record particle 
concentration was the aerosol monitor (type: 8533; TSI, 
USA). The resolution of the measured particle 
concentration was 1 µg/m3, and the accuracy was within 
±0.1% of the reading concentration. 
To measure the resistance versus flow rate for the natural 
ventilation with and without filtration, the air intakes of 
the both natural and mechanical flow passages were 
attached to a simplified wind tunnel, respectively. The 
flow rate was varied by changing the rotational speed of 
the fan in the wind tunnel. The pressure difference 
between the air intake and the air discharge outlet was 
measured by a micro-manometer (type: 8715; TSI, USA). 
The resolution of the test instrument was 0.001 Pa, and 
the accuracy was within ±2% of the reading pressure 
difference. 
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Figure 2: Schematics of five different operating modes of the ventilator and the airflow motion therein: (a) HEPA 
filtration, (b) middle-efficiency filtration, (c) recirculated indoor air filtration, (d) natural ventilation without filtration, 

(e) natural ventilation with filtration. 
 

 
Figure 3: A ventilator installed below the window of a 

test room (the southern view). 
Numerical simulation modeling 
The ventilator can sustain natural ventilation. The 
airflow rate driven by natural ventilation with and 
without filtration can be calculated as: 

                           Q=CQ(ΔP)n                           （1） 
where Q is the volumetric flow rate (m3/s), CQ is the 
flow coefficient, ∆P is the pressure difference (Pa), and 
n is the exponent. 
The particle concentration in a room can be calculated 
according to the mass balance principle as: 

V dCi
dt

=E+∑ kjFj→iCjj -∑ kjFi→jCij -(kgV+CADR)×Ci-
FVηCout                                                                          （2） 

where V is the room’s volume, C is the PM2.5 
concentration, t is time, E is the PM2.5 source release 
rate, i and j are room indices, kj is the particulate 
penetration ratio from zone j to zone i, F is the airflow 
rate between zones, kg is the gravitational settling rate, 
CADR is the clean air delivery rate of an air cleaner, Fv 
is airflow rate of the ventilator, η is particle filtration 
efficiency of the ventilator, and Cout is the outdoor 
PM2.5 concentration. 
The proposed ventilator was assumed to run in an 
apartment, as shown in Figure 4. A total of four persons 
resided in this apartment. The living room was occupied 
by the whole family from 18:00 to 22:00 on the work 
days, and 11:00 to 22:00 on the weekends. From 22:00 
to 7:00, room 1 was present by two persons, while rooms 

2 and 3 were present by a single person, respectively. 

 
Figure 4: A typical apartment to evaluate performance 

of the proposed ventilator: (a) floor map of the 
apartment, (b) geometric model created in the 

EnergyPlus software. 
Each room, including the living room and rooms 1 to 3, 
was assumed to be installed with either a ventilator 
proposed in this investigation or a market-available fresh 
air blower with the pure HEPA filtration. A total of three 
ventilation types were numerically investigated, i.e., the 
natural ventilation without using the ventilator or the 
fresh air blower, the ventilation by the proposed 
ventilators, and the ventilation by the fresh air blowers 
together with HEPA filtration and indoor air cleaners. 
The first ventilation type was investigated to evaluate 
whether the natural ventilation without particle filtration 
could assure indoor ventilation and air quality. The last 
ventilation type was adopted to compare performance 
between the proposed ventilator and the market-
available fresh air blower. Because the market-available 
fresh air blower with the HEPA filtration might not be 
sufficient to control the indoor particle concentrations, 
an indoor air cleaner was added to each room. In the first 
ventilation type, the windows were allowed be opened 
when the outdoor temperature ranged from 16 to 28 ℃ 
and the outdoor PM2.5 concentration was below 35 
µg/m3. The sequence to switch the operation mode of the 
ventilator was: the natural ventilation without filtration 
(as shown in Figure 2(d)) and no window was opened, 
the natural ventilation with filtration (Figure 2(e)), the 
mechanical ventilation with the medium-efficiency 
filtration (Figure 2(b)), the mechanical ventilation with 
the HEPA filtration (Figure 2(a)), and the recirculated 
indoor air filtration (Figure 2(c)). That is, if a prior mode 
can satisfy both the CO2 and indoor particle 
concentration requirements, no posterior mode will be 
utilized to save energy. When adopting the ventilator, 

(a)                                      (b)                                 (c)                                   (d)                                          (e)  
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the indoor CO2 concentration was controlled less than 
1000 ppm and the PM2.5 concentration below 35 µg/m3. 
And the same CO2 and PM2.5 concentrations were 
maintained by the last ventilation type. However, the 
window was allowed to open and the blower and cleaner 
were shut if the outdoor temperature was between 16 and 
28 ℃ and the outdoor PM2.5 concentration was below 
35 µg/m3. The mechanical ventilation rate of the 
ventilator and the fresh air blower were the same as 30 
m3/h per person. The maximum CADR of the indoor air 
cleaner was 600 m3/h, just as the CADR for the 
recirculated air filtration of the ventilator. The HEPA 
filtration efficiency and the operating energy 
consumption rate between the fresh air blower and the 
HEPA filtration mode of the ventilator were assumed 
same. 
Each person was supposed to generate CO2 at a rate of 
18 l/h. The outdoor CO2 concentration was fixed to 400 
ppm. The outdoor PM2.5 concentration in the simulation 
was set as the recorded hour-average values by the 
meteorological bureau of the considered city in 2016. 
When the windows were closed, approximately 80% of 
the outdoor particles could penetrate into rooms through 
infiltration. No particles were intercepted if the windows 
were opened. The particle settling rate due to gravity 
was assumed being equivalent to an air change rate of 
0.09 air changes per hour (ACHs). Cooking in the 
kitchen also contributed to release of the PM2.5. The 
range hood in kitchen and exhausted fans in both toilets 
also helped ventilation. The appliances and air-
conditioners were also run as the prescribed schemes. 
The detailed settings were the same as those documented 
in Zhang et al. (2018). Due to the limited space, these 
settings were not repeated at here.  
The apartment adopting the three ventilation types was 
assumed to locate in five different cities in China. Each 
city corresponds to a different climatic zone. These cities 
are, Shenyang in the severely cold zone, Tianjin in the 
cold zone, Chengdu in the hot summer and cold winter 

zone, Shenzhen in the hot summer and warm winter 
zone, and Kunming in the mild climate zone. Because 
the same apartment was investigated in different cities, 
all of the settings were the same except for the building 
insulation, air tightness and the local climatic and 
pollution conditions. The building insulation and air 
tightness were set in agreement with the national 
regulations prescribed in the local cities. 
The indoor air quality in terms of the CO2 and PM2.5 
concentrations for three different ventilation types and 
the energy consumption of both the proposed ventilator 
and the fresh air blower were evaluated. 

Results 
Model validation 
As shown in Eq. (1), both the flow coefficient (CQ) and 
the exponent (n) should be specified when modeling the 
natural ventilation rates of the ventilator. Figure 5 
presents the measured volumetric airflow rates versus 
the pressure difference between the air intake and the air 
discharge outlet of the ventilator. The quadratic profile 
was presented for the natural ventilation without 
filtration, as shown in Figure 5(a). From the curve-fitting, 
CQ=0.0478 and n=0.511 were obtained and then 
specified into the modeling. Figure 5(b) shows the 
airflow rate versus the pressure for the natural 
ventilation passage. The linear profile was presented due 
to the primary filter when the pressure was less than 10 
Pa. Once the pressure was greater than 10 Pa, the flow 
rate regulating baffle rotated and tended to approach a 
maximum value. However, because of the medium-
efficiency filter in the mechanical flow passage, only the 
linear profile was obtained as shown in Figure 5(c). 
Combining Figure 5(b) and 5(c), CQ=0.0071 and 
n=0.803 were obtained and specified into the modeling. 
The settings to calculate the infiltration/exfiltration rate 
of the test room were the same as those documented in 
Zhang et al. (2018). 

 
Figure 5: Volumetric airflow rate versus pressure difference across the ventilator: (a) natural ventilation without 

filtration, (b) natural ventilation with filtration in the natural flow passage, (c) natural ventilation with filtration in the 
mechanical flow passage. 

Table 1 presents the measured consumption power and 
the filtration efficiency of different operation modes 
under the designed ventilation rates. The natural 
filtration corresponded to a pressure difference of 7.9 Pa 
across the ventilator and 0.715 Pa for the natural 

ventilation without filtration. The mechanically-driven 
ventilation rates and PM2.5 filtration efficiency were 
specified as the known information for modeling.  
Figure 6 presents the air change rates versus time on a 
day in the transitional season for the natural ventilation 
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without filtration mode. The wind speed and direction 
were measured by a portable weather station on the roof 
of the test room. The southern prevailing wind was 
switched to the northern prevailing wind since the 
afternoon. Generally, the ventilation rate proportionally 
changed with the wind speed. This was because the test 
room was isolated on the roof of a building. The highest 
air change rate occurred at 2:00 am and the lowest rate at 
19:40. The numerically solved air change rate agreed 
well with the measurement by the decayed SF6 
concentrations. 

Table 1: The measured airflow rate, power rate, and 
PM2.5 filtration efficiency of the ventilator. 

Mode 
Airflow 

rate 
(m3/h) 

Power 
rate 

（W） 

Filtration 
efficiency 

PM2.5 
concentratio

n before 
filtration 
（μg/m3） 

Mechanically 
driven HEPA 

filtration 

30 14.7 

99.8% 157.8 60 17.7 

120 24.1 

Mechanically 
driven 

medium 
filtration 

30 14.0 

64.8% 81.8 60 15.3 

120 18.2 

Recirculated 
indoor air 
filtration 

30 14.4 

99.6% 154.1 60 16.6 

120 22.8 

Natural 
ventilation 

with 
filtration 

120 0 40% 49.6 

Natural 
ventilation 

without 
filtration 

120 0 0 — 

Figure 7 presents comparison of the solved and 
measured air change rates for the natural ventilation with 
filtration mode. The air change rate profiles also 
somewhat followed the wind speed profile but not very 
well. This was because the filter minimized the wind 
pressure interruption. Again, the numerical modeling 
provided the ventilation rate in a good agreement with 
the measurement. 

 
Figure 6: Comparison of the simulated and measured 

ventilation rates for the natural ventilation without 
filtration: (a) air change rate versus time, (b) outdoor 

wind speed and direction. 

 
Figure 7: Comparison of the simulated and measured 

ventilation rates for the natural ventilation with filtration: 
(a) air change rate versus time, (b) outdoor wind speed 

and direction. 
Figure 8 presents comparison of the simulated and 
measured indoor PM2.5 concentrations for different 
operating modes of the ventilator on three different days 
in May and June. The natural ventilation with filtration 
mode was adopted when the outdoor PM2.5 
concentration was below 60 µg/m3. The mechanically 
driven medium-efficiency filtration was used when the 
outdoor PM2.5 concentration ranged from 60 to 90 
µg/m3. The HEPA filtration was implemented when the 
outdoor PM2.5 concentration ranged from 90 to 180 
µg/m3. Regardless of the ventilation mode, the 
simulation obtained similar indoor PM2.5 concentrations 
as the measurement. 
The above comparison of the ventilation rate and indoor 
PM2.5 concentration when adopting various filtration 
modes revealed that the numerical model was able to 
provide results in good agreement with the measurement. 
This validated the reliability of the adopted numerical 
modeling. 
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Figure 8: Comparison of the simulated and measured indoor PM2.5 concentrations: (a) natural filtration mode, (b) 
mechanically driven medium-efficiency filtration, (c) HEPA filtration. 

 
Simulated performance in the apartment in five cities  
Table 2 lists percentages of the total occupied time with 
the indoor hour-average CO2 concentration exceeding 
1000 ppm. It shows that when adopting the natural 
ventilation both living and bed rooms had a high time 
ratio with the CO2 concentration greater than 1000 ppm. 
The time ratios in bedrooms were higher than those in 
the living room because of longer residence time in the 
bedrooms. The time ratios vary in different cities. In 
general, the time ratios in Kunming were slightly lower, 
due to the mild climate conditions, while the time ratios 
in Tianjin was the highest due to the climate and 
airtightness of the buildings in northern China. However, 
after adopting the ventilator or the fresh air blower, 
neither had CO2 concentration exceeding 1000 ppm. This 
implies that the mechanically-driven devices are required 
if the CO2 concentration less than 1000 ppm must be 
guaranteed in all of the occupied time. 

Table 2: Simulated percentages of the total occupied 
time (%) with the indoor hour-average CO2 

concentration exceeding 1000 ppm. 

Case Room Shen 
yang 

Tian 
jin 

Chen
gdu 

Shen
zhen 

Kun
ming 

Natural 
ventilat

ion 

Living 
room 40.3 52.4 49.7 42.5 22.3 

Room
1 77.7 81.2 77.9 64.0 67.5 

Room
2 76.3 80.7 77.1 60.0 65.2 

Room
3 76.6 81.0 77.3 62.1 66.4 

Ventila
tor/ 

Fresh 
air 

blower 

Living 
room 0 0 0 0 0 

Room
1 0 0 0 0 0 

Room
2 0 0 0 0 0 

Room
3 0 0 0 0 0 

Table 3 presents percentages of the total occupied time 
with the indoor hour-average PM2.5 concentration 
greater than 35 µg/m3. The natural ventilation without air 
cleaning could not assure the indoor PM2.5 
concentration below 35 µg/m3. The time ratios in 
Shenzhen and Kunming were lower due to better outdoor 

conditions in these two cities. If less than 10% of time 
ratio with the indoor PM2.5 concentration greater than 
35 µg/m3 was allowed, no particle filtration was required 
in Shenzhen and Kunming. However, the remaining 
cities had higher time ratios of the indoor PM2.5 
concentration and thus required airborne particle removal. 
For contrast, both the proposed ventilator and fresh air 
blower were able to get the indoor PM2.5 concentration 
within the set acceptable level. 

Table 3: Simulated percentages of the total occupied 
time (%) with the indoor hour-average PM2.5 

concentration greater than 35 µg/m3. 

Case Room Shen 
yang 

Tian 
jin 

Chen
gdu 

Shen
zhen 

Kun
ming 

Natural 
ventilat

ion 

Living 
room 32.1 45.5 40.2 6.1 2.7 

Room
1 27.7 31.5 28.7 1.6 1.2 

Room
2 29.0 31.8 28.6 2.8 1.3 

Room
3 33.2 31.5 28.8 2.6 1.2 

Ventila
tor/ 

Fresh 
air 

blower 

Living 
room 0 0 0 0 0 

Room
1 0 0 0 0 0 

Room
2 0 0 0 0 0 

Room
3 0 0 0 0 0 

Figure 9 presents the time ratio of each operating mode 
for both the proposed ventilator and the fresh air blower 
in five cities. The total occupation time in the apartment 
was 5473 hours, based on which the absolute utilization 
time of each operating mode could be calculated. The 
natural ventilation with and without filtration could be 
used relatively longer in both Shenyang and Shenzhen, 
because of the higher outdoor wind speeds in these two 
cities than the remaining cities. In Kunming, although 
the natural ventilation without filtration could be utilized 
as long as in Shenzhen, the natural ventilation without 
filtration using the ventilator could be used in a shorter 
time ratio. This was because the outdoor wind speed in 
Kunming was lower than in Shenzhen, the small opening 
for natural ventilation in the proposed ventilator limited 
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the ventilation rate. A comparison between the proposed 
ventilator and the fresh air blower showed approximately 
70% of the time ratio to operate the HEPA filtration 
could be saved after adopting the proposed ventilator. 
The mechanical medium filtration was sufficient to 
remove the airborne PM2.5 in both Shenzhen and 
Kunming. 

 
Figure 9: Time ratios of each operating mode for both 

the ventilator and the fresh air blower in five cities. 

 
Figure 10: Operating energy of both the ventilator and 
fresh air blower averaged to per unit floor area in five 

cities. 
Figure 10 presents the required operating energy 
averaged to per unit floor area for both the ventilator and 
the fresh air blower. The operating energy for ventilation 
in Tianjin, Chengdu, and Shenyang was higher than the 
remaining two cities. Most of the operating energy for 
the ventilator was consumed by the mechanical medium 
filtration due to the longest operating time. As compared 
with the fresh air blower, the proposed ventilator 
required approximately 70% of the operating energy to 
maintain the same indoor air quality. 

Discussion 
This investigation revealed that the operating time of 
each mode of the proposed ventilator was highly subject 
to the climatic conditions, the outdoor PM2.5 
concentration, number of indoor occupants, and the floor 
area of the rooms. The operating time of the mechanical 
mode was affected by the natural ventilation potential of 
the considered apartment. It is known that the natural 
ventilation potential is dependent on climatic zone, 
terrain, surrounding building shielding, floor height, 
building orientation, apartment configuration, etc. This 
paper presented application of the ventilator only in a 
specific apartment configuration. It should be aware that 
the operating time and energy consumption of the 
ventilator may vary with the above impact factors. 
The operation of the HEPA filtration was in event of 
severe outdoor pollution, during which the outdoor wind 
was relatively weak. Because of the fixed ventilation rate 
during the HEPA filtration, the operating time of the 
HEPA filtration was mainly determined by the outdoor 
PM2.5 concentration and the number of indoor 
occupants, while the apartment configuration had 
minimal effect. 
Switching of the operating mode was assumed suitably 
according to the CO2 and PM2.5 concentrations. 
However, in reality this requires a smart control system 
based on the monitored CO2 and PM2.5 concentrations. 
The authors recently constructed a ventilator prototype 
that could switch mode automatically. Such a ventilator 
had been preliminarily tested with a good capability to 
control indoor CO2 and PM2.5 concentrations. Our 
further investigation will provide measurement data to 
validate the modeling proposed in this investigation. 

Conclusion 
This paper proposed a ventilator containing multiple 
operating modes that could respond to various climatic 
and pollution conditions. Performance of the ventilator 
was modelled by the EnergyPlus software and the 
modeling was validated by the measurement data 
obtained in a test room. Then the validated modeling was 
adopted to evaluate both indoor air quality and 
ventilation energy consumption in a hypothetical 
apartment located in five different climatic zones. 
Performance of the proposed ventilator and the market-
available fresh air blower was compared. It was found 
both the proposed ventilator and the fresh air blower 
were able to assure both indoor CO2 and PM2.5 
concentrations within the acceptable level in all of the 
occupied time. As compared with the fresh air blower, 
the proposed ventilator had approximately 70% less of 
the operating time of the HEPA filtration, while 
providing the same indoor air quality. In Shenzhen and 
Kunming, the mechanically driven medium-efficiency 
filtration was sufficient to get the airborne PM2.5 
concentration into the acceptable level. The proposed 
ventilator saved approximately 30% of the operating 
energy as compared with the fresh air blower. 
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Abstract 
The accuracy and sensitivity of fenestration modeling in 
EnergyPlus (DOE 2019) is very important since 
fenestration is typically the dominant envelope load. New 
technologies, such as room-side     low-E coatings and 
vacuum glazing, can challenge models that were 
developed before these technologies existed. In this 
report, we examine the sensitivity of EnergyPlus results 
to six available window models, including two simplified 
models that utilize known overall U and SHGC of the 
window (simple bulk properties) and creates layer-by-
layer descriptions for fenestration system. One of these 
simplified methods also takes into account the type of 
frame and number of glazing layers if available. 
A range of window performance levels are modeled with 
the residential prototype buildings developed by Pacific 
Northwest National Laboratory, based on DOE's 
Residential Reference Building Models. Building models 
include high- and low thermal mass versions to 
understand the sensitivity of results to fenestration solar 
transmittance variations.  Results from six window-
modeling methodologies are compared, conclusions are 
drawn, and recommendations are presented. 
Introduction 
It is important for fenestration product designers and 
simulators to better understand the differences between 
the range of available models so that product variations 
can be accounted for accurately, while also using the most 
efficient simulation methods possible. EnergyPlus 
Version 9 (DOE, 2018) offers various powerful, 
alternative methods for defining windows and other 
fenestration systems in modeled buildings. This has 
occurred in response to the need to model new and 
evolving glazing and frame technologies, including 
highly insulating frames, spectrally selective low-E 
coatings and exposed interior low-E coatings.  Lyons et al 
(2010) published a study of window-modeling options 
available at the time in EnergyPlus Version 4. No 
comprehensive comparison of numerous alternative 
fenestration modeling methods available in EnergyPlus 
has been published since.  This leaves practitioners in the 
dark about the applicability of various models and the 
merits of each one. 
Our paper presents an update on EnergyPlus fenestration 
modeling. Techniques reviewed include the Simple 
Window Model, legacy spectral and spectrally averaged 

models, as well as the detailed Bi-Directional Scattering 
Distribution Function (BSDF). In addition, a recently 
published report and software tool (ASHRAE 2016) 
allows users to input a handful of known window 
parameters. From these inputs, reverse-engineering 
‘smart’ algorithms generate detailed parameters that can 
be input to any building simulation engine, including 
EnergyPlus. 
Methods 
EnergyPlus provides several options for modeling 
windows and shading systems. Some models were added 
to EnergyPlus to expand and improve the modeling of 
shading systems. These models can often also be used to 
model glazing systems only. The focus of this paper is on 
modeling glazing systems without shading devices. 
Originally, only two models were available, and they 
were based on the ISO 15099 standard. These models and 
implementations will be referred to as “Winkelmann” 
(Winkelmann 2001). One Winkelmann model uses 
spectral glazing data (Winkelmann Spectral), the second 
model uses spectrally average data (Winkelmann 
Average). The spectrally averaged model includes one 
value for the solar transmittance and one for the visible 
transmittance. The spectral model on the other hand often 
has transmittance data for 100-400 wavelengths.  Starting 
with EnergyPlus version 4 a “Simple Window” model 
was added (Arasteh et al. 2009), followed by several other 
models, sequentially implemented up to version 9. These 
added models are: 
• BSDF model (Curcija et al. 2018) 
• ASHRAE 1588-RP model (ASHRAE 2016) 
• ASHWAT (Wright et al. 2011) 
• WinCalc BSDF Engine models (Curcija et al. 2018) 
With the exception of the WinCalc Engine, all these 
models were implemented in FORTRAN in EnergyPlus 
before the conversion to C++ (version 8.2). WinCalc 
Engine was a ‘from scratch’ implementation in C++ of the 
ISO 15099 and BSDF models. 
The BSDF model was developed to more accurately 
model optically complex shading and glazing systems 
such as fritted glass, woven shades, cellular shades etc. 
However, shading layers were not included in our study.  
The categories labelled “BSDF Model” refer to the most 
comprehensive set of window-modeling algorithms 
available to EnergyPlus users.  The Winkelman code 
provides only the original ISO 15099 implementation of 
diffuse (scattering) radiation, where the propagation of 
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diffuse radiation is treated the same way as the 
distribution of specular radiation, which results in some 
inaccuracies. The WinCalc code implements a more 
accurate Matrix-based method (Klems 1993a; 1993b), or 
it can divide the radiation propagation into three parts, 
direct-to-direct, direct-to-diffuse and diffuse-to-diffuse. 
The improvement in accuracy in the BSDF method, of 
course is realized only for scattering glazing and shading. 
Another nuance in modeling windows in EnergyPlus is 
that outside software tools (e.g., LBNLs WINDOW) can 
“pre-model” windows and export spectrally averaged 
information (available at discrete angles of incidence) to 
EnergyPlus. This approach is slightly less accurate than 
performing full spectral calculation for each hour in 
model year but is also faster and requires less detailed 
input data. 
For this paper, we chose six different models/approaches 
as representative of commonly used windows models in 
EnergyPlus: 
Model 1. WinCalc BSDF (baseline) 
Model 2. Original BSDF 
Model 3. Winkelmann Spectral  
Model 4. Winkelmann Average 
Model 5. Simple Window Model (“SWM”) 
Model 6. ASHRAE 1588 model (“1588”) 
 
The WinCalc BSDF model is the most detailed and 
recently implemented model in EnergyPlus and for this 
reason was selected as the baseline model. 
The simplest of available window modeling methods, in 
terms of computational effort, is Model 5, the “Simple 
Window Model”. This model allows the user to define a 
vertical window in an EnergyPlus building model using 
only the window’s whole-system U-factor, solar heat gain 
coefficient and (optionally) its visible transmittance. On 
the opposite side of the computational spectrum is the 
center-of-glass model based on WINDOW 7 Bi-
directional Scattering Distribution Functions (BSDF), in 
conjunction with a detailed 2D frame thermal 
transmittance calculation. This model considers the full 
spectral distribution of solar radiation through 
fenestration layers. These models handle major glazing 
and frame technologies very differently. Generic frame 
conductances were used in this study. 
The ISO 15099 model for calculating energy performance 
indices of glazing and windows, which is the basis for 
both Winkelman models, Spectral and Averaged (models 
1 and 2) is described in both ISO standard 15099 (ISO 
2003) and a paper by Winkelmann (Winkelmann 2001). 
EnergyPlus technical documentation (DOE 2018) also 
includes methodology details. WinCalc and BSDF 
methodology is described in full detail in LBNL’s 
WINDOW technical documentation (Curcija et al. 2018). 
Additional information is available in several technical 
papers (Klems 1993a; 1993b), as well as ISO 15099.  

ASHRAE (2016) published a research report and software 
tool, generally referred to in this paper as ‘ASHRAE 
1588’.  The tool accepts a limited number of user inputs 
and uses intelligent search algorithms to produce a 
detailed, physically realistic description of the 
fenestration system of interest.  The program is designed 
to be used in a stand-alone mode to produce a text file 
containing information suitable to be input to any popular 
building simulation engine, including EnergyPlus.  Used 
optimally, it produces text descriptions of fenestration 
systems with U-factor and SHGC that match the target 
(original) values to within 4 percent or better. 
Upon converging to a solution, ASHRAE 1588 generates 
two output files.  The first is a ‘DOE-2 report’.  This is a 
text report describing the frame and glazing combination 
of a complete window that can be read by the DOE-2 
building simulation program (U.S Department of Energy 
1976-).  The second output is a JSON file that contains 
very detailed data on the thermal and solar optical 
properties of the window’s components.  Neither of these 
output files can be read by EnergyPlus.  Therefore, a 
translation process was used to convert their information 
into a unique EnergyPlus ‘WindowDataFile’ object, for 
each window of interest.  The WindowDataFile object is 
also a reporting option provided by the WINDOW 7 
program (LBNL 2019b). 
Description of ASHRAE 1588 process 
The five windows in Table 1 were processed using the 
ASHRAE 1588 solver software.  For each window, the 
solver was given up to seven inputs: 
• System U-factor as modeled in WINDOW 7.7.1, 

including frame, edge and center-glass effects. 
• System SHGC (g-value) as modeled in WINDOW 7.7.1, 

including frame and center-glass effects.  Edge SHGC is 
equal to center-glass SHGC in accordance with the ISO 
15099 alternative method, as used by NFRC procedures. 

• Fenestration type (fixed window). 
• Number of glazing layers (1, 2, 3 or 4). 
• Spacer material (chosen from a list of 6 discrete options). 
• Frame material (chosen from a list of 6 discrete options). 
• Frame width (i.e. ‘projected frame dimension’ in plane 

parallel to glass). 
The 1588 solver is flexible and can be initialized with the 
user’s choice of input values for discrete parameters 
above, if it is found necessary to converge to a solution.  
Table 1 lists the parameters assigned to each window and 
used as inputs to the solver.  
Outputs from the ASHRAE 1588 Solver 
Table 2 shows results from the ASHRAE 1588 solver and 
compares them with the original input windows modeled 
in WINDOW 7.7.1.  
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Table 1: Window properties and ASHRAE 1588 inputs.  TB denotes thermal break. 
 ASHRAE 1588 specific input 

ID Description U-factor 
(W/m2-K) 

SHGC 

(-) 
VT 

(-) 
Type Glazing 

layers 
Spacer 

Material 
Frame 

Material 
Frame 
width 
(mm) 

1 Double clear, aluminium frame 3.16 0.67 0.70 Fixed 2 n/a Metal TB 50.8 
2 Double, tint, wood frame 2.69 0.33 0.19 Fixed 2 n/a Wood/Vinyl 69.8 
3 Double, low-e, wood frame 1.95 0.33 0.55 Fixed 2 n/a Wood/Vinyl 69.8 
4 Triple, insulated frame 0.91 0.30 0.50 Fixed 3 Insulated Insulated 69.8 
5 Double, room-side low-e, vinyl frame 1.19 0.18 0.41 Fixed 2 Insulated Wood/Vinyl 69.8 

Table 2: Comparison of ASHRAE 1588 (Model 6) outputs 
versus original (target) windows modeled in WINDOW 
7.7.1 

ID U 
target 

U 
1588 
(Model 

6) 

Diff 
% 

SHGC 
target 

SHGC 
1588 
(Model 

6) 

Diff. 
% 

1 3.16 3.20 1.2 0.67 0.65 -2.4 
2 2.69 2.72 1.0 0.33 0.33 -0.3 
3 1.95 1.99 2.2 0.33 0.34 2.7 
4 0.91 0.93 2.6 0.30 0.31 2.7 
5 1.19 1.23 3.1 0.18 0.19 3.8 

 
Building Model 
Pacific Northwest National Laboratory (PNNL) has 
created a set of residential (and commercial) prototypical 
house models for EnergyPlus for various cities in the US. 
The models are created to match various building code 
versions. For this study the 2006 IECC (International 
Energy Conservation Code) version of the models were 
used. This year was chosen because it provides an average 
of older existing homes and new construction home 
insulation levels. There are models with different heating 
and cooling systems, and different foundation types. The 
model with a slab foundation, gas furnace and electrical 
air conditioning was used. There is a bug in the default 
PNNL models for homes with a slab foundation which 
results in the thermal mass of the slab not being accounted 
for in the calculations. This bug was fixed for the 
simulations in this study.  
Three different locations where chosen. Minneapolis, 
Minnesota as a cold, heating-dominated climate. Phoenix, 
Arizona as a hot, cooling-dominated climate, and Rome, 
Italy as an example of a mixed heating and cooling 
climate. The building model for Sacramento was used for 
the Rome simulation, since the PNNL prototypical homes 
have only been created for US cities. Sacramento was 
chosen based on a comparison of heating and cooling 
degree days between Rome and US cities. The 
construction and insulation levels are typical for 
Sacramento, California, but the climatic conditions from 
Rome are used. 
Typical wall and slab constructions in the US are 
relatively low mass. In order to determine if building mass 
significantly impacts relative performance of the window 
simulation engines, a high mass version of the 

Sacramento home was created. The high mass 
Sacramento building utilizes a 15 cm slab in place of a 10 
cm slab and 10 cm concrete in place of 1.8 cm drywall on 
the exterior walls. This home was also modeled with the 
Rome climate. 
Simulated Windows 
Model 5, the Simple Window Model (Arasteh et al 2009) 
was designed to work with single- and double-glazed 
windows.  The development did not consider triple-glazed 
windows. It also did not include windows with a room-
facing (surface 4) low-e coating. In this study we did 
include a triple-glazed window (#4) and a window with a 
coating on the room-facing surface (#5) 
In order to compare the performance of various methods 
for modeling windows in EnergyPlus, five different 
windows were defined, see Table 1. These windows range 
from simple double-glazed without any coatings and gas 
fills in an aluminum frame to triple glazed, krypton filled, 
low-e coated windows with a highly insulating frame. All 
windows were simulated using LBNL WINDOW 7.7.1. 
The properties in Table 1 were calculated at a standard 
size of 1200 mm wide by 1500 mm tall, using the 
calculations in accordance to ISO 15099.  
Even though windows 2 and 3 have the same SHGC, the 
details of the solar heat gain for these two windows are 
very different. The Solar Heat Gain Coefficient (SHGC) 
is composed of two components, the solar transmittance 
of the glazing and the inward-flowing fraction of the 
absorbed energy in the glazing layers.  For example, for 
single glazing, 
SHGC= Ts + Ni * As  
where:  
Ts = Solar transmittance of glazing [-] 
Ni = Inward-flowing fraction of absorbed radiation [-] 
As = Fraction of solar energy absorbed in glazing layers [-] 

 
Table 3 shows that the inward-flowing fraction of the 
absorbed energy (Ni*As) is 55% (0.22/0.40) for window 2, 
but only 12.5% (0.05/0.40) for window 3. The tinted glass 
in window 2 transmits less solar radiation (Ts=0.18), but a 
significant portion of this absorbed energy is delivered to 
the space. The transmitted solar radiation might strike a 
high thermal mass surface such as the floor or walls. The 
solar energy will be stored in these high thermal mass 
surfaces and released at a later time. Solar energy that is 
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absorbed in the glass is transmitted directly to the air in 
the room and will result in an immediate cooling load. 
Note that the SHGCs in Table 3 are for the glazing portion 
only (excluding the frame). 
The Simple Window Model 5 uses overall SHGC; 
therefore, it cannot tell the building energy simulation 
what fraction of the total solar heat gain is direct and how 
much is indirect.  As explained above, this would be 
expected to lead to a greater variance in simulation 
outcomes, between different window models, for high-
mass buildings compared with the spread of outcomes for 
low-mass buildings. 

Table 3: Solar Heat Gain Coefficient components 
for glazing 

ID Description SHGC 
[-] 

Ts 

[-] 
Ni * As 

[-] 

1 Double clear 0.76 0.70 0.06 

2 Double, tint 0.40 0.18 0.22 

3 Double, low-e 0.40 0.35 0.05 

4 Triple, low-e 0.37 0.32 0.05 

5 Double, room low-e 0.22 0.20 0.02 

 
Results 
The five windows were simulated with six different 
models in three different climates, which resulted in 90 
EnergyPlus simulations. Additionally, the house 
construction for Rome was modified with higher thermal 
mass (in keeping with common Mediterranean building 
practice), resulting in another 30 simulations, for a total 
of 120 EnergyPlus simulations. 
Total annual site energy in gigajoules (GJ) was calculated 
by summing the heating, cooling and fan energy. The 
focus of this study is on the relative performance of 
various window models in a range of climates for a range 
of window constructions. Therefore, the results shown are 
the differences in total energy consumption between the 
models, not the actual energy consumption. Figures 2 
through 5 show the difference between the annual energy 
consumption of the baseline (WinCalc BSDF) Model 1 
and the five other models. Table 4 shows the min, max 
and mean of the differences for the various models across 
all simulations. 

 

 
Figure 1: Annual heating, cooling and weighted CV(RMSE) values calculated from hourly results for various window 

models compared to the WinCalc BSDF Model 1 baseline for Minneapolis, Phoenix and Rome. 
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Figure 2: Difference in whole building annual energy consumption for various window models compared to the 
WinCalc BSDF Model 1 baseline for Minneapolis  
 
 

 
Figure 3: Difference in whole building annual energy consumption for various window models compared to the 
WinCalc BSDF Model 1 baseline for Phoenix    
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Figure 4: Difference in whole building annual energy consumption for various window models compared to the 
WinCalc BSDF Model 1 baseline for Rome 
 
 

    
Figure 5: Difference in whole building annual energy consumption for the Simple (Model 5) and 1588 (Model 6) 
window models compared to the WinCalc BSDF baseline Model 1 for a regular and high thermal mass house in Rome. 
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In addition to annual site energy, hourly heating and 
cooling energy results were compared between the 
various models by calculating the coefficient of variance 
of the root mean square error CV(RMSE). CV(RMSE) 
(Ruiz 2017) is commonly used in comparing simulation 
and measurement results, but can also be used to compare 
different models. Because the difference between the 
models are squared CV(RMSE) does not cancel out 
positive and negative errors. Criteria for hourly model 
calibration range from CV(RMSE)<20% (IPMVP) to 
CV(RMSE)<30% (ASHRAE Guideline 14 and FEMP) as 
described in Ruiz (2017). WinCalc BSDF Model 1 was 
used as the baseline model. 
All the EnergyPlus input files, and results are publicly 
available at the following location: 
https://github.com/LBNL-ETA/IBPSA-2019-windows-
paper 
 
Table 4: Annual site energy differences from baseline 
Model 1 (BSDF WinCalc) for all cities and all windows. 

Model Difference from baseline 
for annual site energy 
Min Max Mean 

Model 2 -0.1% 0.1% 0.0% 
Model 3 -0.6% 1.6% 0.1% 
Model 4 -0.6% 0.4% 0.0% 
Model 5 -8.4% 6.0% 1.1% 
Model 6 -0.1% 5.0% 2.8% 

 
Table 5: Weighted CV(RMSE) Differences from baseline 
Model 1 (BSDF WinCalc) for all cities and all windows. 

Model Weighted CV(RMSE) 
Min Max Mean 

Model 2 0.0% 0.2% 0.0% 
Model 3 0.3% 5.5% 2.4% 
Model 4 0.5% 2.8% 1.2% 
Model 5 5.6% 27.9% 15.2% 
Model 6 3.0% 10.6% 6.2% 

Discussion 
Annual Site Energy 
The largest difference for Model 5 (Simple Window 
Model) occurs for window #2 (Double, tint) in Phoenix. 
The difference between the baseline Model 1 (BSDF 
WinCalc) and Model 5 is -8.4%. Window #2 has a dark 
tinted glass layer on the inside. This configuration is not 
used frequently in practice, because it can result in high 
surface temperatures on the inside, resulting in thermal 
discomfort, especially in hot climates like Phoenix. The 
maximum inside glass surface temperature in Phoenix 
during an annual simulation is 56.8 °C for window 2 and 
38.8 °C for window 3. Temperatures above 40 °C are 
generally considered to be undesirable for the inside glass 
surface because of thermal discomfort. Above 50 °C there 
is risk of injury if the glass is touched. The configuration 
was used in this study to assess how the various models 
handle a case with very high absorptance on the inner 
pane. 

The higher thermal mass simulations for Rome show an 
increase of 1-2% for Model 5 compared with the baseline 
model. The ASHRAE 1588 Model 6 results do not vary 
significantly. The results for triple glazing and room-side 
low-e do not show larger differences for Models 5 and 6. 
 
Hourly Heating and Cooling CV(RMSE)  
Figure 1 shows the CV(RMSE) values for heating and 
cooling for all climates, all window types and all models. 
The highest CV(RMSE) values are for the Simple 
Window Model 5 (53.5%) and ASHRAE 1588 Model 6 
(19.6%). Closer inspection reveals that the largest 
CV(RMSE) values are almost always for the less 
dominant form of energy consumption, e.g. the largest 
CV(RMSE) for Minneapolis is for cooling and the largest 
CV(RMSE) for heating is in Phoenix. In Minneapolis the 
heating energy is 93-96% of the annual energy, and the 
cooling energy is only 4-7%. Similarly, for Rome it is 79-
87% heating energy and 13-21% cooling. Phoenix is the 
reverse climate with only 24-31% heating energy and 67-
76% cooling energy. For this reason, the CV(RMSE) for 
cooling and heating were weighted by the heating and 
cooling fractions for the city and window type. This 
means that the cooling CV(RMSE) in Minneapolis 
contributes far less to the overall CV(RMSE) than the 
heating CV(RMSE). Figure 1 also shows the weighted 
CV(RMSE) for each case. Table 5 shows the min, max 
and mean values for the weighted CV(RMSE) for each 
model. Models 5 and 6 have the highest CV(RMSE) value 
but require the fewest inputs. All the cases simulated 
match the ASHRAE Guideline 14 criteria of CV(RMSE) 
value less than 30%. 
Conclusions 
The effect on whole building annual site energy 
consumption is the largest for Simple Window Model 5 
and 1588 Model 6. The range is -8.4% (underpredicted) 
to 6.0% (overpredicted) for Model 5 and -0.1% to 5.0% 
for Model 6. Model 6 almost always overpredicts the 
energy consumption which is a conservative approach. 
Model 5 sometimes over- and other times under-predicts 
energy consumption, which results in a lower mean 
difference (1.1%) for Model 5 compared to Model 6 
(2.8%). Model 6 and Model 5 require significantly fewer 
inputs to model a window; up to three values for Model 5 
and seven or more for Model 6. If detailed input data is 
available for the window, models 1-4 all perform quite 
well with annual energy impact less than 1.6% and 
CV(RMSE) less than 5.5%. In an information-poor 
environment, where specific glazing coating, gas fill and 
frame conductance are unknown, Models 5 and 6 have to 
be used. The uncertainty in the results increases when less 
data is available. Model 6 should be used if information 
about the spacer type, number of glass panes and frame 
type are available. The maximum CV(RMSE) for this 
model is 10.6%. If only U, SHGC and optional VT are 
known, Model 5 can be used with up to 6% annual site 
energy uncertainty and up to 27.9% CV(RMSE), for the 
climates, window types and building constructions 
evaluated in this study. 
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The ten-year-old Simple Window Model 5 does not 
perform any worse with new technologies like room-side 
low-e surfaces, or for highly insulating triple glazed 
windows, however the ASHRAE 1588 Model 6 provides 
more accurate results if additional data is available. 
Higher thermal mass buildings and absorptive glazings 
(window 2) do not appear to have a large effect on the 
uncertainty of the results compared with more standard 
window configurations and constructions with less 
thermal mass. 
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Abstract 

Adaptive facades have the potential to shape resource-

efficient and occupant-centred spaces only when their 

control strategies are tailored to meet transient, local and 

personal demands. State-of-the-art control algorithms are 

currently failing to provide occupant thermal satisfaction 

because the data on occupant response to the thermal 

environment is not sufficiently granular. This paper 

presents a preliminary assessment of the use of the 

adjusted operative temperature, which accounts also for 

the additional effect of shortwave radiation on occupants, 

to dynamically devise learning control strategies that meet 

individual occupant comfort requirements. Shortwave 

effects of solar radiation on occupant comfort and 

operative temperature are compared to those considering 

only longwave radiation and two alternative occupant-

centred control strategies are devised and assessed. 

Lastly, a combined occupant-centred control strategy is 

also proposed for an open space office. 

Introduction 

Glass facades have a crucial impact on occupant 

environmental satisfaction due to their daylighting and 

view potential, but they are also often associated with 

poor indoor environmental quality in perimeter zones of 

commercial buildings (Aries et al., 2010) due to glare or 

thermal discomfort. Adaptive facades have the potential 

to provide optimal indoor environmental condition whilst 

minimising energy consumption (Favoino et al., 2016; 

Liu et al., 2015). However, effective control strategies for 

maximising daylight while preventing occupant thermal 

discomfort or glare have yet to be achieved (Konis & 

Selkowitz, 2017). One of the reasons why this occurs is 

the lack of  high resolution data in time and space that 

captures the occupant transient environmental preferences 

(Konis & Selkowitz, 2017). In order to capture actual 

thermal preferences of occupants in indoor environments 

with glass facades, it is essential to quantify: 1) radiant 

temperature effect on occupants, affecting both global 

thermal comfort and local discomfort, i.e. difference 

between façade and interior surface temperatures (walls, 

ceiling or floor); 2) effects of direct solar radiation on 

occupants, transmitted through the glazed façade.  

Recent research has investigated effective occupant-

centred control strategies for thermal comfort. Ajaji and 

André (2015) evaluated the effect of a control strategy  

based on maximum level of vertical irradiance on indoor 

operative temperature according to the EN 15251. A 

similar approach was adopted by Liu et al. (2015) and 

experimentally by Karlsen et al. (2015). Zarkadis and 

Morel (2013) investigated the effect of a novel predictive 

control strategy on thermal comfort using Fanger’s model 

(Fanger, 1982) based on experimentally measured Mean 

Radiant Temperature (MRT) and the room air 

temperature. Similarly, Park and Augenbroe (2013) 

developed a control strategy that accounts for occupant 

thermal comfort using Predicted Percentage Dissatisfied 

(PPD). However, two main research gaps remain on the 

path of occupant-centred effective control strategies for 

transparent adaptive facades, namely: 1) uncertainties on 

the selection of thermal environmental control parameters 

and their optimal operating range; 2) methods for 

capturing the individual variations of personal 

environmental expectations or preferences, especially 

when conflictive scenarios arise (e.g. glare vs daylight). 

One of the main challenges to address these two issues, is 

that the environmental conditions (e.g. air and radiant 

temperature, direct solar radiation on occupant etc.) 

behind transparent façades are highly dynamic and un-

steady. 

Within these environments, there is often a mismatch 

between existing thermal performance indices (Bellia et 

al., 2017). This is due to the fact that steady-state and 

uniform modelling approaches to thermal comfort are 

unable to accurately assess façade performance since: 

glass façades deliver strong asymmetrical conditions 

(Carmody et al., 2004) and transient effects due to 

fluctuations in outside temperature and solar radiation, 

which produces high-frequency variation on surface 

temperature and transmitted solar radiation (Tzempelikos 

et al., 2010). Consequently, comfort indices for transient 

and non-uniform environments are  required to evaluate 

such spaces, but they are usually time-consuming (Arens 

et al., 2015). In addition, thermal comfort models should 

also consider the effect of direct solar radiation on the 

occupant thermal comfort. 

Currently, only few methods exist that account for the 

effect of direct solar radiation on occupants (Sullivan, 

1986; La Gennusa et al, 2007; Karlsen et al. 2014; Arens 

et al. 2015; Zhang et al, 2018).  These models are all based 

on the approach of adding the effect of the solar radiation 

to the original un-irradiated thermal sensation based on 

the PMV (Fanger, 1982). Among these methods, only 
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Arens (2015) has been included in a standard 

(ANSI/ASHRAE 55, 2017).   

One of the challenges of adopting these methods within a 

design workflow is the limitation of the radiosity method 

included in most Building Performance Simulation tools 

for predicting solar beam position inside a room, which is 

fundamental to correctly evaluate the effect of direct solar 

beam radiation on interior room surfaces and on the non-

cylindrical body shape (Arens et al., 2015). These 

difficulties prevent to accurately account the impact of 

direct solar radiation on occupant thermal comfort. This 

can result in a limited evaluation of the multi-domain 

impact of control strategies for the modulation of solar 

radiation on occupant comfort (by means of adaptive 

facades and smart glazing), traditionally considered as 

more determinant for visual comfort than thermal comfort 

criteria (Dussault & Gosselin, 2017).  ASHRAE 55-2017 

suggests two approaches for predicting the impact of solar 

radiation on comfort conditions. The first approach is 

based on the work of Arens et al. (2015), where the effect 

of direct solar radiation 𝐸𝑠𝑜𝑙𝑎𝑟  on the occupant skin and, 

hence, thermal sensation and comfort, is computed as an 

equivalent increase of Effective Radiant Field (ERF) (1) 

and, subsequently, of MRT (2) and this is then added to 

the long-wave MRT (Appendix C, ASHRAE 55-2017) to 

estimate the overall adjusted Mean Radiant Temperature 

(MRT*) at the occupant position (3). The thermal 

sensation is then computed in terms of PMV according to 

MRT*. 

𝐸𝑅𝐹 =
𝛼𝑠𝑤

𝛼𝑙𝑤
𝐸𝑠𝑜𝑙𝑎𝑟    (1) 

∆𝑀𝑅𝑇 =
𝐸𝑅𝐹

𝑓𝑒𝑓𝑓 ℎ𝑟
    (2) 

𝑀𝑅𝑇∗ = ∆𝑀𝑅𝑇 + 𝑀𝑅𝑇  (3) 

Where feff is the fraction of the body surface exposed to 

radiation, αLw is the skin long-wave absorptivity and αsw is 

the skin short-wave absorptivity. The second approach 

proposed by ASHRAE 55-2017 is instead a simplified 

one, which assumes the MRT is within a range of 2 to 8 

°C above the average air temperature (based on the direct 

solar radiation). This is only valid under certain 

conditions, not usually applicable when occupants are 

exposed to large glazed surfaces. Moreover, accounting 

for the solar radiation transmitted through a transparent 

façade and incident on a human subject is not a trivial 

task, due to: i) the complexity on how this solar radiation 

is transmitted through the façade (due to obstructions, 

external/internal solar shading, complex transmission / 

absorption / reflection characteristics of the transparent 

element); ii) the directionality and position-dependency 

of the problem. Zani et al. (2018) have recently proposed 

a simulation workflow for static transparent facades using 

the first approach described by ASHRAE 55-2017, but 

evaluating the solar radiation incident on the occupant 

using an accurate backward raytracing method, thereby 

overcoming the above mentioned issues. To this end the 

DC method in the Radiance Simulation Engine was used 

to compute the total solar radiation incident on an 

occupant modelled with high geometrical accuracy.  

The present paper aims to: i) evaluate the longwave and 

shortwave effect of solar radiation on operative 

temperature in the test case scenario of an office space 

with large transparent surfaces; ii) control the solar 

radiation influx through the transparent façade by means 

of switchable glazing to maintain the operative 

temperature within a comfort range; iii) devise a multi-

occupant centred control strategy for the switchable 

glazing of the test case scenario, based on the thermal 

sensation of each occupant, considering their position and 

orientation. 

Methods  

In order to account for direct solar radiation on the thermal 

sensation of occupants, the model developed by Arens et 

al. (2015) and implemented in the ASHRAE 55:2017 

(ANSI/ASHRAE, 2017) was adopted, as per equations 

(1), (2) and (3). Therefore, the Top is computed first, 

considering only the long-wave MRT, secondly the ERF 

and the MRT due to direct solar radiation is calculated 

and summed to MRT to obtain the corrected MRT* (hence 

the corrected Top*) for each occupant. 

Overall Workflow 

 

Figure 1: Overall workflow 

Figure 1 describes the workflow followed in the present 

paper to devise control strategies of a switchable glazing 

based on thermal comfort considering the effect of direct 

solar radiation. This workflow consists of: A) defining the 

geometry, the materials and the occupant position and 

characteristics in Rhino; B) implementing the model in 

Radiance and Energy Plus simulation engines to compute 

MRT, ΔMRT (due to direct solar radiation) and the air 

temperature for each time step; C) evaluating the Top, the 

MRT* and the Top* at each timestep, in post-processing.   

Steps A, B and C were implemented following the 

simulation workflow proposed by Zani et al. (2018) and 

adapting it to a switchable glazing (SW) as follows: For 
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the model definition (Step A), the geometry of test case 

scenario was developed in Rhino and, subsequently in 

Step B, two models in Radiance and Energy plus were 

implemented reproducing the same geometrical 

configuration through Grasshopper. From this, five 

different models for each SW are generated, each one 

representing a single state to which the switchable glass 

can be set. The Top of the un-irradiated occupant for each 

single glazing state is calculated from the single 

EnergyPlus models, and the MRT due to the direct solar 

radiation through the glazing is evaluated by means of the 

Radiance models. The final corrected Top* is computed by 

adding in post-processing the MRT, due to direct solar 

radiation for each single state, to the corresponding MRT.  

Test scenario and thermal comfort criteria 

The test scenario is a living lab in Cambridge (UK) called 

MATELab (Luna-Navarro et al., 2018). MATELab is an 

office space of approximately 30 square metres, with a 

South-oriented adaptive glass facade and a Window-to-

Wall Ratio (WWR) of ~0.5. The laboratory has a raised 

floor which reaches the lower edge of the glazing’s frame, 

enabling a simplified digital model. The characteristics of 

the building envelope are summarised in Table 1. 

Table 1: Characteristics of the Building Envelope. 

Element Overall   

U-value 

[W/m2K] 

SHGC Indoor 

reflectance 

Floor 0.20 - 0.20 

Ceiling 0.16 - 0.70 

Opaque 

wall 

0.20 - 0.70 

Glass 

facade 

1.2 0.148-

0.475 

 

 

  

Figure 2: View of MATELab: the test scenario (left) and real 

case scenario. 

  
(a) (b) 

 Figure 3: View of the test scenario analysed (a) Perspective 

inside, (b) Floor plan – occupant location. 

The test case scenario was chosen since it is a dedicated 

space for in situ multi-domain assessment of occupant 

response to alternative control strategies for adaptive 

facades. This test case scenario offers the possibility of 

experimentally validating the simulation results against 

real scenarios and actual occupant response. MATELab 

hosts three occupants at a fixed position and distances 

from the south façade for the specific test case scenario. 

Each occupant is oriented 45° with respect of the south 

façade (i.e. azimuth orientation of 135° for occupant 1 and 

3, and 235° for occupant 2) and located at a distance of 

1.20, 2.50 and 4 m from the façade, respectively (see 

Figure 2).The stated occupant orientation was decided to 

explore alternative scenarios of body exposure to solar 

radiation and in order to be coherent with the original 

setup of the test facility, which follows the layout reported 

by Christoffersen and Wienold (2006). 

The adaptive facade is a switchable glazing with 5 

possible states, characterised by a different solar and light 

transmittance (Table 2). 

Table 2: Characteristics of the Adaptive Façade.  

Glass 

state 

Tsol Tvis SHGC 

 

U-value 

[W/m2] 

1 0.02 0.021 0.148 1.2 

2 0.14 0.129 0.186 1.2 

3 0.28 0.251 0.238 1.2 

4 0.46 0.413 0.321 1.2 

5 0.73 0.66 0.475 1.2 

 

Key environmental parameters for thermal comfort are: 

air velocity, air temperature, humidity, MRT and direct 

solar radiation on the occupant (Idir). The longwave 

thermal exchange of the occupant is defined by the 

fraction of the body surface exposed to radiation (feff) and 

the skin long-wave absorptivity (αLw.) In addition, the 

following input values are needed to define the thermal 

effect of glass facades on occupant: fraction of the body 

exposed to solar beam, sky vault view fraction and 

shortwave absorptivity (αsw). The first two parameters 

were computed within the simulation workflow, while 

αsw=0.67, αLw=0.95 and feff = 0.696 are used as constant 

values for computing the ΔMRT as suggested by Arens et 

al. (2015). The operative temperature Top can be defined 

as the average of the mean radiant and ambient air 

temperatures, weighted by their respective heat transfer 

coefficients (4) and it is useful thermal parameter when 

studying the overall sensible thermal exchange of 

occupants in the environment. The use of the Top as a 

façade control parameter and the adjusted version Top* (5) 

were investigated in this study. The latter was computed 

using the adjusted MRT*, considering the radiative heat 

transfer coefficient hr and the convective heat transfer 

coefficient hc. 

𝑇𝑜𝑝 =  
ℎ𝑟 𝑀𝑅𝑇+ ℎ𝑐 𝑇𝑎 

ℎ𝑟+ℎ𝑐
   (4) 

𝑇𝑜𝑝
∗ =  

ℎ𝑟 𝑀𝑅𝑇∗+ ℎ𝑐 𝑇𝑎 

ℎ𝑟+ℎ𝑐
   (5) 

The Top* depends on the occupant position and orientation 

of the occupant relatively to the sun since it includes the 

ΔMRT, which is computed according the actual area of the 

occupant exposed to direct solar radiation. Transparent 

façades usually induce larger thermal asymmetries and 

transient environmental conditions due to fluctuations in 

solar radiation and surface temperatures. The use of the 
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PMV (Fanger, 1982) on its own is not appropriate in this 

case, since it does not account for these effects. Instead 

the approach suggested by Arens et al. (2015) was 

implemented, in order to adjust the PMV to take into 

account direct solar radiation on occupants. The effect of 

solar radiation was considered as an increase in occupant 

MRT, and the overall PMV adjusted accordingly. In this 

work, the range of acceptable adjusted PMV was set 

between -0.5 and 0.5, given that Relative Humidity (RH) 

(50%) and air speed (0.1 m/s) are modelled as constant, 

the boundaries of the comfort zone were set in terms of 

Top. Occupants are considered to perform activities with 

metabolic rates lower or equal to 1.2 Met and level of 

clothing between 0.5 clo (Summer condition) and 1 clo 

(Winter condition). Table 3 shows the threshold Top 

values considered. 

Table 3: Threshold of maximum and minimum Top. 

Season Maximum Top Minimum Top 

Winter 23.9 °C 19.2 °C 

Summer 26.4 °C 23    °C 

Simulation procedure and models 

Simulations in Energy plus (v 9.0.1) and Radiance (v 5.2) 

were performed to obtain hourly results for each state of 

the glass. In the present paper only two representative 

months are reported, one in winter (February) and one in 

summer (August). This is due to the time required (~3-5 

min per timestep) to perform suitable Radiance 

simulations to account for the direct solar radiation on the 

3 manikins, future work will aim to reduce the 

computational time of this method and perform complete 

yearly simulations. The radiance method selected was the 

Daylight Coefficients method, and the key parameters 

used for setting the radiance engine were: -aa 0.05, -ar 300 

and -ab 4. Sufficient ambient bounces were required, as 

both direct and diffuse radiation components are needed. 

The window transmittance function followed the 

dielectric radiance material definition, with an index of 

refraction of 1.52. On the other hand, the EnergyPlus 

model glazing describes the transmittance function based 

on correlations between the U-value and the SHGC. For 

this model, in addition to the settings shown in Table 3, 

the following attributes were used: 

• Cooling setback temperature = 30 °C; 

• Heating setback temperature = 16 °C; 

• RH = 50%; 

• Occupancy schedule set to Medium Office Bldg Occ 

(~ 6:00 – 20:00); 

• Ventilation rate = 0.2 m/s; 

• Internal gains = 6.89 W/m2; 

• Ground Temperature = 18 °C; 

• 6 timestep per hour for energy balance calculations.  

The manikin in the Radiance model is the same as the one 

used by Arens et al. (2015), with 481 faces drawing the 

human body’s shape, with a total area of ~ 1.83 m2, on a 

seated position placed as stated in the Test scenario. The 

MRT within EnergyPlus was calculated by analysing the 

radiative environment on three nodes placed at the body-

centre of the manikin. Then, the Esolar was obtained at 

every hour by weighting the total radiance received by a 

manikin’s face and its area, divided by the total manikin 

area; followed by the ΔMRT calculation using equation 

(1) and (2). 

Thermal comfort based switchable glazing control  

Based on the thermal comfort criteria set, two alternative 

occupant-centred control strategies were developed for 

the façade, to control the solar radiation and maintain each 

occupant within a range of comfortable operative 

temperatures:  

1) Control Strategy 1 (CS1) was defined using the 

Top as control parameter  

2) Control Strategy 2 (CS2) using the Top*. 

Both control strategies select the most transparent glass 

state that maintains the control parameter (Top or Top*), for 

each occupant, within the comfort boundaries (i.e. below 

the upper threshold of operative temperature of 23.9 °C in 

Winter and 26.4 °C in summer). The control strategies are 

intended to be occupant-centred, hence their effects on the 

overall room thermal conditions are not considered and in 

this test case scenario only three fixed occupant positions 

were studied. A final collective control strategy is then 

proposed to minimise discomfort among all occupants, 

combining the control strategies for each occupant.  

In the preliminary assessment presented in this paper, 

simulations are performed separately for each state of the 

switchable glazing and then the optimal state is selected 

in post-processing stage. Thus, transient effects due to the 

previous thermal history are not considered, thereby 

leading to possible mismatch between actual Top and 

indicated one.  

Results and Discussion 

The preliminary assessment analyses the thermal 

environmental conditions in a winter month (February) 

and in one summer month (August). Figure 4 shows the 

differences in Top and Top* for each occupant during a day 

in February and in August. It is shown that accounting for 

the shortwave effects of the direct solar radiation on the 

occupants, increases occupants Top and, consequently, 

shifts the operative temperature out of the comfort range. 

Shortwave effects of solar radiation on occupant comfort 

are clearly more noticeable when the solar transmittance 

of the glass is higher, along with the amount of solar 

radiation falling on the occupants. Because of different 

orientation and proximity to the façade, the occupants are 

uniquely affected by the shortwave radiation. The 

occupant closer to the façade (Occupant 1) is more 

sensitive to solar radiation effects in Summer, when the 

solar beam trayectory is more vertical, while other 

occupants are affected by the direct solar radiation in 

winter, when the sun is lower and the penetration depth of 

the sun rays is larger. The shortwave effects of the 

transmitted solar radiation on Top are strongly correlated 

with the distance of the occupant from the façade but 

especially with the occupant orientation, dependending on 

the season and the penetration depth of the solar ray; while 

only longwave Operative Temperature Top shows stronger 

dependency on occupant distance rather than orientation.  

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
4913

 

 
  



 

Figure 4: Adjusted Operative Temperature Top* and simple Operative Temperature of the three occupants over the 22 of February 

and the 22 of August. On the right, the solar radiation on the manikin surface is shown at 12 pm.

Larger distances form the façade make less noticeable 

these discrepancies, being the distant occupants the ones 

less affected by the thermal effects of the transparent 

facade. 

Two alternative control strategies were then developed 

with Top and Top* as control parameters for respectively 

Control Strategy 1 (CS1) and Control Strategy 2 (CS2) 

and independently for each occupant. Control strategies 

are reported in Figure 5 and Figure 6 in terms of glass 

state (graphs in Figure 5(a) and (b), Figure 6(a) and (b)), 

together with the respective Top* for each occupant and 

individual control strategy (graphs in Figure 5(d) and 

(e), Figure 6(d) and (e)) and for a static glass equivalent 

to the state 4 (graphs Figure 5(c) and Figure 6(c)). As a 

consequence of the lower levels of Top than the adjusted 

one, CS1 provides larger transparency. This is in 

agreement with previous research (Dussault & Gosselin, 

2017) who reported lower sensitivity of Control 

Strategies to thermal comfort requirements. However, 

when accounting for the shortwave effects, as shown in 

CS2, darker states of the glass are needed to maintain 

the Top* under the upper comfort threshold. This is 

particularly noticeable in winter, when the sun 

penetration depth is larger and occupants are more 

affected by shortwave rather than longerwave solar 

radiation. Figure 5(d) and Figure 6(d) shows the 

variation of Top* (considering the effect of short-wave 

solar radiation), when the control strategy CS1 is 

applied, which has been designed without accounting 

for direct solar radiation; withal, the Top* obtained for 

this control strategy produced, is well above the comfort 

range, if one considers the effect of direct solar 

radiation.  

All the control strategies reported in Figure 5 and 

Figure 6 are occupant-centred and not applicable to a 

multi-occupant space. However, an overall Control 

Strategy can be proposed to minimise thermal 

discomfort for all occupants. Figure 7 and Figure 8 show 

the combined control strategy for the 3 occupants, using, 

for each time step, the more transparent glass state that 

mantains the Top* under the comfort threshold for all the 

occupants. Comparing  Figure 5, Figure 6, Figure 7(a) 

and Figure 8 (a), in Summer the Combined Control 

Strategy is governed by the thermal comfort of 

Occupant 1 (closer position to the façade), while in 

Winter Occupant 2, who is oriented towards west, has a 

more signifiant influcence. These considerations are 

closely related to the given test case scenario and 

sensitive to boundary conditions such as: Window-To-

Wall ratio, office layout etc. Figure 7 (b) and Figure 8 

(b) show the value of the external irradiance on the 

facades and relative glass state per each time step on the 

10th of February and the 22nd of August respectively. 

Same levels of irradiance correspond to different glass 

states since the level of Top* are different. However, if 

appropriate correlations are found between occupant 

thermal sensation and external irradiance, depending on 

the occupant position and orientation, this would lead to 

simpler control parameters for occupant-centred thermal 

control strategies based on intensity of solar radiation 

and solar geometry.  
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Conclusion and future work 

The use of the adjusted Operative Temperature (Top*) as 

a control parameter for occupant-centred control 

strategies for solar radiation modulation by means of a 

smart glazing for thermal comfort was assessed in a 

preliminary study. Shortwave effects were shown to 

have a strong impact on thermal comfort, hence on 

defining satisfactory control strategies for solar 

radiation control. At the same time not accounting for 

the effect of direct solar radiation on the thermal comfort 

for the control of switchable glazing, could result in 

critical overheating issues (particularly in winter, also at 

a significant distance from the facade). In fact, the 

impact of direct solar radiation is highly dependent on 

occupant positions and respective incidence angle of the 

solar gain. Different occupant location and orientation, 

with respect to the façade, was shown to have a strong 

effect on the local Top*, thereby highlighting the 

importance of simulation for devising a suitable learning 

control strategy. However, further assessments are 

required to explore how best to use simulations for 

fitting control strategies to local requirements and 

individual expectations, and to provide a method for 

elaborating a simple, yet effective, control strategy for a 

particular environment. 

The effects of thermal history arising from previous 

glass states should in future also be included in the 

simulation workflow to accurately define satisfactory 

control strategies according to the adjusted Top*. In 

addition, since facades have a multi-domain effect on 

occupants, there is a need to account for and aggregate 

the differing visual and thermal requirements of each 

occupant. Future work will therefore expand the 

simulation workflow to include visual comfort 

evaluation. In addition, comfort thresholds need to be 

defined using a comfort model that can accurately 

predict the occupant response to transient and 

asymmetrical glass façade effects.  

Lastly, future research will include experimental work 

to validate the thermal and optical models and to assess 

occupant response to control strategies based on Top* as 

thermal control parameter. This will ascertain whether 

the vertical irradiance on the façade, with the local Top* 

are correlated, and will provide actual occupant 

responses that are essential for devising optimal control 

strategies for occupant-centred resource-efficient 

buildings. 

 

Figure 5: Carpet plots of the switchable glazing activation Control Strategies (on top) and Top* for each occupant under three 

different glass states: static glass on state 4, Switchable glazing with CS1 and CS2 (on bottom) during February. 
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Figure 6: Carpet plots of the switchable glazing activation Control Strategies (on top) and Top* for each occupant under three 

different glass states: static glass on state 4, Switchable glazing with CS1 and CS2 (on bottom) during August. 

  

Figure 7: Combined Control Strategy for August (a) and Glass State and Irradiance during the 10 February (b).  

  

 Figure 8: Combined Control Strategy for August (a) and Glass State and Irradiance during the 22 August (b).  
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Abstract 

This paper presents an artificial neural network (ANN) 

based model predictive control to implement the mixed-

mode strategy in buildings. Simple heuristics are unable 

to incorporate the occupant interaction with the built 

environment whereas; significant efforts are required to 

configure and calibrate the model used in the model 

predictive controller. To address the above issues an 

ANN-based predictive controller is developed, and used 

within EnergyPlus-Matlab co-simulation framework with 
particle swarm optimization (PSO) as an optimizer. 

Simulations are performed for the five consecutive days 

for January with mixed-mode control strategy. The results 

show significant cooling energy savings compared to the 

rule-based heuristic. 

Introduction 

Commercial buildings in India represent a significant and 
growing contribution (annual growth rate of stock 5.4%) 

to electricity demand in India. Air conditioning accounts 

for 31% of the total electricity use in commercial 

buildings. At present, a large portion of the building stock 

is cooled with natural ventilation and ceiling fans. As the 

economy develops most of the new commercial buildings 

are likely to be air-conditioned, and the share of air 

conditioning in the total electricity use is expected to 

increase.  

A mixed-mode building provides the flexibility of using 

naturally ventilated techniques and air-conditioning based 

on the requirement. A mixed-mode strategy has the 

potential of reducing electricity consumption as compared 

to HVAC (Heating Ventilation and Air Conditioning) 

alone strategies while providing the same level of thermal 

comfort. Mixed-mode building operation is generally 

categorized into the following three modes:   

1. Underzoned: natural and mechanical ventilation is 

allowed to happen simultaneously at the same time 

but in different zones.  

2. Concurrent: natural and mechanical ventilation may 

happen at the same time and space. 

3. Changeover: natural and mechanical ventilation is 

allowed to happen at the same space but not at the 

same time.   
Mixed-mode strategy in the built environment can be 

implemented effectively using controllers which respond 

to disturbance variables (such as human interaction with 

buildings and weather parameter) and control the building 

HVAC system and window openings appropriately. 

Generally, two approaches such as; simple rule based 

on/off control and model-based predictive control is 
reported in the literature to implement the mixed-mode 

strategy in the built environment   

Simple rule-based controllers depend on the simple 

heuristics (if-then) and provide control to the windows 

and HVAC systems according to specified rules. For 

example, if the outdoor environmental parameters such as 
outdoor temperature and wind speed lie within a specific 

range open windows and shut down the HVAC system 

otherwise close window and start the HVAC system. The 

rule-based heuristic decides the control action based on 

the current state of the system. 

A model predictive controller is a controller that provides 
an optimal control sequence to the system by optimizing 

the operating cost and occupant thermal comfort based on 

the local weather forecast and cooling load anticipation. 

A model-based predictive controller requires a simplified 

model which can correlate between input and output 

variables. For mixed-mode operated buildings 

formulating the simplified model and training that model 

is complicated because of the coupled interaction between 

thermal, airflow dynamics and HVAC systems. Extensive 

experimental data is needed to train the model which 

limits the practical applicability of the model-based 
predictive controller. 

Generally, mixed-mode buildings are not equipped with 

building automation systems. Heuristics developed by 

HVAC engineers are sent to the occupants as a 

notification in the form of light signals, and occupants 

have to actuate the windows accordingly (McConahey, 
2008). However, involving the occupants in the control 

process undermine the energy savings, since people 

cannot be expected to operate their windows in an energy 

efficient manner all the time. An autonomous system is 

required which can actuate the windows and HVAC 

system simultaneously in the built environment by taking 

environmental disturbances into account and learning the 

pattern of occupants’ interaction with buildings.         

Braun (1990) developed a model in the form of a transfer 

function using the simplified building and cooling system 

models which were used to identify the optimal 

trajectories for zone and HVAC set-points over 24-hour 

prediction horizon period. The coefficient of the transfer 

function was estimated by applying nonlinear regression 

to the results of the detailed model. However, as today’s 
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buildings are operated with multiple modes (such as 

naturally ventilated mode, mixed-mode (change over, 

concurrent and underzoned) and air-conditioned mode) 

and multilayer coordination between different systems 

simple model no longer would be an appropriate method 

for the efficient building control   

Spindler and Norford (2008) used an extensive set of 

experimental data to train the inverse model for finding 

the optimal cooling mode for a multi-zone mixed-mode 

building. The inverse model is a promising approach to 

control the windows opening, but its performance is 

dependent on experimental data. Quality and accessibility 

of data to develop the inverse model depend on the 

accuracy of data collection. Sometimes data may corrupt 

due to failure in the transmission line and improper 

positioning of sensors. 

May-Ostendrop (2011) used EnergyPlus to simulate a 

small DOE office building operated in a mixed-mode 

manner. They used the PSO (Particle Swarm 

Optimization) algorithm to generate optimal window 

opening schedules. They further used the simulated 

results to extract near optimal heuristics using statistical 
technique and supervisory building control rules.  

Jianjun (2014) developed a forward LTV-SS (Linear 

Time-Varying State Space) model using a physics-based 

approach to represent the mixed-mode operation of a 

building. Further, they used progressive refinement 

optimization technique following the multi-level 
optimization topology branch and bound method to find 

the sequence of binary (open/close) decision for the 

motorized windows. The challenges associated with the 

model discussed by the author are the complexities of the 

model such as; the number of order, states and lumping. 

The model order should be such that it should sufficiently 

capture the building performance. Furthermore, 

calibrating the model with real building performance is 

challenging. Keeping the challenges mentioned above in 

view developing a white box model may be difficult and 

costly. 

Zhao (2015) used EnergyPlus and Matlab/Simulink co-

simulation environment for the occupant oriented mixed-

mode EnergyPlus predictive control. However, the author 

has not mentioned about the method of data generation to 

make a model for predictive control. Neither about the 

selection of system identification technique nor about the 
number of states has been mentioned. 

Table 1 summarized the above-discussed literature review 

which provides brief insights of the methodologies 

reported in the literature and their limitations. 

Analysing the literature in the context of mixed-mode the 

gaps in the literature can be categorized into the following 

broad categories 

1. The simple rule-based controllers are ineffective for 

the current requirement of advance control of HVAC 

systems and windows opening. 

2. Formulation of the model for model predictive 

control which can be further categorized into the 

following sub-categories: 

 Complexities in choosing the correct model such as; 

physics-based (white box) model, grey box model, 

and black box model 

 Data acquisition technique for the estimation of model 

 Calibration of the model with the real building 

performance 

 Choice and implementation of the system 

identification method 

Table 1: Models for mixed-mode implementation in 
buildings 

Author Control 
Techniques 

Deficiency of 
the model 

McConahey 
(2008) 

Simple 
Heuristics 

Does not 
incorporate the 

disturbances 
(such as 

occupants 
interaction with 

the built 
environment 
and future 

environmental 
variables) 

Braun (1990) Simplified 
building and 

cooling system 
models 

Not applicable 
for the current 

complex 
building 
operation 

Spindler and 
Norford (2008) 

Inverse model 
approach 

Dependent on 
experimental 

data. 
Quality, 

accessibility, 
and accuracy of 

data 

Jianjun (2014) Model-based 
predictive 
controller 

The complexity 
of the model 
such as; the 
number of 

order, states and 
lumping. 

Calibration of 
the model with 
real building 
performance 

 
 

May-Ostendrop 
(2011) 

 
 

Zhao (2015) 

The study presented in this paper aims to develop a 

control oriented modeling approach along with an 

efficient solution for the optimal control problem to 

facilitate the implementation of ANN (Artificial Neural 

Network) based model predictive control algorithms with 
PSO (Particle Swarm Optimization) technique in a 

prototype (eight-storeyed with floor area 12875𝑚2)  
multi-zone building with mixed-mode cooling. An ANN 

model is created by performing the whole building 

simulation of the prototype building using EnergyPlus 

weather data (epw format) for Mumbai, India. PSO 

(Particle Swarm Optimization) framework is used using 

the ANN model as an objective function to minimize the 

energy. Zone set-point and windows opening position are 

used as search space.  
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Building description 

 
Figure 1: Model view in design builder. (a) whole 

building model and (b) first floor zoning 

The building mentioned in the previous section is 

equipped with VAV (Variable Air Volume) reheat water 

cooled chiller with full humidity control. Service spaces 

such as restrooms, mechanical rooms, and storage rooms 

are not considered in the conditioned area. The building 

is oriented towards north-south. There are 13 occupied 

zones on each floor of the building. All the occupied 

zones are along the perimeter of the building, and the 

central part of the building is used as a light well.  All the 

occupied zones are equipped with operable windows of 
dimension 2.5m×1.7m. The EnergyPlus model is created 

using Design Builder (version 4.5.0.148). Figure 1(a) 

shows the EnergyPlus building model and Figure 1(b) 

shows the zoning of the first floor. Thermostat set-point 

of each zone is kept between 24-260C with relative 

humidity between 55-60%. Building materials’ property, 

internal load, and occupied zone’s area and volume are 

shown in Table 2, 3, and 4 respectively. 

   Table 2: Building materials’ property 

Building 
Component 

Thickness (m) U-Value (𝑾/
𝒎𝟐𝑲) 

Wall  0.1 2.22 

Window  0.019 2.08 

Internal wall 
Partition  

0.15 1.85 

Floor 0.33 1.11 

Roof  0.37 1.08 

Table 3: Internal load of the occupied zone 

Internal Load 
(Per zone) 

Value (𝑾/𝒎𝟐) 

Lighting  5 

Electrical  11.8 

 

 

 

Table 4: Area and volume of the occupied zones of first 

floor 

Occupied 
Zones 

Area (𝒎𝟐) Volume (𝒎𝟑) 

Classroom 1 87.3 305.6 
Classroom 2 79.2 277 

Classroom 3 78.4 274.5 

Classroom 4 77.9 272.7 

Classroom 5 82.5 288.7 

Classroom 6 89.6 313.8 

Classroom 7 71.7 250.8 

Classroom 8 84.1 294.3 

Classroom 9 74.2 259.7 

Classroom 10 77.4 271 

Classroom 11 74.9 262.3 

Classroom 12 78.9 275.9 

Classroom 13 85.4 299 

Figure 2 shows the occupancy and equipment schedules 

of the thermally occupied zone. 

 

Figure 2: Occupancy and Equipment schedule 

Climate analysis for mixed-mode operation   

For the mixed-mode operation of the building, dry bulb 

temperature should be in the range between 15.5-27℃, 

and upper and lower limits for the relative humidity and 

dew point temperature should be less than 70% and 

greater than 18℃ respectively (Borgeson, 2011). To 

apply the mixed-mode strategy in this study the first week 

of January is considered. First of all, January is considered 

because of the high potential of deploying the natural 
ventilation strategy. Climate consultant analysis using 

ASHRAE standard 55 PMV-PPD model shows that for 

316 out of 744 hours, natural ventilation is deployable 

which is highest compared to other months. Further 

analysis shows that the highest potential of deploying 

natural ventilation is in the first week of January. Figure 

3 shows the comfortable hours using natural ventilation 

for four weeks of January. Figure 4 shows the dry bulb 

temperature, dew point temperature, and relative 

humidity for the first week of January. Out of the total 169 

hours of the simulation period, 117 hours of the dry bulb 
temperature, 101 hours of relative humidity and 6 hours 

of dew point temperature satisfy the criteria mentioned 

above of mixed-mode operation of the building. 
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Figure 3: Weekly thermal comfort hours for January 

 

Figure 4: Weather condition used for simulation 

Mixed-mode cooling concept 

implementation and baseline control design 

To develop the baseline control design for mixed-mode 

operation of the building Energy Management System 

(EMS) object of EnergyPlus is used. Outdoor dry bulb 

temperature is used as a sensor to actuate the window 

opening position. Each window of the occupied zones is 

actuated based on outdoor dry bulb temperature using 

“Airflow Network Window Opening” actuator 

component type and “Venting Opening Factor” actuator 

control type. Based on the window opening position, set-
point of each occupied zone is actuated using “Schedule: 

Constant” as actuator component type and “Schedule 

value” as actuated component control type. Table 5 shows 

the control strategy applied as a baseline. Table 5 can be 

interpreted as if outdoor dry bulb temperature lies 

between 22-27℃ and either dew point temperature is 

greater than 18℃ or wind speed is less than 7.5 m/s 

windows will be opened and zone cooling set-point will 

be raised to 26℃ by above discussed EMS actuators for 

other conditions windows will be closed and zone set-

point temperature will be 24℃. 

 

 

 

Table 5: Rule constraints to actuate the windows 

Environmen
tal 

Variable 

Constraints Control 
action 

for 
window 

Control 
for zone 
cooling 

set-point 

Outdoor dry 
bulb 

temperature 

 
22-27 ℃ 

 
> 18 ℃ 

 
< 7.5 𝑚/𝑠 

 
 

1 (Open) 

 
 

26 0C 

Dew point 
temperature 

Wind speed 

 All others 0 (Close) 24 0C 

Artificial Neural Network (ANN) based 

control design 

ANN model-based predictive control design is 

implemented using EnergyPlus (version 8.5 Crawley, 

2001) and Matlab R2014b co-simulation framework. 

MLE+ source code and BCVTB (Building Control 

Virtual Test Bed (Wetter, 2011)) are used to couple 

EnergyPlus and Matlab for co-simulation. ANN model-

based predictive controller is developed in Matlab and 

control action is provided for the occupied zone windows 

through “External Interface: Actuator” object of 

EnergyPlus. A two-layer feed-forward network with 

sigmoid hidden neurons and linear output neurons is used 

to create the ANN model. Outdoor dry bulb temperature, 
dew point temperature, thermal comfort variable (PMV 

(Predictive Mean Vote)), operative temperature, wind 

speed, and window opening schedule are used as input; 

cooling energy is used as target variable to train the ANN 

model. The Levenberg-Marquardt (Moré, 1978) 

backpropagation training algorithm is used to train the 

model. It is a network training function that updates 

weight and bias values. 

For the ANN training, input and target data mentioned 

previously is generated using EnergyPlus “Availability 

manager: Hybrid Ventilation” technique which allows the 

natural ventilation to happen when the outdoor 

environmental parameters are in favorable condition. For 

the hybrid ventilation technique minimum and maximum 

outdoor dry bulb temperature was set as 22℃ and 27℃ 

respectively as in the rule-based controller. 

Figure 5 shows the ANN architecture chosen to train the 

model. There are six input layers, one hidden layer 

containing ten neurons and one output layer. The number 

of neurons is selected considering the thumb rule that 

neurons in the hidden layer should be less than twice the 

number of input layers. Weights and biases are updated 

during the training process. 

 

Figure 5: ANN architecture 
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Figure 6: Performance analysis of ANN model 

Figure 6 shows the performance analysis of the ANN 

model. The figure shows that the validation error first 

decreases to 3 epochs and after that error on the validation 

set begins rising to 20 epochs because network begins to 

overfit the data. After 20 epochs error on the validation 
set decreases gradually and approaches to a minimum at 

85 epochs. Weights and biases are saved at a minimum of 

the validation set error which is used to test the model 

with testing data set. 

 

Figure 7: Testing and validation of the ANN network  

Figure 7 shows the regression plot which presents the 

relationship between the outputs of the network and 

targets. 70% of the data is used as training data for 

computing the gradient and updating the network weights 

and biases. Remaining 30% of the data is used for 

validation (15%) and testing (15%). It can be observed 

that R-values for the validation and testing data are 0.95 

and 0.94 respectively which show that the fitting model is 
in good agreement with the output data of the ANN model 

and target data. 

Once the ANN network is formed it is used as an objective 

function for the minimization of cooling energy, and 

maximizing thermal comfort. Since there is no explicit 

form of the equation between the input and output 

variables, traditional gradient-based search technique 

cannot be applied to optimize the function. As a result, a 

meta-heuristic search technique, PSO is used for the quick 

and robust search of the decision space, and to find a near-

optimal solution. The mathematical formulation of the 

optimization framework can be given as: 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒: 𝑍 = 𝐸(𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑒𝑛𝑒𝑟𝑔𝑦) 

subject to 

𝑊𝑖𝑛𝑑𝑜𝑤 𝑜𝑝𝑒𝑛𝑖𝑛𝑔: 𝐼 = {0,1} 

𝑊𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑 < 7.5 𝑚/𝑠 

𝐷𝑒𝑤 𝑝𝑜𝑖𝑛𝑡 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 ≤ 13.5℃ 

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑣𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 ∈  [23℃   27℃] 

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑚𝑓𝑜𝑟𝑡 (𝑃𝑀𝑉) ∈  [−0.5  + 0.5] 

 

Figure 8: EnergyPlus Matlab co-simulation  

Figure 8 shows the EnergyPlus Matlab co-simulation 
framework to implement the ANN model-based 

predictive controller. The figure shows that at first 

EnergyPlus starts simulation with the initial value and 

specified output of EnergyPlus is sent to Matlab for the 

optimization problem. After the optimization optimal 

solution (i.e., window opening position, and zone set-

point) is sent to the external interface of EnergyPlus for 

the simulation of the next time step.   
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Simulation results 

Comparison of window opening schedule determined 

by rule-based and ANN model 

 

Figure 9: Window opening schedule predicted by simple 

rule-based and ANN model 

Figure 9 shows the windows opening schedule predicted 
by simple rule-based and ANN model. The figure shows 

that ANN-based model predictive controller provides the 

open signal to the windows by minimizing the objective 

function especially during early morning and late night 

whereas, rule-based limits the opening of the windows 

because of its threshold temperature limit, i.e., between 

22℃ to 27℃ at the same time.  

Comparison of average building operative 

temperature predicted by rule-based and ANN model 

 

Figure 10: Average building operative temperature 

predicted by rule-based and ANN model control 

Figure 10 shows the average building operative 

temperature predicted by the rule-based and ANN model 

controller. It can be observed that operative temperature 

predicted by both rule-based and ANN model controller 
falls in the range of acceptable thermal comfort 

temperature band. Operative temperature predicted by the 

ANN model tends towards the cooler side than that of 

predicted by the rule-based model during the night. This 

is because the ANN model opens the windows during the 

night, whereas, the rule-based model keeps it close. On 

day 5, operative temperature predicted by ANN model 

overshoots the thermal comfort band, this happens 

because ANN controller opens the window during noon 

(Figure 9) when the outdoor dry bulb temperature is 

beyond the acceptable mixed-mode operation criteria. 
Thermal comfort band is decided according to the IMAC 

(India Model of Adaptive Thermal Comfort) (Manu, 

2016) for mixed-mode buildings and can be written as: 

 𝑇𝑐𝑜𝑚𝑓𝑜𝑟𝑡 = 0.31𝑇𝑎,𝑜𝑢𝑡 + 17.8℃            (1) 

Where 𝑇𝑎,𝑜𝑢𝑡 is the 30 day running outdoor dry bulb 

temperature. Ranges for 90% and 85% acceptability are 

𝑇𝑐𝑜𝑚𝑓𝑜𝑟𝑡 ± 3.5℃ and 𝑇𝑐𝑜𝑚𝑓𝑜𝑟𝑡 ± 4.5℃ respectively.         

Comparison of Exceedance metric between rule-

based and ANN model-based predictive controller   

Exceedance is calculated using the 𝑇𝑐𝑜𝑚𝑓𝑜𝑟𝑡 ± 3.5℃ 

(90% acceptability of thermal comfort temperature) and 

can be represented as 

 

 

 

𝐸𝑥𝑐𝑒𝑒𝑑𝑎𝑛𝑐𝑒  =

∑

𝑛𝑖 𝑖𝑓 𝑇𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑣𝑒 ∉ [
𝑇𝑐𝑜𝑚𝑓𝑜𝑟𝑡 + 3.5 ℃  

𝑇𝑐𝑜𝑚𝑓𝑜𝑟𝑡 − 3.5 ℃
]

0 𝑖𝑓 𝑇𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑣𝑒  ∈ [
𝑇𝑐𝑜𝑚𝑓𝑜𝑟𝑡 + 3.5 ℃  

𝑇𝑐𝑜𝑚𝑓𝑜𝑟𝑡 − 3.5 ℃
]

𝑎𝑙𝑙 ℎ𝑜𝑢𝑟𝑠
𝑖=0

∑ 𝑛𝑖
𝑎𝑙𝑙 ℎ𝑜𝑢𝑟𝑠
𝑖=0

 

 

 

(2) 

Where 𝑛𝑖 is the number of occupants present for a given 

hour. Exceedance metric weights the hours of exceedance 

by their occupancy and can be calculated using outputs 

from PMV/PPD and adaptive thermal comfort models 

(Borgeson, 2011). In the adaptive thermal comfort model 

comfort temperature is a point and it is possible that 

operative temperature calculated by EnergyPlus never 

attain the specific comfort temperature point. That is why 

the range is required in case of adaptive thermal comfort 
models for exceedance calculation as presented in eq. (2). 

 

Figure 11: comparison of exceedance predicted by rule-

based and ANN model 

Figure 11 shows the exceedance calculated using the rule-

based and ANN model predicted operative temperature. It 

can be observed that the ANN model has less exceedance 

value compared to a rule-based model which signifies 

better occupant thermal satisfaction. As the number of 

hours with the operative temperature outside the thermal 
comfort band increases, exceedance value increases. 

Figure 10 shows that for first four-day operative 

temperature predicted by the ANN model lies most of the 

time within thermal comfort band that is why ANN model 

has less exceedance value. Whereas, operative 

temperature predicted by the rule-based model goes 

beyond the thermal comfort band during the occupied 

period which leads to higher exceedance value. On day 

Time 1:00 2:00 3:00 4:00 5:00 6:00 7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00 0:00

RB 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0

ANN 1 1 1 0 1 1 1 1 1 1 0 0 0 0 0 1 1 0 0 1 1 1 1 1

RB 0 0 0 0 0 0 0 1 1 1 0 0 1 1 1 1 1 1 1 1 1 0 0 0

ANN 1 1 1 0 1 1 0 0 1 1 1 0 0 0 1 1 1 1 0 0 1 1 1 1

RB 0 0 0 0 0 0 0 1 1 1 0 0 0 1 1 1 1 1 1 1 1 1 1 0

ANN 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 0 0 1 1 1 1

RB 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 0

ANN 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 1 1 0 1 1 1

RB 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 1 1 1 1 0 0 0

ANN 1 1 1 1 1 0 1 1 1 1 1 1 0 0 0 0 0 0 0 1 1 1 1 1
Day 5

Day 1

Day 2

Day 3

Day 4
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five operative temperature predicted by the ANN model 

is higher compared to that predicted by the rule-based 

model and goes beyond the thermal comfort band (Figure 

10). This causes the exceedance value predicted by the 

ANN model to surpass the exceedance value predicted by 

the rule-based model on day five (Figure 11). The reason 

behind this anomaly could be the high air velocity during 

the afternoon. Optimization function seeing the high air 

velocity opens the window to minimize the cooling 

energy. 

Comparison of cooling energy predicted by rule-

based and ANN model 

Figure 12 shows the building cooling energy consumption 

pattern along with the window opening schedule for the 

ANN model. It can be observed that when the window 

remains open, cooling energy drops compared to its 

closed position. Low energy consumption is observed 

during the window open position because of the increased 

set-point temperature of the thermally occupied zones. 

Thermostat set-point temperature of the thermally 

occupied zones is determined by the solution of the 

optimization problem by keeping the zone operative 
temperature between 26℃ and 24℃ for the window open 

and closed position respectively. 

 
Figure 12: Cooling energy consumption with window 

opening schedule 

Figure 13 shows the cooling energy comparison predicted 

by rule-based and ANN model. The figure shows that 

cooling energy predicted by the rule-based model is 

higher than that of predicted by the ANN model for the 

simulation period. Initially, the percentage difference 

between the energy consumption predicted by both the 

models (rule-based and ANN model) is higher, but it 

gradually decreases with time. For day one cooling energy 
saving is highest (42.7%) because constraint rules force 

the rule-based model to give a close signal to windows 

during the night when the advantage of outdoor 

environment could be taken whereas, ANN model, by 

minimizing the cooling energy provides an open signal to 

windows to take advantage of the outdoor environment. 

For day two, three and four, the percentage of cooling 

energy savings are 26.6%, 28.5%, and 21% respectively. 

The cause of a significant drop in energy savings 

compared to day one is the outdoor dry bulb temperature. 

For day one dry bulb temperature is low (Figure 4) 

compared to the other days. Due to low dry bulb 

temperature sensible cooling load is low and 

consecutively there is less energy consumption. For day 

two, three and four outdoor dry bulb temperature is higher 

compared to day one which causes higher sensible 

cooling load, and therefore there are less energy savings. 

For day five, the percentage difference between cooling 

energy predicted by rule-based and ANN model is lowest 

(11%) because ANN model provides an open signal to the 

window, during the afternoon when the outdoor 
environment lies outside the thermal comfort band.  

 

Figure 13: Cooling energy comparison predicted by 

rule-based and ANN model 

Conclusions 

This paper presents a comparative performance analysis 

of ANN-based model predictive control and rule-based 

control for implementing the mixed-mode strategies for a 

prototype building. The optimal control sequences (binary 

windows open/close) and zone set-point temperature for 

occupied zones are generated through PSO. Windows 
operation schedules are significantly different from that 

generated by rules-based control which helps in 

improving thermal comfort and saving cooling energy. 

The proposed ANN-based method allows simulation of 

optimally controlled sequences in consideration of both 

energy optimization and comfort maintenance and 

provides insights into the relevance of different windows 

operation schedules. The following conclusion can be 

drawn from the simulation results: 

 Rule-based controller predicts a lesser night window 

opening schedule compared to the ANN model 

because of the strict rule of actuating the windows 

within the dry bulb temperature band of 22℃ to 27℃. 

However, the ANN model provides an open signal to 

windows by minimizing cooling energy consumption.  

 Building average operative temperature predicted by 

ANN model lies within the 90% acceptability limit of 

adaptive thermal comfort band for most of the time of 

simulation period whereas, operative temperature 

predicted by rule-based model crosses the 90% 
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acceptable thermal comfort band during afternoon 

hours on each day of the simulation period.  

 To access the comfort level over the time predicted by 

both the models, exceedance is calculated. 

Exceedance value predicted by the ANN-based model 

predictive control is lower than that predicted by the 

rule-based control. So it can be concluded that the 

ANN-based model provides better thermal comfort. 

 Comparison of cooling energy consumption predicted 

by both the model show that ANN predicts lower 

cooling energy consumption compared to the rule-

based model, and minimum and maximum cooling 

energy savings for the simulation period are 11% and 

42.7% respectively. 
Efforts in this study are focused on developing a 

simplified ANN-PSO based framework to facilitate the 

implementation of mixed-mode operation strategies in 

multi-zone buildings. Furthermore, the proposed method 

may help in implementing the mixed-mode strategies 

efficiently in the real-time controller.  

Nomenclature 

𝑇𝑐𝑜𝑚𝑓𝑜𝑟𝑡   Comfort temperature (℃) 

𝑇𝑎,𝑜𝑢𝑡   30 day outdoor running mean air 

temperature (℃) 

𝑇𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑣𝑒   Operative temperature (℃) 

𝑛𝑖   Number of occupants  

𝐼 Integer  

𝐸 Cooling energy function 

𝑍 Objective function 

AHU Air Handling Unit 

ANN Artificial Neural Network  

BCVTB Building Control Virtual Test Bed  

HVAC Heating Ventilation and Air 

Conditioning  

ISHRAE Indian Society of Heating Refrigerating 

and Air Conditioning Engineers 

PMV Predicted Mean Vote 

PPD Predicted Percent Dissatisfied 

VAV Variable Air Volume 
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Abstract 

This paper presents a comparative study among well-

established simulation tools showing their capabilities 

evaluating complex fenestration systems in terms of 

thermal and daylight performance. Two powerful and 

flexible toolchain approaches based on EnergyPlus and 

TRNSYS including third-party software are analysed in 

detail and their application is shown on exemplarily test 

cases. By investing into comparative simulations, 

capabilities of both toolchains are highlighted, and pros 

and cons are discussed within this paper. Upon 

comparison with measured data, the ability of both 

toolchains to predict real case scenarios is shown. 

Satisfying alignment has been achieved in energy 

performance prediction (cooling loads, temperatures) as 

well as daylighting prediction (illuminance levels). 

Remaining uncertainties reflects the sensibility in used 

model definitions, used data as well as tool handling. 

 

Introduction 

The role of CFS modelling  

Trends in implementing complex fenestration systems 

(CFS) in the modern architecture of non-residential 

buildings are driving the need for improved methods and 

validated tools for planning and engineering purposes. 

Especially for highly glazed building facades, the detailed 

modelling of CFS plays a major role in enabling reliable 

simulations for thermal and daylighting performance 

predictions as well as for comfort evaluation.  

Models development to evaluate CFS within building 

energy simulation tools has increased significantly in 

recent years (Kirimtat et al. 2016). Although the number 

of tools is increasing, workflows including important 

aspects like high modelling flexibility, usability and 

efficient runtime while preserving detailed results are still 

rarely available – particularly in the field of CFS 

modelling (Loonen et al. 2016). 

Numerous case studies are published in literature, 

examining the potential of CFS under various climate 

conditions and room scenarios (Gong et al. 2016; Santos 

et al. 2018; Bustamante et al. 2015). However, clear and 

proved workflows in how to gain the required model 

information as well as how to setup a simulation model 

for a coupled thermal and daylighting analyse of complex 

facades are still rare. 

At the same time the utilization of daylight in buildings 

has gained a significant relevance in reducing the 

electrical energy demand for artificial lighting as well as 

optimizing the overall energy demand for heating and 

cooling (Pyonchan et al. 2009), besides the fundamental 

role in internationally renown certification protocols such 

as LEED, BREEAM, and WELL. Evaluating building 

façade systems in the early stage of design is crucial in 

order to meet low energy requirements and highest 

comfort levels in the operation. 

 

Overview on simulation tools for CFS evaluation 

The challenge tackled in this paper is to define a reliable 

workflow to evaluate the performance of CFS. Nowadays, 

several simulation tools exist to perform dynamic energy 

and daylighting simulations for CFS. These tools rely on 

complex models, which require deep knowledge and 

simulation skills by the user and often do not offer a co-

simulation environment. Moreover, either for the part of 

daylight simulation as well as the part of thermal 

simulation of CFS, simplifications are made in the 

modelling to enable a numerical representation with a 

reasonable effort in providing input data, model setup and 

simulation runtime.  

For this reason, the use of a trustworthy procedure to 

simulate CFS and the awareness of the likely error that 

could occur by using such detailed models are essential 

for a conscious design of energy efficient buildings. In 

(Loonen et al. 2016) the current status, requirements and 

opportunities on evaluating adaptive facades with the 

most powerful and validated simulation tools 

(EnergyPlus, ESP-r, IDA-ICE, IES VE and TRNSYS) are 

shown. Based on this work, two of the mentioned 

software packages have been analyzed checking their 

capabilities from the point of view of a coupled energy 

and daylight evaluation of CFS.  

In the last years, several widely used building simulation 

tools have extended their ability to perform coupled 

daylight and thermal evaluations for CFS based on 

Radiance Three-Phase Method (3PM) (Saxena et al. 

2010) and the ISO15099 standard (EN ISO 15099). Even 

though most of the methods claim to enable an integrated 

approach to increase the overall efficiency concerning 

daylight and energery-related aspects, just few of them 

allow timestep-based feedback loops between the thermal 

and daylight simulation routine. However, this is a crucial 

aspect to design comfortable and efficient buildings, e.g. 
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for developing improved control strategies and 

optimizing thermal and visual aspects of a complex 

façade systems in detail. 

For the EnergyPlus simulation kernel, serveral graphical 

user interfaces (GUIs) exist, most of them open source 

and non-commercial. The probably most widely used is 

OpenStudio (v.2.7), which enables an energy-, daylight- 

and glare evaluation of CFS using the 3PM (Guglielmetti 

2015). Nevertheless, the functionality for CFS is limited 

because it does not allow to insert user-defined bi-

directional scattering distribution functions (BSDFs) for 

thermal and daylight calculations as well as no adaptive 

shading states according to daylight and thermal 

conditions. Instead of a timestep-based coupling, 

OpenStudio precalculates annual illuminance schedules 

for each window group (windows, which are equally 

controlled) as well as for the control of a simplified 

shading (Fc-factor). In this sense, a powerful and flexible 

approach is connecting EnergyPlus via using the 

Grashopper plugins Ladybug and Honeybee with 

Rhinoceros. Beside the Radiance Five-Phase Method 

(Lee et al. 2018) it also enables userdefined BSDFs for 

the thermal and daylight calculation. However, a 

compiled energy and daylight optimization on timestep 

basis is still not implemented. 

IDA ICE (version 4.7 and higher) allows the simplified 

calculation of daylight factors and illuminance values for 

several thermal zones, userdefined sensor grids as well as 

different sky models. By (Karlsen et al. 2015) a method is 

presented to couple IDA ICE with Radiance using the 

3PM. Nevertheless, a timestep-based coupling between 

thermal and daylight evaluation is also still not possible. 

IES VE and ESP-r enable simplfied daylight calculations 

based on the radiosity method as well as rayracing 

technique by using Radiance. Also there, the integrated 

daylight module is rather for calculating the daylight-

responding artifical light demand instead of detailed 

coupled simulations. Algorithms for detailed CFS 

analysis are not included. 

TRNSYS involves since version 18 additional daylighting 

functionalities within Type56 using Daysim. Additionally 

it enables a detailed thermal modelling of the CFS using 

the latest model implementations based on a combination 

of bidirectional scattering distribution functions (BSDFs) 

and the ISO15099 standard (Hiller and Schöttl 2014). The 

Grasshopper-based platform TRNLizard enables 

parametric modelling with a focus on coupled thermal and 

daylight analysis (Frenzel and Hiller 2014). 

Nevertheless, also in Type56 daylight calculations are 

primarily used for calculating the daylight-responding 

artificial light demand as well as enabling dynamic 

shading strategies based on a simplified Fc-factor.  

To perform a compiled thermal and daylight analysis of 

CFS, the Artlight routine was developed and implemented 

as a new TRNSYS-Type (Hauer and Geisler-Moroder 

2017). Artlight showed first and with success the 

capability of a time-step based coupling of thermal and 

daylight simulations. In combination with the new 

Type56-BSDF model, TRNSYS with Artlight enables an 

accurate evaluation of shading elements and daylight 

redirecting components in terms of visual and thermal 

performance, paired with the development of enhanced 

control strategies. 

A major reason that most tools come up with a  scheduled 

model input instead of instantaneous timestep coupling is 

due to time and data intensive simulation effort, as the  

3PM workflow has to be executed at least once within 

each simulation timestep. The loss in flexibility by 

precalculated illuminance values and shading states has to 

be accepted thereby.  

 

Toolchain approach for coupled thermal and daylight 

evaluation of CFS 

Among all tools which underwent screening , EnergyPlus 

and TRNSYS are the tools, which are most widely used 

and provide the necessary functionalities to perform a 

coupled thermal and daylight evaluation. Based on these 

tools, two toolchain workflows have been defined starting 

from the shared geometry platform Rhinoceros. The free 

available Grasshopper plugins Ladybug and Honeybee 

connect EnergyPlus and Radiance, while TRNLizard in 

combination with Artlight connects TRNSYS with 

Radiance. The geometrical modeling is done in 

Grashoopper, the model set up as well as the transition 

into the simulation input files to perform the simulations 

in EnergyPlus (*.idf) and TRNSYS (*.d18, *.b18) has 

been implemented via Grashopper. 

 

Figure 1: Toolchain workflow for evaluating CFS 

 

Simulation workflows 

In the following subsections, the modelling capabilities of 

the tools involved in both toolchains are explained in 

detail and compared. Moreover, the thermal-daylighting 

interaction capabilities are discussed. 
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Toolchain 1: Rhinoceros – TRNLizard/Artlight - 

TRNSYS 

Since TRNSYS18, a free plug-in for Grasshopper named 

TRNLizard is released, which allows to perform 

parametric thermal and daylight simulations based on a 

3D-geometry in Rhinoceros. It combines the advantages 

of the parametric architecture from Grasshopper tools 

with the powerful solving engine of TRNSYS kernel. The 

modular structure of TRNLizard provides a greater 

flexibility compared to the classical Simulation Studio 

interface. Starting from a pre-defined template for single- 

or multizone simulation, it also allows to include user-

defined components (Types). Within this tool 

comparison, Rhinoceros is used as geometrical platform 

to setup the geometrical model and the TRNLizard plug-

in is used to setup the energy model for the thermal 

simulation. For this study, Artlight was implemented as 

user-defined component in TRNLizard. 

 

With Artlight, a coupling of the thermal modelling in 

TRNSYS with the daylight modelling in Radiance is 

realised. The daylight simulation routine is based on the 

Radiance 3PM, while the detailed thermal modelling of 

the CFS is done using the latest model implementations 

in Type56 within TRNSYS 18. 

 

Artlight is linked with the radiation processor (Type15) 

for the environmental input data as well as with the 

multizone building model (Type56) for the coupled 

daylight and thermal modelling. The structure of the 

Artlight-routine is shown in Figure 2. 

 

 

Figure 2: Structure and input-output of Arlight 

Module 1 can either use the exported files from Type56 

or a manually created Radiance scenes to generate the 

view matrices and the daylight matrices. As a default, the 

daylight matrix is calculated using the Reinhart MF:4 

subdivision of the Tregenza sky (2306 patches). 

The view matrix has to be calculated separately for each 

window part and for each orientation. Using Radiance 

tools, a user-provided *.epw-file can be converted via the 

*.wea-file format into a sky matrix (*.smx). The BSDF 

data for the transmission matrix has to be provided 

separately for each window subdivision and sets of blind 

positions by the user. They can be generated with external 

tools (WINDOW7, genBSDF). 

 

To enable a fast calculation, all necessary matrix data to 

perform the daylight simulation has to be loaded into the 

RAM before the first simulation timestep. The data 

loading, caching and flexible storage (re-)allocation 

depending on the actual simulation setup is done in 

Module 2.  

 

𝑍 = [
1
. .

2306
]

𝑇

∗ [
1 145
. . . .

2306 . .
] ∗ [

1 145
. . . .
145 . .

] ∗ [
1 𝑠
. . . .
145 . .

]     (1) 

 

In Module 3, the whole 3PM matrix multiplication given 

in eq. (1) is processed in a repeating loop depending on 

the number of window (subdivisions) and façade 

orientations. As a result, the timestep-based illuminance 

and luminance values are analysed, if they achieve the 

given threshold criteria shown in eq. (2) and eq. (3). Index 

number “s” represents the number of sensor points. 

 

𝐼𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑛𝑐𝑒: [
∑ 𝐸𝑖
𝑠
𝑖=1

𝑠
≥ 500𝑙𝑥)]  

𝑡ℎ𝑒𝑛
→   𝑡𝑟𝑢𝑒       (2) 

 

 

𝐿𝑢𝑚𝑖𝑛𝑎𝑛𝑐𝑒: [∑(𝐿𝑠,𝑜 ≤

𝑠

𝑖=1

5000
𝑐𝑑

𝑚²
)]  

𝑡ℎ𝑒𝑛
→   𝑡𝑟𝑢𝑒   (3) 

 

Different implemented control strategies further allow 

running the coupled simulation either focussing on 

thermal optimization or daylight optimization of the 

situation in the room. 

 

Toolchain 2: Rhinoceros –Honeybee – Energy Plus 

Honeybee[+] is an improved version of Honeybee legacy, 

which allows an extensive analysis of daylighting 

performances of CFS. In fact, the tool includes several 

matrix methods of Radiance (Subramaniam, 2017), and 

allows to employ BSDF with different resolutions (i.e. 

Klems and Tensor-tree) as well as a 3D geometry of the 

shading device. Honeybee[+] offers a default control 

strategy based on interior illuminance level, either global 

or direct. Other controls can be defined by modifying the 

python code of the dynBlindSchd component, but this 

requires a coding capability by the user. Alternatively, a 

csv file with the shading configuration can be addressed.  

Concerning the thermal modelling, even if EnergyPlus 

allows for analysis of CFS by means of ISO15099 

coupled with BSDFs for the optical part, it is not possible 

to directly use this module in the Honeybee components.  

 

A customization of the idf file is required to import the 

BSDF into Honybee and activate the Complex 

Fenestration State object. This procedure includes two 

steps: 

1. From the idf file containing the BSDFs and the other 

fenestration system information, the section 

Construction:ComplexFenestrationState has to be 

extracted, and connected as EPconstruction to the 

window component.  
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2. The remaining information in the idf file has to be set 

as additionalString input to the runEnergySimulation 

component.  

 

The control of the “Complex Fenestration State” can be 

done through the EMS (Energy Management System) 

object within EnergyPlus. Nevertheless, the EMS has not 

been yet implemented in Honeybee, this lack limits the 

applicability of the tool for dynamic CFS that require 

BSDF data to be characterized. If standard shading 

systems are employed (i.e. venetian blind, roller shade, 

performed mesh and switchable glazing), the several 

shading control types of EnergyPlus can be set in the 

EPWindowShades component. 

 

An interaction between thermal and daylighting physics 

is not possible during simulation run-time. Information is 

shared as schedule after one of the simulations has 

completed. In particular, energy and daylighting 

simulations can share schedules for the shading activation 

and daylight-responding artificial light demand. In this 

sense, Honeybee is user-friendly since the user is not 

required to manipulate or post-process the data from one 

simulation to the other. 

Nevertheless, this functionality prevents the possibility to 

define multi-objective control strategies that involve 

simultaneously thermal and daylighting parameters, such 

as interior air temperature and illuminance values.  

 

Simulation test cases 

In this section, the simulation test cases are described. To 

check both toolchain approaches against each other, two 

major comparative settings have been defined: (1) on a 

theoretical basis with a shared geometry model and (2) an 

individual comparison of both toolchain workflows 

against measured data. 

 

Geometry model: PASSYS cell 

For the theoretical model comparison, a geometrical box 

model representing the PASSYS outdoor test stand at 

University of Innsbruck (ref. Figure 3) has been 

implemented in the toolchains and used for the 

comparison against real-case measurements. The test 

façade is characterised by a daylight redirecting system.  

 

The geometry represents an office box with the 

dimensions of 4.98 m x 2.77 m x 2.73 m. The south-

oriented façade involves three façade areas (FA) 

including an opaque part (FA1) and two transparent 

façade parts in the middle (FA2) and the top (FA3) of the 

facade. Both parts can be equipped with different shading 

systems and can be also controlled independently.  

 
Figure 3: Sketch of the PASSYS test cell model in Rhinoceros 

 

Theoretical comparison 

For the theoretical comparison of both proposed 

simulation toolchains, the PASSYS box was modelled 

with constructions for walls, roof and ceiling based on 

theoretical values from literature. All surfaces are 

modelled with external boundary conditions (wind and 

sun exposed) except the backside wall, which is modelled 

adiabatic towards the adjacent service room. Other 

settings like ventilation, infiltration and internal gains 

have been not modelled in order to reduce modelling 

influences. Heating and cooling set points are set 

constantly to 20°C respectively 26°C. For the simulated 

location of Innsbruck, the EnergyPlus weather file 

(*.epw) from EnergyPlus website is used. 

 

Measurement comparison 

For the real case comparison, monitoring data from the 

PASSYS outdoor test stand from two separated test 

phases, including a shaded and non-shaded façade setting, 

are used. Climatic data is available in a 3-minute interval 

from the weather station on site including ambient dry 

bulb temperature and incident radiation in horizontal and 

vertical (south) orientation – separated into a direct and 

diffuse component.  

 
Figure 4: Sensors installed in the PASSYS cell envelope 
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For the thermal model comparison monitoring data is 

evaluated for inside and outside surface temperatures of 

walls, floor and roof, room (ref. Figure 4), air 

temperatures in 3 different height levels as well as power 

loads for heating, cooling and internal gains.  

For the daylighting comparison, two horizontal 

illuminance sensors positioned along the centreline of the 

room towards the room depth with 1.5 m (near) and 4 m 

(far) distance from the façade installed.  

 

Installed test façade 

During the monitoring phase, a closed cavity façade with 

two separate venetian blind systems (ref. Figure 5) was 

installed in between of an impingement glazing and a  

3-pane insulation glazing unit towards inside. 

 

 

 
Figure 5: Installed monitoring facade at PASSYS-cell 

 

The measurements dataset used for the comparison refers 

to two façade configurations. In the configuration nr. 1, 

the facade is not shaded (retracted blinds in FA2 and 

FA3). For configuration nr. 2 the façade shading system 

is deployed: FA2 is equipped with a downwards curved, 

diffuse shading blind, FA3 is equipped with an upwards 

curved, highly-reflective blind forcing specular daylight 

reflection towards the depth of the room.  

 
Table 1: Monitoring facade setup (WINDOW7) 

 

Pos ID Name mm 

1 65009 Float glass 7.7 

2  Air & 

System 

80.0 

3 65010 Float glass 

(with lowE) 

8.8 

 9 Argon/Air 

(90%/10%) 

16.0 

4 65011 Float glass 3.8 

 9 Argon/Air 

(90%/10%) 

16.0 

5 65010 Float glass 

(with lowE) 

5.8 

 

 

 

Simulation model setup 

In this section, the detailed setup of the façade model 

within both simulation toolchains is described as well as 

the fit of the thermal cell model to match the real-case 

situation of the PASSYS cell. 

Facade modelling 

For the detailed thermal modelling of CFS within the 

multizone building model, both investigated toolchain 

workflows use similar procedures. The standard window 

model in TRNSYS bases on a one-dimensional angular 

dependent value for transmission, reflection and 

absorption. TRNSYS 18 comes up with a new CFS model 

based on BSDF and ISO15099 (Hiller und Schöttl 2014), 

which enables a detailed modelling of the multiple 

scattered reflection and transmission especially in case of 

specular daylighting systems. 

  

In both TRNSYS and EnergyPlus, the modelling is 

separated into shortwave radiation modelling by the  

pre-calculated BSDF data and the interrelated longwave 

radiation modelling according to algorithms defined in the 

ISO15099. This standard is currently the most 

comprehensive and widely-used modelling standard for 

complex glazing systems incorporating blinds. 

 

To gather the system data for the model definition in 

TRNSYS and EnergyPlus, WINDOW7 was used as third-

party and free-to-use tool from LBNL as a shared data 

base to describe the optical glazing properties, using 

entries from the IGDB (ref. Table 1). For modelling the 

shading blinds in detail, the genBSDF tool within 

Radiance was used to simulate a Klems BSDF based on 

Geometry and Material description of the blind (ref. Table 

2). 

 

By importing the created BSDF into WINDOW7 as user 

defined shading layer, an overall system BSDF was 

created by combining it with the glazing layers.  

 
Table 2: Specification of used blind systems 

Parameter System - FA2 System – FA3 

width 60 mm 60 mm 

spacing 52 mm 34 mm 

rise 4.6 mm 6 mm 

εfront 0.88 0.04 

εback 0.88 0.88 

materialfront RAL9016 Miro3 

materialback RAL9016 RAL9016 

 

PASSYS cell model fit to measured data 

In order to calibrate the theoretical model with the real 

PASSYS cell, a measurement period of two weeks 

(calibration phase) was used to match the construction 

setup with the real conditions. By using GenOpt, the 

thicknesses of the different construction layers were 

varied by using the measured room temperature as target 

function for the optimization process. By this, the overall 
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U-value of the envelope as well as their thermal 

capacitance were adjusted to minimize the difference.  

 

The boundary conditions of the PASSYS cell were 

measured over a period of two weeks (4th of January 2016 

to 18th January 2016). The parameter identification 

problem optimizes the root mean squared value of the 

overall difference between measured data (ref. Figure 4 

with inside surface temperature of 5 envelope surfaces 

and air temperature) and simulated data. 

 

For building performance, the analysis error can be 

defined as shown in equation (4) by the difference 

between a predicted value and a measured value. In the 

present case, the error is calculated for summation of the 

indoor air temperature and inside surfaces temperature 

averaged in the test room. 

 

𝑅𝑀𝑆𝐷 = √
∑ (𝑚𝑎𝑖−𝑠𝑎𝑖)

2+∑ ∑ (𝑚𝑠𝑗𝑖−𝑠𝑠𝑗𝑖)
25

𝑗=1
𝑛
𝑖=1

𝑛
𝑖=1

𝑛
 (4) 

 

𝑚𝑎𝑖 = measured air temperature  

𝑠𝑎𝑖 = simulated air temperature value  

𝑚𝑠𝑗𝑖 = measured inside surface temperature for different 

wall orientations 

𝑠𝑠𝑗𝑖 = simulated inside surface temperature for different 

wall orientations 

 

To solve the parameter identification, hybrid generalized 

pattern search algorithm with particle swarm optimization 

algorithm was used. Using this algorithm, the cost 

function mentioned in the previous section was 

parametrized. 

 

The parametric identification of this model reduces the 

thermal capacitance of air by 20%. On the other hand, 

insulation thickness of the insulation material was 

decreased on most of the wall except the ceiling. The 

upper bound of the ceiling thickness is 0.4 m in the 

literature and reached the peak at the end of the 

optimization process. This is because the ceiling was 

entirely exposed to solar radiation of the PASSYS-cell 

assuming that heat gain through ceiling was greater 

compared to the other wall constructions. Wall to service 

and floor experiences the maximum decrement in terms 

of thickness of the insulation layer, almost 50% in both 

cases. As the PASSYS cell is lifted above from the ground 

by pillows, the outside surface of the floor is not in contact 

with the ground. Besides, thickness of concrete layers 

with high thermal mass have been also decreased to 

reduce the overall thermal capacitance of the model. 

 

After the optimization process a cross-check period was 

used to validate the optimized model. The correspondence 

between measured and simulated room air temperature for 

the cross-check period reached a remaining root mean 

square deviation of 0.98 K. 

 

 

Simulation results and analysis  

In the following subsection, the comparison between the 

theoretical model of both toolchain approaches and the 

comparison of the simulation results with measured data 

are reported. 

Theoretical model results 

In a first step, both toolchain approaches are tested based 

on the theoretical PASSYS settings, using the literature 

values for the construction layers. Also, for the façade 

model setup, the same set of data was used according to 

the description in the previous chapter. 

 

Two cases have been evaluated: for case 1, the theoretical 

PASSYS model was modelled using external boundary 

conditions for all walls (except the northern wall, which 

is adjacent to a service room). Beside this, the convective 

heat transfer coefficients for all surfaces (inside and 

outside) are calculated in EnergyPlus and used as input in 

TRNSYS. Physical parameters like solar absorption and 

longwave emissivity are set equally.  

 
Table 3. Case 1 - Ideal heating and cooling loads 

 Case 1 EnergyPlus TRNSYS 

  heating cooling heating cooling 

Wh/m2 10340.3 8646.59 12725.56 10461.29 

 rel. dev. 20.68% 18.99% 
  

 

For case 1, the results show significant differences of 

20.68 % for heating and 18.99 % for the cooling energy 

demand between both toolchains. TRNSYS estimates 

clearly higher demand compared to EnergyPlus. 

To improve this relevant deviation, in case 2 the surface 

outside temperatures of all outdoor walls (except the 

south façade) – calculated by EnergyPlus - have been used 

as temperature boundary condition input for the external 

walls in TRNSYS. By this approach, the differences in the 

results between both tools have been reduced significantly 

for the heating demand to 5.29 % and for the cooling 

demand to 0.54 %. Therefore, the model setting of case 2 

is used for further theoretical analysis. 

 
Table 4. Case 2 - Ideal heating and cooling loads 

 Case 2 EnergyPlus TRNSYS 

  heating cooling heating cooling 

Wh/m2 10272.06 8646.60 10833.02 8601.29 

 rel. dev. 5.29% 0.54% 
  

 

For case 2, Figure 6 shows the match for the free-floating 

room temperature between both toolchain approaches. In 

a yearly trend, slightly higher deviations have been shown 

in winter months (October – March). In general, the value 

for the rRMSE based on a yearly simulation is 4.72 %. 

Beside the room air temperature, also the operative room 

air temperature corresponds well between both tools. 
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Figure 6: Comparison of sensitive room air temperature 

 

A similar comparison between both toolchain approaches 

is shown in Figure 7 for the resulting inside surface 

temperature of the glazed façade. Except of some 

particular higher deviations, the rRMSE based on the 

yearly simulation result is again low with 4.78 %.  

For this comparison, in EnergyPlus the spectral window 

model is used, while in TRNSYS the new Type56 BSDF 

model is used. Switching in TRNSYS to the DOE-model 

caused higher deviations in the results.  

 

 
Figure 7: Comparison of inside glazing surface temperatures 

for the glazed situation 

In Table 5 minimum, maximum and mean values are 

shown for the inside glazing surface temperature. For the 

case without blinds, FA2 and FA3 shows identical results 

through the same setting. The mean values correspond 

well between both toolchain approaches with 0.1°C.  

Also, the differences for the maximum and minimum 

value lower than 1°C. 

 
Table 5: Statistical values for the glazed situation of the 

theoretical model comparison 

  EnergyPlus TRNSYS 

  FA2 FA3 FA2 FA3 

Max [°C] 31.31 31.31 32.15 32.15 

Min [°C] 16.93 16.93 16.69 16.69 

Mean [°C] 22.75 22.75 22.65 22.65 

 

For the comparative case with blinds in both façade areas, 

the correspondence of the inside glazing surface 

temperature between both toolchain approaches is shown 

in Table 5 and Figure 8. Both tools are using the integrated 

BSDF model including the ISO15099 standard for the 

complex glazing modelling. EnergyPlus shows slightly 

higher temperatures in this case then TRNSYS. 

 

 

Figure 8: Comparison of inside glazing surface temperatures 

for the shaded situation 

The maximal and minimal temperature between both 

toolchain approaches differs now up to 2°C for both 

façade parts. Nevertheless, the mean temperature value is 

within 0.5°C difference. Also the rRMSE for both blind 

parts are low with 5.26 % respectively 3.98 %.  

 
Table 6: Statistical values for the shaded situation of the 

theoretical model comparison 

  EnergyPlus TRNSYS 

  FA2 FA3 FA2 FA3 

Max [°C] 32.80 37.49 30.88 35.96 

Min [°C] 16.76 16.74 17.61 17.64 

Mean [°C] 23.18 23.80 22.81 23.45 
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For the theoretical model comparison, hourly illuminance 

values calculated by Artlight (TRNSYS) and Honeybee 

(EnergyPlus) are compared. As both algorithms base on 

the Radiance 3PM and use the same input matrices (SMX, 

DMX, BSDF, VMX), similar results have to be expected. 

As shown in Figure 9, the daily profile for the 1st of 

January and for the shaded situation shows a perfect 

correspondence of the results. 

 

 
Figure 9: Comparison of illuminance results for the shaded 

situation 

 

Comparison against measured data 

For the comparison against measurement, the box model 

of the PASSYS cell from the previous theoretical 

comparison was overtaken. The box was again modelled 

with outside surface temperature as boundary condition. 

In particular, the measured outside surface wall 

temperatures from the monitoring phase were used, which 

also corresponds to the model setup during the 

optimisation process. The south wall including the testing 

façade had to be modelled as external wall including solar 

radiation and temperatures. 

 

The radiation measurements were available for the global 

and diffuse part on the horizontal (situated next to the 

PASSYS cell) as well as on the vertical (directly next to 

the measuring façade). EnergyPlus radiation input mode 

is restricted only to the horizontal one (direct-normal, 

diffuse), while TRNSYS allows to use vertical measured 

radiation data (global, diffuse) as input for Type56. 

EnergyPlus is using the Perez model to calculate the 

vertical radiation, while for TRNSYS directly the vertical 

measured radiation is used. In Figure 10, a comparison of 

the global radiation measured in the façade compared to 

the calculated one by EnergyPlus is reported. It shows a 

reasonable accordance for the comparative purpose with 

an rRMSE of 4.18% for the measurement period 1 

(without blinds).  

 

 

Figure 10: Comparison of the solar radiation input for the test-

facade 

Also for the comparison with the measurements, a case 

without shading (gathered blinds) and a case with active 

shading (e.g. FA2: shading blinds with 0°, FA3: 

redirecting blinds with 0°) has been analysed. In Figure 

11 the total transmitted solar radiation values through 

both façade areas are compared. TRNSYS shows slightly 

higher transmittance values in the morning and evening 

hours, while the daily peaks correspond well.  

 

 

Figure 11: Transmitted solar radiation for the glazed situation 

In Figure 12 the same comparison is shown for the total 

solar transmission in the case with blinds. Significant 

differences in the instantaneous values between 

EnergyPlus and TRNSYS occurs. This is because the 

thermal BSDSF model in TRNSYS interpolates between 

the neighbour Klems-patches, while EnergyPlus takes the 

actual value of the patch hit by the sun. Nevertheless, the 

integral values of the day are similar. 
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Figure 12: Transmitted solar radiation for the shaded situation 

The comparison of measured and simulated illuminance 

values shows that a satisfying correspondence could be 

found for days with diffuse conditions. The daylight 

models used are set as the ones for the theoretical 

comparison. The check against measurements is done 

only considering TRNSYS and Artlight, because the 

daylight algorithms in both tools (TRNSYS and 

EnergyPlus) are identical. In Figure 13, the comparison 

between simulated and measured results (Case 1: only 

glazing) show a good agreement with an rRMSE of 

10.77 % for the façade near measurement point (MP1) 

and an rRMSE of 5.46 % for the façade far measurement 

point (MP2). For MP1, the simulation is slightly 

overestimating the illuminance values compared to the 

measurement 

 

 
Figure 13: Comparative illuminance values - glazed situation 

Also for case 2 (FA2: shading blind, FA3: redirecting 

blind) the results are satisfying for both measurement 

points (ref. Figure 14). For both cases, at days with high 

parts of direct solar radiation the simulation clearly 

overestimated the illuminance values compared to the 

measurement. This reason behind this is still under 

investigation, although it seems to be strongly connected 

to errors in the measurement of the direct and diffuse 

radiation components. 

 

 
Figure 14: Comparative illuminance values - shaded situation 

For comparing the simulated and measured cooling load 

during the operation of the PASSYS cell, the measured 

room air temperature was used as set point in the 

simulation, which was targeted within each time step by 

setting ideal heating and cooling in the simulations. 

 

Figure 15 shows a 2-days trend of the instantaneous 

values (3min interval) as well as the averaging hourly 

trend of the cooling loads for the glazing situation. It 

includes the measured values during the PASSYS 

operation as well as the simulated cooling loads by 

TRNSYS and EnergyPlus. 

 

 
Figure 15: Instantaneous cooling load - glazed situation 

 

The high peak values are resulting from continuous on-

off operation mode of the cooling unit, caused by the 

oversizing of cooling system installed in the PASSYS 

cell. Similarly, TRNSYS reacts by assuming an ideal 

cooling system. A detailed comparison of the 

instantaneous cooling peaks shows a good agreement 

between simulated values in TRNSYS and measurement. 
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On the other hand, EnergyPlus does some averaging of 

the output values, which reduces the peaks in the resulting 

cooling load. 

 

In general, the simulated values in TRNSYS are closer to 

the measured results, while EnergyPlus underestimates 

the cooling load significantly. Compared to TRNSYS, the 

results from EnergyPlus show higher cooling loads during 

the night times, which can be caused by higher thermal 

capacitance. Nevertheless, this difference was improved 

significantly after optimizing the thermal model towards 

the measurement data using GenOpt. 

 

 
Figure 16: Instantaneous cooling load - shaded situation 

For case 2 using shading blinds, Figure 16 shows the 

comparison for another 2-days trend. Also in this case, 

TRNSYS corresponds well with the measured values, 

while EnergyPlus is underestimating the cooling load. 

Still, however, both toolchain approaches show clearly 

the ability, to represent the measured situation with high 

accuracy. 

 

Conclusion 

With both proposed toolchain workflows, two powerful 

and highly flexible approaches for the detailed modelling 

of CFS have been shown and applied successfully on 

theoretical as well as real-case scenarios. Nevertheless, 

differences occurred in the theoretical comparison 

although all influencing model data and parameters have 

been adjusted. Reasons for this are due to different 

modelling routines and algorithms within the used tools. 

The gained results for the measurement comparison for 

thermal comparison as well as for daylighting results are 

promising, showing a high reliability of the models. 

Especially after the thermal model calibration, results 

improved significantly. Detailing the reasons for 

remaining differences will be part of further studies. 
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Abstract

Choosing the right Complex Fenestration System
(CFS) is a challenging problem when design goals
and Climate-Based Daylight Modeling (CBDM) are
taken into account. Current software tools, such
as Radiance or EnergyPlus, only allow the
evaluation of a given fenestration system, but lack
support for automatically finding optimal designs.
Furthermore, these tools are computationally
expensive for daylight simulation.

In this work, we propose an optimization algorithm
based on the Variable Neighborhood Search
metaheuristic, and the daylight coefficient method
for annual daylight simulation. Two strategies to
compute the daylight coefficients are presented and
implemented on a Graphics Processing Unit (GPU)
on top of the Nvidia OptiX library.

Experimental results show our parallel GPU
implementation provides fast and accurate results,
which leads to significant reductions in simulation
time (up to one order of magnitude) with respect
to Radiance. The optimization test cases were
successfully solved, and satisfactory solutions were
found in reasonable time, allowing interactive design
cycles.

Introduction

Daylighting design is an important issue in
architectural design. Choosing a CFS that meets
all designer goals is a difficult problem. In general,
these design goals include a set of Lighting Intentions
(LI) which are the illumination goals designers would
like to achieve. Besides the imposed LI, restrictions
can also include geometrical constraints over the CFS
shape.

Traditional approaches to satisfy all LI require a
complex process, often using the trial and error
method until an acceptable solution is eventually
found. Current software tools, such as Radiance
(Larson and Shakespeare (1998)) or EnergyPlus
(EnergyPlus Development Team (2018)), only allow
the evaluation of a given CFS, but lack support
for automatically finding optimal designs. As a

consequence, designers are restricted to choose from a
reduced subset of all interesting CFS configurations.
Some methods have been developed to solve the
optimal CFS problem based on an optimization
algorithm coupled to an external simulation tool
for daylight computations (See, for example, Uribe
et al. (2017), Rapone and Saro (2012)). Although
these methods are capable of finding satisfactory
solutions, they have long execution times (including
precomputed steps if necessary).

On the other hand, in the last decade, GPUs
have become an attractive platform for high
performance computing due to their intrinsically
parallel architecture and relatively low cost (Kirk
and Wen-mei (2017)). Algorithms based on ray
tracing techniques are highly parallel and well
suited for this type of platforms. Recently there
have been efforts focused on building interactive
and real-time ray-tracing systems, such as the
Nvidia OptiX engine framework (Parker et al.
(2010)), designed to run on top Nvidia GPUs and
other parallel architectures. Now, dedicated ray
tracing acceleration hardware for fast ray traversal
became available with the new Nvidia Turing GPU
architecture (NVIDIA Corporation (2018)).

In this work, we formulate the problem of finding
an optimal CFS as an optimization problem.
A metaheuristic tool is presented for automated
search of satisfactory solutions in the design
space. The optimization variables are related to
parameters defining the geometry of the CFS. The
objective function may include energy or illuminance
performance metrics. To guide the optimization
process, we use the Variable Neighborhood Search
(VNS) metaheuristic (Mladenović and Hansen
(1997)). For fast annual daylight simulation, our
method computes the Daylight Coefficients (DC) in
parallel, using a Monte Carlo Ray Tracing algorithm
implemented on top of the OptiX library.

Background

This section describes briefly the main OptiX features
and the Monte Carlo Ray Tracing method used to
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compute the daylight coefficients.

OptiX Library

To create an OptiX application a set of programs (i.e.,
gpu kernels) must be implemented. These programs
describe how rays are traced and the actions to be
taken when a ray hits an object. The most relevant
OptiX programs are explained below.

• Ray Generation program instances are created
and executed in parallel in separate threads.
Each instance creates and traces one or multiple
primary rays that result in different light paths.
A primary ray can also be associated with
a data payload. If some data needs to be
accumulated along the path, this payload can
record the current state of the path and hold
some accumulated value for the path vertices
generated so far.

• Closest Hit programs are invoked when the
closest intersection of a ray with the scene
geometry is found. Typically, this program
updates the data payload of the current ray and
trace a new ray from the hit point to continue
with the current light path.

• Any Hit programs are invoked for every
ray-object intersection found along the traced
ray.

• Miss programs are invoked when a ray does not
intersect the scene geometry.

Monte Carlo Ray Tracing

Daylight coefficients describes the relationship
between the outgoing radiance of sky patches and
the incoming irradiance to a sensor (Tregenza and
Waters (1983)). In order to obtain these coefficients,
a method to compute the incoming irradiance must
be adopted. In this work, we use a Monte Carlo
Ray Tracing method based on the path integral
formulation of the light transport (Veach (1998),
Pharr et al. (2017)). The path integral formulation
allow us to express the total incoming irradiance
as a contribution of all light transport paths of
different lengths. An advantage of this formulation
is that Monte Carlo methods can be applied easily by
sampling a set of random paths and averaging their
individual irradiance contributions to obtain a final
irradiance estimate. Only paths starting at the sensor
and ending on an emissive surface have a non zero
contribution. To generate paths, different sampling
strategies can be used.

Methodology

Overview

In this section we present an algorithm to find
satisfactory designs of indoor CFSs, taking into
account both designer goals and CBDM as objective
functions. In this work, only one type of CFS was
implemented, but the method does not impose any

restriction on a specific type. The CFSs studied
correspond to opaque Venetian blinds composed of
vertical or horizontal slats. The geometry is defined
by the following set of parameters: blind thickness,
tilt angle, inter-slat spacing, and slat thickness and
width. See Figure 1.

inter-slat spacing

slat width

slat thickness

blind thickness

slat angle

Figure 1: Parameters defining the geometry of a
Venetian blind.

The CFS performance is evaluated doing annual
daylight simulations based on the daylight coefficients
computation of a set of indoor sensors. The algorithm
starts from an initial parameter configuration,
and progressively modifies these parameters until
an acceptable solution is eventually found or
some stopping criterion is satisfied. The VNS
metaheuristic is adopted for efficient search space
exploration.

Problem Formulation

The problem of finding an optimal CFS is formulated
as the following optimization problem:

max
x

f(x)

subject to:

xmi ≤ xi ≤ xMi , i = 1, . . . , d.

with −∞ ≤ xmi ≤ xMi ≤ ∞. The decision
variables x = (x1, . . . , xd) are a subset of the CFS
parameters described previously. Some of them can
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also be fixed. The objective function f(x) depends
on annual daylight values and may include metrics
related to building energy performance and visual
comfort. The goal of the optimization problem is to
find the optimal set of parameters in such a way that
maximizes the objective function f(x) subject to the
box constraints.

Daylight Coefficient Computation

The most important part in the optimization process
is the evaluation of CFSs, which depends directly
on annual daylight simulations. Generally, daylight
metrics take as input the simulated irradiance values
of the sensors for a given set of sky conditions.
Instead of running one independent simulation per
sky condition, which would be prohibitive, the
strategy is to compute the set of daylight coefficients
for each sensor (Tregenza and Waters (1983)). After
that, the total irradiance is obtained by multiplying
these coefficients by the set of sky vectors containing
the radiance value of each patch. This approach
provides a fast method to do annual daylight
simulations.

In this work, a set of n sensors is defined by their
positions and normal vectors. The sky is discretized
into m patches and let s ∈ Rm be a sky vector.
A time series of k sky conditions are grouped as
column vectors into a sky matrix S ∈ Rm×k. The
Daylight Coefficient Matrix , D ∈ Rn×m, is defined as
the matrix such that each element Dij represents the
fraction of flux leaving the sky patch j that arrives at
sensor i. Finally, the irradiance matrix, E ∈ Rn×k,
whose elements Eij represent the total irradiance of
sensor i at sky condition j, is computed as follows:

E = D × S.

We propose two methods to compute the
daylight coefficients of a sensor. The first
method, called One-Stage Method , is based on
the Monte Carlo Ray Tracing method derived from
the path integral formulation discussed before. In
the second method, the flux transfer is divided
into two stages. The first stage computes the
outdoor flux transfer from sky to window, and the
second stage computes the indoor flux transfer from
window to sensor. We refer to this method as the
Two-Stage Method . In this way, if only the indoor
geometry changes, there is no need to recompute the
outdoor flux.

One-Stage Method

In order to compute the daylight coefficients of a
given sensor, we first define the emitted radiance of
all sky patches as 1 W · sr−1 ·m2. Subsequently, the
daylight coefficients are obtained by computing in
parallel the incoming irradiance from all sky patches.
Applying the Monte Carlo Ray Tracing method, we
trace N paths in parallel GPU threads. When a

sampled path hits the sky, the intersected sky patch
number is recorded and its irradiance contribution
is added to the corresponding coefficient. If a path
did not hit the sky after a maximum number of
bounces, the path is discarded, and its contribution
is zero. Each sampled path has an OptiX data
payload that records its current state and the sky
patch number, in case the sky is intersected. A path
is constructed incrementally, generating one vertex at
a time. The first vertex starts always from a sensor.
To determine the second vertex, the ray generation
program samples a direction using a cosine density
distribution over the hemisphere and traces a primary
ray in that direction. At each vertex of the path,
the closest hit program is responsible for updating
the data payload and sampling a new direction using
the cosine density distribution. The next vertex is
found by tracing a ray from the current vertex in
the sampled direction. If the traced ray misses all
geometry, the miss program checks if the ray direction
is pointing to the sky (positive z axis). In that case,
based on the ray direction, the corresponding sky
patch number is stored in the data payload. Finally,
after the path hits the sky, the ray generation program
adds the irradiance contribution to the corresponding
daylight coefficient.

Two-Stage Method

In the optimization process, each time some CFS
parameters are modified, the local geometry changes
and a recomputation of the daylight coefficients for
all sensors is needed. Since we assume indoor
CFSs, only the flux transfer from the window to
the indoor space is affected. The outdoor flux
transfer from sky to window remains unchanged. To
avoid simulating the complete flux transfer again,
the computation is broken in two stages. A
matrix characterizes each stage of light transport.
In the first stage, the flux relating the m sky
patches to the k incident directions of the window
is computed. This stage is executed only once,
before the optimization phase starts. The output
of this stage is the Outdoor Environment Matrix ,
O ∈ Rk×m, containing the flux coefficients related
to the outdoor environment. In the second stage,
the flux relating the k window directions and the n
sensors is computed. This stage is executed each time
a CFS needs to be evaluated. The output of this
stage is the Indoor Environment Matrix , I ∈ Rn×k,
containing the flux coefficients related to the indoor
environment. Multiplying both matrices we obtain
the daylight coefficients matrix D ∈ Rn×m,

D = I ×O.

Outdoor Environment Matrix Computation

Each element Oij represents the fraction of flux
leaving the sky patch j that arrives at the window
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from the incoming i direction. We have chosen
the B&B Hemisphere division (Beckers and Beckers
(2012)) to describe the incoming directions, since
it divides the hemisphere into k equal area and
similar aspect ratio patches. Therefore, these patches
have very comparable forms, i.e., close to the
square. Each patch defines a solid angle around an
incoming direction. The coefficients of a given B&B
patch correspond to the average radiance from the
incoming directions defined by its solid angle. The
algorithm computes the coefficients of all patches in
parallel. For this purpose, based on the path integral
formulation, we implemented a Monte Carlo Ray
Tracing method in a similar way as we have already
done for the irradiance computation. Applying this
method, we trace N paths in parallel GPU threads.
When a sampled path hits the sky, the intersected sky
patch number is recorded and the path contribution
is added to the corresponding coefficient. The first
vertex starts from the center of the window and the
second vertex is determined by uniform sampling
the B&B hemisphere. The rest of the vertices are
determined by sampling directions using the cosine
density distribution. When a path with initial
direction i ends on the sky patch j, we add its
contribution to the Oij entry.

Indoor Environment Matrix Computation

Each element Iij represents the fraction of flux
leaving the window in the outgoing j direction that
arrives at sensor i. In order to obtain the coefficients
of a given sensor, we compute the incoming irradiance
from all window directions in parallel. Applying the
Monte Carlo Ray Tracing method, we trace N paths
in parallel GPU threads. When a sampled path
hits the window, the incoming direction is recorded
and its contribution is added to the corresponding
coefficient. All vertices of a path are generated
sampling directions using the cosine distribution,
except for the last vertex, which is generated by
sampling the window surface explicitly, using an area
density distribution defined over its surface. When
a path starting from sensor i arrives at the window
from the j direction, we add its contribution to the
Iij entry.

Variable Neighborhood Search

We have chosen the VNS as the optimization
algorithm, which is a widely used metaheuristic
to solve a large variety of optimization problems
(Mladenović and Hansen (1997)). This method
is based on the successive exploration of a set
of neighborhoods N1(x), N2(x), . . . , Nkmax

(x) to find
the best solution. Each neighborhood Ni(x) defines
a set of candidate solutions around the solution
x. The algorithm starts from an initial solution
x, and then computes a local search on the first
neighborhood N1(x). If a better solution is not
found in the current neighborhood Nl(x), the

neighborhood structure is changed and the search
continues in the next neighborhood Nl+1(x); and so
on. Otherwise, if a better solution x′ is found on the
current neighborhood Nl(x), the current solution x
is replaced by x′, and the local search is restarted
in the first neighborhood N1(x′). The algorithm
usually ends when a maximum number of function
evaluations is reached or when all the neighborhoods
are explored, and a better solution could not be
found. Typically, the neighborhoods used in VNS
are nested: N1(x) ⊂ N2(x) ⊂ . . . ⊂ Nkmax

(x).

In our implementation, the decision variables of the
solution x are the geometry parameters defining the
CFS. Each neighborhood Nk takes into account two
parameters: the number of decision variables that can
be modified at the same time (v), and a discretization
(r) of the normalized range value of the variable
that is being modified. For instance, when v = 1
and r = 0.1, a single decision variable xi from x is
randomly selected, and then a new value of xi is
chosen from the interval xi ± 0.1(xMi − xmi ), where
xMi and xmi are the maximum and minimum possible
values for xi, respectively. In one step, a variable
related to the slat angle is modified; in the next step,
a variable related to slat width is modified; and so
on.

Experimental Evaluation

This section describes the experimental study to test
our method implementations.

Hardware Environment

All tests were executed on a PC with an Intel Core
i5-7550 at 3.4 GHz., 8GB RAM, connected to an
Nvidia Geforce 1060 GPU with 3GB RAM.

Daylight Coefficient Test Case

The goal of the experiment is to show the effectiveness
of performing daylight computations on GPU by
comparing the efficiency of Radiance with the
One-Stage Method.

The test scene used, shown in Figure 2, is composed
of an office with an indoor window of 2×1.5×0.25m
facing a lightwell. All materials are diffuse, with a
reflectance of 80%, except for the ground which is
20%. The sky was discretized using the Tregenza
145-patch scheme.

The test case consisted in computing the daylight
coefficients matrix corresponding to three indoor
sensors. Their locations are shown in Figure 2. For
each sensor we traced N = 107 paths with a maximum
of 30 bounces. The same configuration was used by
Radiance and the One-Stage Method.

Let us denote by Drad, Dopt ∈ R3×145 the daylight
coefficients matrices returned by Radiance and the
One-Stage Method, respectively. The mean relative
difference (MRD) between both matrices entries is
4.5%. Figure 3 shows the plot of the coefficients
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6.25m

Figure 2: Left: Lightwell scene used for the DC computation test case. Right: Lightwell top view. The tiny
squares are sensors located 0.7m above the ground. The red square is sensor I.

Figure 3: Comparison of DC of sensor I (red quare) between Radiance and the One-Stage method. Both
methods seems to converge to the same values.
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6.25m
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3m

Figure 4: Top: City and office used for the optimization test case. The office is located at the red square shown
in the city figure. Bottom: Magnified view of the city near the office and office top view. The tiny squares are
sensors located 0.7m above the ground.

Figure 5: Three solutions found by the algorithm. Left blind: UDI[100,3000] = 32%, slat angle α = 0.58rad, slat
width w = 0.15m, inter-slat spacing s = 0m and slat thickness t = 0.01m. Middle blind: UDI[100,3000] = 32%,
α = 0.67rad, w = 0.11m, s = 0.044m and t = 0.01m. Right blind: UDI[100,3000] = 37%, α = 0.00rad, w = 0.13m,
s = 0.07m and t = 0.014m. In order to fit on the window, this blind has fewer slats.
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of sensor I. As we can see, both methods converge
(almost) to the same values. Other tests also show
that the MRD is further reduced by increasing the
number of sampled paths.

Although these results show the convergence of
the One-Stage Method, they reveal nothing about
the relative efficiency between Radiance and our
method. In order to compare both methods, we need
a quality measure that takes into account both the
variance and the computation time. For this purpose,
the following metric described in Owen (2013) is
adopted. Suppose we have two unbiased estimators
µ̂0, µ̂1 of the same quantity µ, with variances σ2

0/n
and σ2

1/n, respectively. Both methods take n samples
to produce a single µ estimate, and each sample is
generated at an average cost of c0 and c1, respectively.
The relative efficiency Q between both methods is
defined as:

Q =
c0σ

2
0

c1σ2
1

.

At the same level of accuracy, the first method takes
Q times as much work as the second. The efficiency
value has two ratios: σ2

0/σ
2
1 and c0/c1. The former

is a mathematical property related to the accuracy
of the estimates and the latter is related to the
computational effort of the sampling process, which
depends heavily on the algorithm implementations.

Continuing with our problem, let Dopt
ij , Drad

ij denote
the daylight coefficient estimators corresponding to
sensor i and sky patch j. According to the above
formula, their relative efficiency is given by Qij ,
for all i, j. We take the average relative efficiency
Q̂ = 1

M

∑
Qij , where M is the total number of

coefficients. We have calculated experimentally each
term Qij and obtained an average sampling cost
ratio cradij /coptij of 49.9, and an average variance ratio

(σrad
ij )2/(σopt

ij )2 of 0.24. Therefore, if we fix the
number of samples, our method is approximately
fifty times faster than Radiance, but in order to
achieve the same level of accuracy, our method needs
approximately four times more samples. As a result,
the average relative efficiency Q̂ between Radiance
and our method is approximately 11.9.

Optimization Algorithm Test Case

The goal of the second experiment is to test the
optimization algorithm and the Two-Stage method.

The test scene, shown in Figure 4, is composed of
a city and the same office of the previous test case.
Hourly sky and Sun conditions were derived from
the direct normal and diffuse horizontal irradiation
data, extracted from Test Reference Year Data
(available at https : //energyplus.net/weather).
The geographical location is Montevideo–Uruguay
[34°49’ S, 56°0’ W]. The room window faces to north.
Both city and office materials are diffuse. The city has

a reflectance of 20%. The office has a reflectance of
80%, except for its ground which is 20%. We used the
Tregenza 145-patch scheme and the B&B Hemisphere
(with 288 patches) to describe incoming directions to
the window.

The precomputation of the outdoor matrix took 5
seconds tracing N = 2×107 paths. The maximum
number of bounces was set to 30. To compute the
indoor matrix, for each sensor we traced N = 2×105

paths and set the maximum number of bounces to 5.

The first optimization problem consisted in finding
the optimal slat angle α ∈ [0, π/2] of an indoor
Venetian blind in order to maximize the Useful
Daylight Illuminance (UDI) metric considering nine
indoor sensors. The UDI[a,b] is defined as the
percentage of hours of the year that the incoming
illuminance to all sensors is between a and b (Nabil
and Mardaljevic (2005)). For this problem we set
a = 100 lx and b = 3000 lx.

The optimization algorithm started from an initial
solution with α = 0.0rad and UDI[100,3000] = 0%.
The other blind parameters were fixed. The stopping
criterion for the optimization algorithm was to reach
150 function evaluations. After 71 seconds the best
solution found by the algorithm was α = 0.58rad with
UDI[100,3000] = 32%.

To test the converge of the optimization algorithm
we imposed the following related inverse problem:
find the slat angle α ∈ [0, π/2] that gives an
UDI[100,3000] = 32%. From the latter result we know
that the optimal solution is given by α∗ = 0.58rad.
After 64 seconds the best solution found by the
algorithm was α = 0.57rad with UDI[100,3000] = 32%,
which has the same fitness value as the optimal
solution. Continuing with our inverse problem, we
added the slat width w ∈ [0.1, 0.15] as another
optimization variable. After 69 seconds the algorithm
now returned α = 0.67rad and w = 0.11m with
UDI[100,3000] = 32%.

Finally, the last problem consisted in maximizing the
UDI taking into account four variables: slat angle
α ∈ [0, π/2], slat width w ∈ [0.05, 0.15], inter-slat
spacing s ∈ [0, 0.1] and slat thickness t ∈ [0.01, 0.02].
The stopping criterion was increased to 500 function
evaluations. The optimization algorithm started from
an initial solution with UDI[100,3000] = 0%. After
373 seconds the algorithm returned α = 0.00rad,
w = 0.13m, s = 0.07m and t = 0.014m with
UDI[100,3000] = 37%. Regarding to the first test case,
a relative improvement in the UDI value of 15.6% is
obtained.

In conclusion, for all the test cases performed the
algorithm found a satisfactory solution in a few
minutes, making possible interactive design cycles.
These examples also showed that several parameter
configurations can achieve a similar performance.
Figure 5 shows the geometry of the solutions found.
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Conclusions and Future Work

The goal of this work is to optimize the geometry of an
indoor CFS taking into account designer restrictions
and CBDM metrics. We proposed an optimization
algorithm and discussed its implementation in detail.
The algorithm is based on the VNS metaheuristic and
the daylight coefficient method for annual daylight
simulations. Two different strategies to compute
in parallel the daylight coefficients were presented.
These strategies were implemented on GPU on top of
the Nvidia OptiX library. The Two-Stage method
proved to be useful for indoor geometry optimization
problems since it avoided the complete computation
of the flux transfer. The experimental results showed
that our GPU implementations provided fast and
accurate results, achieving a relative efficiency up to
one order of magnitude with respect to Radiance.
The optimization scenarios tested were successfully
solved and satisfactory solutions were found in
reasonable time.

As future work, we plan exhaustive evaluations,
including comparisons with matrix-based methods
(Three-Phase Method). A second line of work is
to test other light path sampling strategies, such as
bidirectional path tracing or light tracing. Stratified
sampling can be used to get a more even distribution
of the primary rays. Finally, population-based
metaheuristics like evolutionary algorithms should be
tested.
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Mladenović, N. and P. Hansen (1997, November).
Variable neighborhood search. Comput. Oper.
Res. 24 (11), 1097–1100.

Nabil, A. and J. Mardaljevic (2005). Useful
daylight illuminance: a new paradigm for assessing
daylight in buildings. Lighting Research &
Technology 37 (1), 41–57.

NVIDIA Corporation (2018). NVIDIA Turing GPU
Architecture Whitepaper .

Owen, A. B. (2013). Monte Carlo theory, methods
and examples.

Parker, S. G., J. Bigler, A. Dietrich, H. Friedrich,
J. Hoberock, D. Luebke, D. McAllister,
M. McGuire, K. Morley, A. Robison, and M. Stich
(2010, August). Optix: A general purpose ray
tracing engine. ACM Transactions on Graphics.

Pharr, M., W. Jakob, and G. Humphreys (2017).
Physically Based Rendering (Third Edition). San
Francisco, CA, USA: Morgan Kaufmann.

Rapone, G. and O. Saro (2012). Optimisation of
curtain wall faades for office buildings by means
of pso algorithm. Energy and Buildings 45, 189 –
196.

Tregenza, P. and I. Waters (1983). Daylight
coefficients. Lighting Research & Technology 15 (2),
65–71.

Uribe, D., W. Bustamante, and S. Vera (2017).
Seasonal optimization of a fixed exterior complex
fenestration system considering visual comfort and
energy performance criteria. Energy Procedia 132,
490 – 495. 11th Nordic Symposium on Building
Physics, NSB2017, 11-14 June 2017, Trondheim,
Norway.

Veach, E. (1998). Robust Monte Carlo Methods
for Light Transport Simulation. Ph. D. thesis,
Stanford, CA, USA. AAI9837162.

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
4943

 

 
  



 

 

Energy Performance of Offices Buildings in Brazil using Insulated Glass Units 
 

Mônica Martins Pinto1, Fernando Simon Westphal1 
Federal University of Santa Catarina, Florianópolis, Brazil 

 
 
 
 
 
  

Abstract 
The insulated glazing system is widely used in Europe and 
North America as a strategy to improve energy 
performance and thermal comfort in buildings. However, 
it has been introduced to the Brazilian market without 
considering the local climate, predominantly tropical. The 
proper choice of the glass is essential to reduce energy 
consumption as it is through the glass that the most direct 
and intense heat exchange occurs. This research aims to 
investigate the energy performance of office buildings in 
Brazil that have used insulated glass units (IGUs) on the 
facades. The energy’s analyses were conducted through 
computer simulation through the software EnergyPlus. 
Different facades` configurations were tested using 
different combinations of Window-to-wall-ratio (WWR) 
and Solar Heat Gain Coefficient (SHGC). Building’s 
models with IGUs showed an energy consumption for 
cooling up to 11% higher than models with laminated 
single-pane glass unit (SGUL) on temperate climate 
(southern Brazil). Modest values of energy savings, 
around 4%, were verified for models with IGUs in 
warmer climates. 
Introduction 
Brazil presents a high level of electricity consumption, 
those numbers are continuously increasing, and the costs 
for electricity generation and consumption follows the 
same path, getting more expensive over time. In 2017, 
buildings’ consumption accounted for 42.8% of total 
electricity generated in the country, being 14.4% the 
parcel used by the commercial sector, such as offices, 
shopping centers, schools and retails (MME, 2018). When 
considering the final use of energy in the commercial 
sector, studies show that air conditioning represents 35 to 
70% of the total energy consumed by those buildings (Li; 
Lam, 2000; Carvalho; Rovere; Gonçalves, 2010; Besen; 
Westphal, 2014). 
The building cooling load is composed of internal and 
external gains. Internal gains derive mainly from people, 
lighting and plug loads. External gains are usually a result 
of heat exchanges through the building envelope. This 
element should act as a moderator filter (of light, heat, air 
and moisture) between the indoor and the external 
environments. Therefore, it is a determining factor to 
maintain the indoor environmental quality and maximize 
the energy’s efficiency of the building, regardless of 
variations in external conditions. 

When focusing on the heat transfer through the envelope, 
the concern with glasses is emphasized. The exchanges 
are more direct and intense in those elements due to their 
transparency to solar radiation and high thermal 
transmittance. According to Lee et al. (2013), the thermal 
conductance of windows is usually five times higher than 
other components of the building envelope. Because of it, 
about 20 to 40% of the total energy consumed in the 
building is wasted through windows. The choice of glass 
in architectural design may be characterized as a passive 
cooling strategy when designed to soften the effect of 
solar radiation in hot climates. Singh and Garg (2009) 
highlighted the relationship between climate and energy 
savings. The same window will not work identically in a 
climate where heating is dominant and in another that 
requires a large amount of cooling along the year.  
The use of the “international design” for buildings’ design 
in Brazil, i.e., fully glazed facades, is applied not only to 
the architectural design itself but also to technologies used 
for the construction, not always considering the local 
climate. The insulated glass units (IGUs) are an example 
of this scenario. This type of arrangement comprises two 
or more glass layers positioned parallel with a low thermal 
conductivity gas chamber between them. The main intent 
of this configuration is the thermal insulation provided by 
the gas layer, usually air. This layer acts as a thermal 
insulation to conduct the heat flow between exterior and 
interior environment. It can be used as a strategy to 
increase the energy’s efficiency in extremely cold 
climates as it makes difficult the loss of heat through the 
building envelope (Huang; Niu; Chung, 2014), thus, the 
IGU is widely used in Europe and North America. 
Researches conducted in Europe and North America 
focuses on different configurations of insulated glass with 
one, two or three gas layers. Some examples are the 
studies developed by Stegou-Sagia et al. (2007), which 
considers Greek climates (Athens and Thessalonica); 
Poirazis, Blomsterberg and Wall (2008), applied for 
Gothenburg, Sweden; Jaber and Ajib (2011), conducted 
for Amman and Aqaba, Jordan, and Berlin, Germany; 
Ochoa et al. (2012), considered the climate of 
Amsterdam, Netherlands; Lee et al. (2013) analyzed 
Asian climates; and Atzeri et al. (2016), was applied for 
Rome, Italy. 
The local’s latitude is a determining factor to the amount 
of solar radiation incident at the building’s facade. 
Tropical areas have less fluctuation in the solar radiation 

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
4944

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://doi.org/10.26868/25222708.2019.211312 
 



 

 

intensity and in the length of the days along the year when 
compared to regions in high latitude (Pillar, 1995). Brazil 
is located almost entirely in the intertropical region, while 
most countries in North America (United States, Canada, 
and Greenland) and Europe are located above the tropics, 
as seen in Figure 1. 

 
Figure 1: Map locating Brazil, North America and 

Europe in relation to the tropics 
Because of Brazil’s location, Brazilian climates tend 
to show a lower variation of temperatures and 
climatological conditions throughout the year. Otherwise, 
countries in North America and Europe tend to have more 
rigorous winters and higher thermal amplitude between 
seasons. Exemplifying these differences, Figure 2 shows 
the monthly average temperatures of two Brazilian cities, 
Florianópolis (southern region) and Boa Vista (northern 
region), compared to Athens, New York, and London. 

 
Figure 2: Comparison of monthly average temperatures 

between cities of Brazil, North America and Europe. 
Source of data: DOE, 2019.  

Given the climate differences between Brazil and places 
of the previous studies mentioned above, the use of IGUs 
is questioned as energy efficiency and thermal comfort 
strategy for Brazilian office buildings.  
Furthermore, implementation costs of using IGU instead 
of laminated single-pane glass unit (SGUL) tend to be 
50% higher. It is consequence of the additional material 
used (both glass and frame material); and skilled labor 
needed for installation and maintenance. 
The aim of this study is to analyze the thermal 
performance of an office building with IGU in the 
Brazilian climatic context. Energy consumption estimates 
for a typical office floor were obtained through computer 
simulation by using the software EnergyPlus. A typical 
floor of an open plan office was modeled with high 
internal loads density. Nine Brazilian cities were selected 
to cover a variety of climates along the country, mainly in 
relation to air temperature and solar radiation incidence. 
Methods 
This research was developed in five steps: (1) selection of 
climates; (2) definition of building model; (3) 
specification of variable parameters; (4) computer 
simulation; and (5) output data analysis. 
Selection of climates 
The incidence of solar radiation onto the building facade 
and the temperature difference between indoor and 
outdoor air are the main climatic factors that influence the 
thermal performance of building that has a fully glazed 
wall. Thus, Brazilian cities were selected to represent 
different climate scenarios. The criteria used were the 
annual average and variability of horizontal global solar 
radiation, annual average of air temperature and 
latitudinal distribution of cities, among state capitals. It 
was sought that this selection covers the Brazilian 
climatic variations. 
The average of the solar radiation data was obtained from 
the Brazilian Atlas of Solar Energy (Pereira et al., 2006). 
The following maps were used for this research: Annual 
Average of Global Solar Horizontal Radiation and the 
four maps of Average Seasonal of Global Solar Radiation. 
The outdoor air temperature data from the weather files 
were used to obtain the average annual temperatures. 
Based on this procedure, nine cities were selected, as 
presented in Table 1, with their climatic data summary. 

Table 1: Data of global horizontal solar radiation and annual average air temperature of selected cities. 
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Monthly Average Temperatures:
Comparison between different cities

Boa Vista Florianópolis Athens
New York London

City Latitude 
Average Annual 

Radiation 
(kWh/m²) 

Average Seasonal Radiation (kWh/m²) Annual Average 
Air Temperature 

(ºC) Dec-Feb Mar-May Jun-Aug Sep-Nov 
Porto Alegre (RS) 30.0 S 4.55 - 4.90 6.30 - 6.68 3.85 - 4.20 0 - 3.15 5.25 - 5.60 19.26 
Florianópolis (SC) 27.6 S 4.20 - 4.55 5.60 - 5.95 3.85 - 4.20 0 - 3.15 4.55 - 4.90 20.75 
Curitiba (PR) 25.4 S 4.55 - 4.90 5.60 - 5.95 3.85 - 4.20 3.15 - 3.50 4.90 - 5.25 17.19 
Campo Grande (MS) 20.4 S 5.25 - 5.60 5.95 - 6.30 4.55 - 4.90 4.20 - 4.55 5.95 - 6.30 24.04 
Cuiabá (MT) 15.6 S 5.25 - 5.60 5.60 - 5.95 4.55 - 4.90 4.55 - 4.90 5.60 - 5.95 26.73 
Salvador (BA) 13.0 S 4.90 - 5.25 5.95 - 6.30 4.55 - 4.90 3.85 - 4.20 5.25 - 5.60 25.96 
Recife (PE) 8.0 S 4.90 - 5.25 5.60 - 5.95 4.55 - 4.90 3.85 - 4.20 5.25 - 5.60 27.15 
São Luís (MA) 2.5 S 5.25 - 5.60 5.25 - 5.60 4.55 - 4.90 5.25 - 5.60 5.60 - 5.95 26.74 
Boa Vista (RR) 2.8 N 5.25 - 5.60 5.25 - 5.60 4.90 - 5.25 4.90 - 5.25 5.60 - 5.95 27.02 
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Building model 
This study analyzed a typical floor of a hypothetical open-
plan office building. The same building model used by 
Lam and Hui (1995) in their sensitivity analysis for Hong 
Kong was adopted and adapted for this research. It is a 
square plan, with simplified internal divisions. 
The model was divided into nine thermal zones: four 
peripheral, four internal and a central core. External zones 
were defined as 4.57 meters wide, according to 
recommendations described in the Energy Cost Budget 
method in ASHRAE Standard 90.1 (ASHRAE, 2007). 
This configuration enables analysis related to solar 
orientation and to the areas closest to the windows that 
receive greater influence from the outdoor environment 
than the other areas. Figure 3 shows a schematic plan of 
the model and its dimensions and its thermal zoning. 
Although the standard does not define how internal 
partitions must be set, it was configured as virtual 
partitions without physical walls between thermal zones, 
keeping open plan configuration. These boundaries were 
indicated in Figure 3 as dashed lines. The configuration 
of these partitions was modeled by EnergyPlus as an 
Infrared Transparent material. This partition 
configuration was chosen by reason of this material works 
as a transparent element that allows the transmission of 
visible and solar radiation but does not take part with 
convective and conductive heat exchanges between 
adjacent zones. 

   
Figure 3: Schematic plan of the typical floor and 

thermal zoning (unit: m). 
Internal loads densities (people, lights and plug loads) 
were defined according to Brazilian standard for HVAC 
sizing and design (ABNT, 2008) for offices with high 
occupancy density. Metabolic rate for each person was 
established according to Annex B of ISO 7730: 2005 
(ISO, 2005). Table 2 shows the internal loads densities 
assumed for the building model. 

Table 2: Summary of internal loads densities 
People Equipment Light Metabolic Rate 

7.7 m²/person 21.5 W/m² 16.0 W/m² 126W/person 
Schedules of use and occupancy have been configured as 
shown in Figure 4. Occupancy and systems are reduced 
between 12 and 15 hours for the lunch period. There is no 
activity in the building during the weekend. It was 
determined that 5% of the lighting and plug loads remain 
switched on during the periods without occupancy. The 
activation of the artificial lighting has been configured 
statically, regardless the daylighting availability. 

 
Figure 4: Schedules of occupancy for weekdays 

The building is artificially conditioned with PTHP 
(Packaged Terminal Heat Pump), except the core which 
is unconditioned. Table 3 summarizes the characteristics 
and settings of the HVAC system. The system is available 
to operate from 7 am to 9 pm in the weekdays. On 
weekends, the building was considered unoccupied and 
consequently without HVAC operation. 

Table 3: Air conditioning system characteristics 

System PTHP (Packaged Terminal Heat Pump) 

COP 3.0 W/W 

Capacity Autosized by EnergyPlus 

Outdoor air 0.0075 m³/s per person 

Thermostat 
Set points 

Heating: 20°C 
Cooling: 24°C 

Table 4 shows the thermal transmittance (U-value) and 
solar absorptance of opaque envelope compositions. The 
constructions were selected based on the Brazilian 
regulation (INMETRO, 2013) for level A of energy 
efficiency for buildings. 
Exterior walls were covered with the same SGUL used in 
the windows. This condition was included in the 
simulation models as a transparent insulating material of 
EnergyPlus. The input object used was “SurfaceControl: 
MovableInsulation”. This object provides insulation to 
heat loss without reducing drastically the transmittance of 
solar energy. 
Roller blinds with medium reflectance and low 
transmittance were used inside all fenestrations. These 
shading devices were configured to be closed when the 
solar radiation incident on windows exceeds 250 W/m². 
The building model was configured as an intermediate 
floor, on the tenth floor (30 meters high). Thus, roof and 
floor were configured as adiabatic surfaces. 
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Table 4: Thermal properties of materials 

Composition U-Value 
(W/m².K) 

Solar 
Absor. 

Heat 
Capacity 
(kJ/m2.K) 

Exterior Walls    

Plasterboard (12.5mm) + 
Glass wool (50mm) + 
Cement board (10mm) 

0.77 

Indoor: 
0.297 

Outdoor: 
0.297 

24.31 

Interior Walls (around the core zone only) 
Plasterboard (15mm) + Glass 
wool (50mm) + Plasterboard 

(15mm) 
0.69 0.297 25.55 

Ceiling    
Plasterboard (15mm) 1.40  0.297 11.03 

Slab    
Mortar (25mm) +  

Concrete slab (200mm) +  
Mortar (25mm) +  

Ceramic floor (7.5mm) 

2.74 

Grout: 
α=0.297 
Floor: 

α=0.418 

551.04 

 
Specification of Variables Parameters 
In order to verify the effects of increasing windows’ 
thermal insulation on buildings’ performance, 
comparisons between IGUs (double glass layers with an 
air gap) and SGULs were performed. The insulated glass 
is composed of a laminated single-pane glass unit, 
corresponding to a base SHGC, plus a 12.7mm thick air 
gap and a clear monolithic 6mm glass layer. It is assumed 
that SHGC base is the SHGC of laminated glass used in 
the comparative scenario of SGUL and its insulated 
composition. This assumption was made in order to 
isolate the effects of the increasing in thermal resistance 
of insulated glass generated by the air gap. 

Below are described the parameters assumed for glass 
composition, SHGC and WWR: 

a) Glass type: IGU versus SGUL; 
b) SHGC: 0.28, 0.40, 0.52 and 0.57; 
c) WWR: 30%, 40%, 50% and 60%. 

The same WWR was modeled for all facades. The 
combination of those factors resulted in 32 models 
simulated for each city. The specification of glass was 
selected from products available in the Brazilian market. 
Table 5 summarizes the thermal properties of laminated 
single-pane glass unit and insulated glass units for each 
level of SHGC. Thermal properties for IGUs were 
calculated using the software WINDOW 7.4 (LBLN, 
2016). 
Computer Simulation 
The simulations of buildings’ energy performance were 
carried out by the software EnergyPlus. These simulations 
required weather files with extension *.epw (Energy Plus 
Weather File) that characterizes the climate conditions of 
a base year, from hourly data. The files used in this study 
were obtained from the available library at EnergyPlus 
website database. 
Analysis 
The performance of an office building according to the 
fenestration system was investigated based on the annual 
energy consumption for air conditioning, especially 
cooling, as this is the energy end use that is affected by 
facades modifications. These results were analyzed in two 
approaches. 
First, relationships amongst different parameters were 
analyzed. Afterward it was verified the percentage 
difference of energy consumption for cooling between 
pairs of models (same WWR and SHGC) with insulated 
glass and laminated single-pane glass unit. The aim of this 
second analysis was to identify in which cities IGU has an 
advantage over the use of SGUL. 

 
Table 5: Summary of optical and thermal properties of glass types 

 SHGC 
Basis   Laminated Single-

pane Glass Unit  
Insulated Glass Unit 

External Internal Composition 

SHGC 
0.28 

Thickness [mm] 8 8 6 8+12.7+6 
Manufacturing Process Laminated clear Laminated clear Monolithic Laminated + air gap + monolithic 

U value [W/m²K] 5.63 5.63 5.7 2.745 
SHGC 0.28 0.28 0.84 0.23 

SHGC 
0.40 

Thickness [mm] 8 8 6 8+12.7+6 
Manufacturing Process Laminated clear Laminated clear Monolithic Laminated + air gap + monolithic 

U value [W/m²K] 5.63 5.63 5.7 2.745 
SHGC 0.40 0.40 0.84 0.34 

SHGC 
0.52 

Thickness [mm] 8.4 8.4 6 8+12.7+6 
Manufacturing Process Laminated clear Laminated clear Monolithic Laminated + air gap + monolithic 

U value [W/m²K] 5.6 5.6 5.7 2.791 
SHGC 0.52 0.52 0.84 0.49 

SHGC 
0.57 

Thickness [mm] 8 8 6 8+12.7+6 
Manufacturing Process Laminated clear Laminated clear Monolithic Laminated + air gap + monolithic 

U value [W/m²K] 5.63 5.63 5.7 2.745 
SHGC 0.57 0.57 0.84 0.50 
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Figure 5: Annual electricity consumption for cooling 

Results and Discussion 
Relation between variable parameters and energy 
consumption  
Relationships between distinct parameters (SHGC, 
WWR, and type of glass) and the energy consumption for 
cooling predicted for each city were analyzed. The data 
compilation output for all cities can be observed in Figure 
5. 
Among the simulated models for Porto Alegre, 
Florianópolis and Curitiba, the use of the combination 
SGUL, SHGC 0.28 and WWR 60% showed the lowest 
energy consumption. The highest energy consumption 
was verified for those models applying IGU, SHGC of 
0.40 and 0.52 and WWR of 60%. In those cities, the 
maximum difference in energy consumption for cooling 
between all cases per city achieved 28.2%.  
On the other hand, for Cuiabá, Recife, São Luís and Boa 
Vista the models that presented the lowest consumption 
for cooling were those using the combination IGU, SHGC 
0.28 and WWR 30%. For this group of cities, the models 
that presented the highest consumption were those with 
SGUL, SHGC of 0.52 and 0.57 and WWR 60%. The 
maximum difference in energy consumption for cooling 
between all cases per city was 16.6%. 
It is understood that the percentage amplitude 
consumption for cooling between models of the same city 
is higher in cities south of the country due to the fact that 
consumption is lower in these cities. In absolute terms, 
this variation is similar: 10,50 to 14,50 kWh/m2. 
It is expected that the energy consumption for the models 
with the same glass increases as the WWR of the facade 
is increased. Nevertheless, the models showed that in 
cities with a mild climate (Porto Alegre, Curitiba, and 

Florianópolis) there is no significant variation of energy 
consumption for cooling (<1 kWh/m²). Moreover, it was 
observed that in the scenarios with SGUL and SHGC 0.28 
for Curitiba, the energy consumption for cooling reduced 
by up to 5% as the WWR increases, due to the increase in 
the heat loss through the facade.  
The initial hypothesis applies integrally to building 
models simulated for Campo Grande, Cuiabá, Salvador, 
Recife, São Luís and Boa Vista (hottest climates). The 
energy consumption for cooling increases with the 
increase of WWR, especially for glazing with high 
SHGC. 
Glazing systems with low SHGC have a better control 
over the solar radiation heat gain, therefore they reduce 
the building cooling needs. However, it is important to 
highlight that when the outdoor air temperature is 
lower than indoor air temperature, the heat loss through 
fenestration become effective, which can be beneficial to 
reduce cooling loads. Thus, increasing the WWR may not 
increase significantly the energy consumption in mild 
climates, mainly because each facade does not receive 
direct solar radiation during the whole day.  
Although Porto Alegre, Florianópolis, and Curitiba 
presented average outdoor air temperatures below 20°C 
during winter, only a few models presented energy 
consumption for heating, due to the high level of internal 
loads densities. Even so, the values are negligible (below 
0.001 kWh/m²). Another important observation is that, 
even in periods of time with low outdoor air temperature, 
the air conditioning system operates in cooling function 
to remove the heat gain generated from building internal 
sources.   
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Comparison among Insulated Glass Unit and 
Laminated Single-pane Glass Unit 
Figure 6 shows the differences in the energy consumption 
for cooling between models with IGU and SGUL, with 
same SHGC and WWR, as show in Equation (1). 

 𝐶𝐶"#$%&#$' = (( )*+%((,*+-
((,*+- 

×100  (1) 

The difference is positive when the model with IGU has 
energy consumption higher than the model with SGUL. In 
opposition, the percentage is negative when the 
consumption with IGU is lower. A range of + 2% to -2% 
was defined as an insignificant difference between 
models. This range would correspond to approximately 
one week of energy consumption of the building.  
For Porto Alegre, Curitiba and Florianópolis, all models 
with IGU had presented higher annual energy 
consumption for cooling than models with SGUL 
(assuming the same SHGC and WWR combination). 
Curitiba showed the largest differences, 4.5% (SHGC 
0.40 and WWR 30%) and 9.3% (SHGC 0.52 and WWR 
60%). This difference increases with the WWR. 
On the other hand, for Cuiabá, Salvador, Recife, São Luís 
and Boa Vista the models with IGU presented lower 
energy consumption for cooling when compared to 
models with SGUL. However, these differences of 
consumption for cooling were significantly lower than 
those found for the group of cities mentioned above. For 
Salvador, Recife and Boa Vista, the energy savings 
differences were below 2%. For Cuiabá, models with low 
SHGC and WWR between 40 and 60%, presented 
over 2% of energy savings when utilizing IGU. São Luís 
presented only a situation like this, in the model with 
SHGC 0.28 and WWR 60%. However, no model 
presented energy savings greater than 2.8% (Cuiabá; 
SHGC 0.28; WWR 60%) using the IGU. 
Results indicate a clear division between the south and 
other regions of Brazil. In the southern region which has 
a temperate climate, models simulated with IGU show 

significantly higher consumption than models with SGUL. 
In contrast, cities with latitudes lower than 20° (from 
Campo Grande to the north), models assuming IGU and 
SGUL presented predominantly equivalent energy 
consumption (differences less than 2%). 
Figure 7 illustrates this behavior. In the southern region 
(in green) the IGU did not present positive results. The 
results for the central area (in yellow) presented 
equivalence when using IGU and SGUL. In the northern 
zone (in blue), the choice between insulated glass unit or 
laminated single-pane glass unit shows no significant 
difference, but insulated glass tends to have 
slightly superior thermal performance. This infographic 
could be used as a basis to choose between the use or not 
of IGU by the designer of an office building in Brazil. 
Figure 8 illustrates average daily temperatures throughout 
the year for all cities, highlighting the data for Porto 
Alegre, Curitiba, and Florianópolis. Dashed lines show 
the heating and cooling thermostat set points. 
Based on the results presented, it is understood that, in 
locations with temperatures predominantly below the 
cooling set point, SGUL provides useful heat dissipation 
through the facade. In this situation, when is used IGU, 
the increase in thermal resistance generated by air gap 
hamper the heat dissipation to the colder exterior 
environment. 
On the other hand, with daily average temperatures 
remaining above the cooling set point, the heat flow 
reverses and external heat is transferred into the building, 
which further raise the internal heat load and overloading 
the air conditioning system. In this case, the use of IGU 
avoids heat gain through conduction from the outdoor.  
When the outside air temperature come close to the 
internal temperature maintained by the air conditioning 
system, the thermal transmittance of the glass has no 
significant influence on the thermal performance of the 
building. 

 
Figure 6: Percentage difference of cooling consumption among models with insulated glass unit and models with 

laminated single-pane glass unit. 
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Figure 7: Demonstrative map of consumption results 

 
Figure 8: External air temperature - monthly averages 

Conclusion 
This study analyzed the use of IGUs in an office building 
in Brazil and the impact on energy consumption for 
cooling. 
Relationships between SHGC, WWR, and type of 
window were analyzed. It was concluded that in cities 
with a temperate climate the influence of variations in 
building fenestrations tends to be higher than in cities with 
higher temperatures and incident solar radiation. This is 
the case of Porto Alegre, Florianópolis and Curitiba, 
which have a lower annual average air temperature and 
solar radiation incidence. 
It was expected that the energy consumption of the 
models increases when the WWR rises. However, in mild 
climates (Porto Alegre, Florianópolis, and Curitiba), there 
is no significant variation in energy consumption for 
cooling between different WWR when using low SHGC 
glass (0.28 and 0.40). In contrast, for cities with higher 
temperatures, such as Campo Grande, Cuiabá, Salvador, 
Recife, São Luís and Boa Vista, the initial hypothesis is 
applied. In addition, it has been confirmed that the lower 

the SHGC of the glass, the lower the influence of the 
WWR on the consumption for cooling. 
Based on the results of energy consumption for cooling, 
the use of IGU in office buildings with the characteristics 
studied here in southern Brazil (temperate climate) is not 
recommended. For Porto Alegre, Florianópolis and 
Curitiba, the models with IGU resulted in energy 
consumption between 2.1% and 11.0% higher than 
models with SGUL. Campo Grande showed an oscillation 
among the scenarios, but with differences of energy 
saving between types of glass close to zero. The 
northernmost region of Brazil, with latitudes below 20° 
approximately, the use of insulated glass demonstrates a 
certain advantage, although the expected annual energy 
savings achieved at a maximum of 3.6%. 
This study covered nine Brazilian cities, highlighting the 
climate differences in the same country that strongly 
influence the thermal performance of the building. This 
extends the discussion about the effectiveness of the use 
of IGUs as an energy efficiency strategy for office 
buildings in Brazil. However, this study is limited to 
energy consumption only. In future works, it is necessary 
to discuss improvements in thermal comfort, especially in 
areas near the windows, and the reduction in the cooling 
peak loads. 
It should be noted that the conclusions apply only to the 
model of office buildings simulated here, with an open 
plan, lack of external shading and no influence from the 
building surroundings. 
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Climate System. 
PTHP Packaged Terminal Heat Pump 
SGUL Laminated Single-pane Glass Unit  
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Abstract 

Increased attention has been paid to the Aerogel glazing 

systems (AGS) in recent years, but the light, heat, and 

solar radiation transfer in the AGS have not been 

accurately calculated with existing building energy 

simulation software. In this paper, we introduce the 

detailed dynamic heat transfer and solar radiation 

transmission calculation model (the detailed model) of the 

AGS which had been validated by the experiment. The 

simplified heat transfer and solar radiation transmission 

calculation model (the simplified model) of the AGS and 

the overall heat transfer coefficient K and the shading 

coefficient SC model (the K-SC model) are given to make 

a comparison. The meteorological parameters of 

Changsha are used as the calculation conditions to 

compare the heat gain calculated by the detailed model, 

the simplified model and the K-SC model under different 

climate and orientations. The results show that the total 

heat gain calculated by the K-SC model and the simplified 

model is higher than the detailed model. In cooling season, 

the relative error of the K-SC model range from 18.65% 

to 24.46% and the value of the simplified model range 

from 8.39% to 12.17%. In heating season, the relative 

errors of the K-SC model and the simplified model are at 

least 61.91% and 36.86%, respectively. The K-SC model 

is not suitable to simulate the energy performance of the 

AGS. Moreover, the simplified model has a bit better 

accuracy than the K-SC model. 

Introduction 

As the weakest insulation part of building envelope 

components, the energy consumption caused by external 

windows accounts for 40-50% of total energy 

consumption through building envelope in China (Feng et 

al., 2016). Numerous energy efficient technologies have 

been implemented to reduce energy consumption through 

windows, such as vacuum glazing, low-e glazing, 

polycarbonate glazing, electrochromic glazing, etc. 

(Dussault and & Gosselin, 2017; Moretti, et al., 2018). 

Aerogel glazing systems (AGS) has been attracting 

increased attention in recent years owing to its excellent 

thermal insulation performance, high visible 

transmittance and specific acoustic properties. The overall 

heat transfer coefficient K can be as low as 1 W/(m2·K), 

the light transmittance of aerogel glazing is in the range 

of 0.3 to 0.6 (Cuce, et al., 2014). AGS is manufactured by 

densely filling the air interlayer between two or three flat 

glasses with granular or monolithic aerogel. Due to the 

fragility of monolithic aerogel, the monolithic aerogel has 

not been been commercialized at large scale (Berardi, 

2015). Therefore, the AGS investigated in this study is the 

granular one. 

The thermal, optical and energy performance of AGS are 

subjects of study and discussion. Most of the studies 

evaluated the performances of AGS by simulation tools. 

Berardi (2015) simulated four designs with different rates 

of monolithic aerogel replacements in a retrofit project of 

an educational building at Worcester Polytechnic Institute. 

Results showed that the heating energy consumption 

decreased linearly with the increased proportion of 

aerogel glazing in the windows. Ihara et al. (2015) 

simulated the energy consumption in an office building 

with granular silica aerogel glazing systems at spandrels 

with EnergyPlus. Results showed that aerogel glazing 

systems are the best candidates in cooling dominated 

climates such as Tokyo and Singapore. Huang et al. (2015) 

simulated the energy performance of a silica aerogel 

glazing system with EnergyPlus. It indicated that the 

application of AGS can reduce the annual space cooling 

load by around 4% for a typical commercial building in 

Hong Kong. Wang et al. (2013) investigated the 

feasibility of two newly developed aerogel glazing 

systems and three common glazing systems in various 

climate zones of China with eQUEST. 

It is concluded that EnergyPlus and eQUEST are the main 

simulation tools to evaluate the performance of the AGS. 

The calculation methods are based on the overall heat 

transfer coefficient K calculated under standard climate 

conditions and shading coefficient SC value of the normal 

incidence. However, the overall heat transfer coefficient 

K and the shading coefficient SC model (the K-SC model) 

overlook the scattering and absorption phenomena 

happened in the aerogel layer, which influences the 

temperature distribution in the AGS. Moreover, the 

boundary conditions (including the solar incident angle, 

climate conditions) vary during the year, while the K-SC 

model is calculated under static conditions. Therefore, the 

accuracy of the K-SC model evaluating the energy 

performance of the AGS is still questionable. 
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This paper introduce the detailed dynamic heat transfer 

and solar radiation transmission calculation model (the 

detailed model) of the AGS which had been validated by 

the experiment. The simplified heat transfer and solar 

radiation transmission calculation model (the simplified 

model) of the AGS is proposed to optimize the calculation 

speed. The K-SC model is introduced to verify its 

accuracy. By comparing the heat gain calculated by the 

detailed model, the simplified model and the K-SC model, 

the accuracy and feasibility of each model are discussed, 

which can provide reference and guidance for simulating 

the energy performance of the AGS. 

Three models for AGS 

The detailed model 

The object of this paper is the AGS filled with granular 

aerogel. Figure 1 illustrates the heat transfer mechanism 

of the AGS. The heat transfer processes in the AGS 

involve conduction, convection, and radiation. When the 

incident solar radiation reaches the outer surface of the 

AGS, one part of the solar radiation is directly transmitted, 

another part of the solar radiation is absorbed by aerogel 

and glass layers of the AGS, resulting in the temperature 

rise. Heat conduction occurs owing to the temperature 

differences between each layer. Meanwhile, the 

convection and long-wave radiation heat transfer 

happened between the outermost or the innermost 

surfaces of the AGS and surroundings are considered. The 

effect of the window frame is overlooked. 
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Figure 1: Heat-transfer mechanism of AGS. 

The AGS has a three-layer structure, outer glass layer, 

aerogel layer and inner glass layer. As shown in Figure 1, 

the vertical AGS is divided into five regions, and each 

node represent the temperature of the region. The heat 

flux is considered to be one-dimensional and the solar 

radiation absorbed by each node in the aerogel layer of the 

AGS is regarded as averagely distributed. Taking the 

absorbed solar radiation, the long-wave radiative, the 

convective and the conductive heat fluxes into account, 

the energy conservation equations for each node are 

developed as follows (Chen, 2018). 

 1

1 p1 1 ce e 1 re e 1 1 2 1 1( ) ( ) ( )
dT

c h T T h T T k T T q
dt

         (1) 

 2 2

2 p2 1 1 2 2 3 2 2

1
( ) ( )

3 3

dT
c k T T k T T q

dt



       (2) 

 32

2 p2 2 2 3 2 4 3 2

1
( ) ( )

3 3

dT
c k T T k T T q

dt



       (3) 

 2 4

2 p2 2 3 4 1 5 4 2

1
( ) ( )

3 3

dT
c k T T k T T q

dt



       (4) 

 5

1 p1 1 ci i 5 ri i 5 1 4 5 3( ) ( ) ( )
dT

c h T T h T T k T T q
dt

          (5) 

Figure 2 illustrates the solar radiation transmission 

processes through the AGS. Due to the high porosity of 

the nanostructured granulate aerogel, a number of the 

solar radiation are absorbed and scattered by aerogel 

when the incident solar radiation reaches the aerogel layer. 

The scattered solar radiation continues to be absorbed and 

scattered when reaching another granular aerogel. One 

part of the solar radiation reaching interface 3 is refracted 

into the inner glass layer. Another part is reflected back to 

the aerogel layer to repeat the scattering and absorption 

process described above. Tracing the solar radiation path 

is very complicated, the interfacial energy balance 

method is used to calculate the solar radiation 

transmission performance of the AGS (Chen, 2018). 

Outdoor
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Figure 2: Schematic diagram of the transmitting system. 

The interfacial energy balance equation at Interface m can 

be presented as Eq. (6). 

 m m m mG F F G     (6) 

Due to the complicated solar radiation path in the aerogel 

layer, it is considered that the incident diffuse irradiance 

on the inner glass layer through the interface 3 is isotropic. 

The transmitted solar irradiance from interface 3 to 4 is 

calculated by averaging the respective transmitted direct 

irradiance over all the directions. The transmittance of the 

inner glass layer is calculated by Eq. (7) (Liu, 2017). 
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 (7) 

The total transmittance of the AGS and the absorptance of 

each layer of the AGS is calculated by the following two 

equations, respectively. 
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    (9) 

For the direct irradiance, the transmittance of the AGS and 

the absorptance of each layer of the AGS can be 

calculated after obtaining the solar incident angle of the 

AGS. Assuming the diffuse irradiance is isotropic, the 

transmittance of AGS and the absorptance of each layer 

of the AGS can be calculated by integrating the direct 

solar incident angle from 0°~90°.  
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 (10) 

The overall absorptance and transmittance of the AGS are 

calculated by Eq. (11) and Eq. (12), respectively. 

 D D d dI I

I

 



  (11) 

 D D d dI I

I

 



  (12) 

The total heat gain reflect the energy performance of the 

AGS.The hourly total heat gain by unit area of the AGS 

are composed of a solar radiation related component (qsolar) 

and a temperature related component (qtemp), which are 

calculated by Eq. (13). The temperature related 

component (qtemp) is the heat flow into room side due to 

the temperature difference between the inner surface of 

AGS and the indoor air (Zhang, 2016). 

  solar temp ci 5 i ri 5 i( ) ( )q q q I h T T h T T        (13) 

An experiment was performed with an AGS installed 

horizontally to validate the detailed model of the AGS. 

The experimental platform was built on the roof of a 

building at Hunan University located in Changsha, China 

(112.9E, 28.22N). The averaged relative error of the 

indoor solar heat gain in the daytime on June 20th and 

21st is 2.1% and 5.6%, respectively. The root mean square 

error of the simulated and measured result for the 

temperatures of the inner glass layer is 1.1 ℃. The 

measured results and the simulated results of the detailed 

model have a good agreement. The details on the detailed 

model and the experimental verification are available in 

Chen (2018). 

The simplified model 

To make the detailed model as fast and as easy as possible, 

the simplified model of the AGS are proposed. Due to the 

complicated solar radiation path in the aerogel layer, the 

Eq. (7) is complex with a large amount of calculation. The 

simplified model is considered to overlook the scattering 

and absorption phenomena happened in the aerogel layer. 

The transmittance of the inner glass layer is calculated by 

the Bouguer-Beer law. 

 
+1 eexp( )m m k L     (14) 

For the diffuse irradiance, the total transmittance of the 

AGS and the absorptance of each glass layer of the AGS 

is simplified by calculating the values of the direct 

irradiance in the 60° solar incident angle (Zanghirella, 

2009). 

It is assumed that the temperature differences between the 

aerogel layer and the indoor or outdoor environment is 

equal. The absorbed solar radiation by aerogel layer is 

considered to be averagely distributed according to the 

thermal resistance ratio. The indoor heat gain include 5 

components: the conductive heat gain, the transmitted 

solar radiation, the heat gain transferred from the outer 

glass, inner glass and aerogel layers after absorbing the 

solar radiation. It is calculated by the follow equation. 

  
3

1 out,n

e i

n 1 total

m m R
q K T T I I
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     (15) 

The overall heat transfer coefficient K is calculated by the 

follow equation： 

 
3

1

1ce re ci ri

1 1
( )

+

n

n n

K
h h h h









  


  (16) 

The convective heat transfer coefficient and the radiative 

heat transfer coefficient are available in the Ministry of 

Housing and Urban-Rural Development of the People's 

Republic of China (2008). 

The K-SC model  

The K-SC model is a simplified model commonly used in 

the computation of glass. The heat gain caused by the 

AGS is divided into two parts: one is the conductive heat 

gain caused by the indoor and outdoor temperature 

differences; another is the heat gain caused by the solar 

radiation, which consists of the transmitted solar radiation 

and the “secondary heat gain” transferring to the room 

after absorbing the solar radiation by the AGS. The total 

heat gain is calculated by the follow equation. (Ministry 

of Housing and Urban-Rural Development of the People's 

Republic of China, 2008) 

  e iq K T T SHGC I     (17) 

The solar heat gain coefficient of the direct radiation 

SHGCD takes the calculated value of the normal incidence. 

The solar heat gain coefficient of the diffuse radiation 

SHGCd takes the calculated value of the direct radiation 

with the solar incident angle of 60°. 

  e i D D d dq K T T SHGC I SHGC I       (18) 

The calculated K of the AGS (8 mm clear glass+12 mm 

granular silica aerogel+8 mm clear glass) is 1.44 

W/(m2∙K), the SHGCD is 0.64, the SHGCd is 0.49. 

Comparisons for three models 

There are two main types of heat gain entering the room 

through the AGS: one is the heat gain generated by the 

transmitted solar radiation; another is the heat gain caused 

by the temperature differences between the inner surface 

of the inner glass and the room (including convection heat 

transfer and long wave radiation heat transfer). The heat 
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gain of the AGS installed horizontally in Changsha on 

July 21st is calculated by the detailed model, the 

simplified model and the K-SC model. Figure 3 shows the 

Meteorological data of July 21st. The outdoor conditions 

(outdoor air temperature, the global horizontal irradiance, 

the diffuse horizontal irradiance and the direct normal 

irradiance) are taken from typical meteorological year 

data (China Meteorological Bureau, et al., 2005). The 

indoor temperature is set as 25℃. The total thickness of 

the AGS calculated in this study is 28 mm, where the 

glasses are both 8 mm and the aerogel layer is 12 mm. The 

physical property parameter of the AGS is listed in Table 

1. 
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Figure 3: Meteorological data of July 21st in Changsha. 

Table 1: Physical property parameter. 

Physical properties Clear 

glass 

Silica 

aerogel 

Density/ kg∙m-3 2500 100 

Heat capacity/ J∙(kg∙K) -1 840 3500 

Thermal conductivity/ W∙(m∙K) -1 0.75 0.024 

Extinction coefficient/ mm-1 0.016 0.0296 

Refractive index 1.526 1.02 

The differences between the heat gain calculated by three 

models are discussed in this chapter. The relative error RE 

is used to quantitatively describe the calculation 

differences of the heat gain between the K-SC model, the 

simplified model and the detailed model which had been 

validated by the experiment. 

 =
C T

T

Q Q
RE

Q


 (19) 

where RE is the relative deviation (%); QC is the heat gain 

calculated by the K-SC model or the simplified model 

(W/m2)；QT is the heat gain calculated by the detailed 

model (W/m2). 

The transmitted solar heat gain 

The transmitted solar heat gain calculated by three models 

is shown in Figure 4. It is observed that the curves of the 

transmitted solar heat gain calculated by three models 

have similar trends, but the value calculated by the 

simplified model and the K-SC model in the daytime is 

larger than the detailed model. The solar radiation path are 

significantly shortened by overlooking the absorption and 

scattering phenomena happened in the aerogel, making 

more transmitted solar heat gain calculated by the 

simplified model and the K-SC model. Moreover, the 

transmitted solar heat gain is calculated in the normal 

incidence in the K-SC model, resulting in larger solar 

radiation transmitted into room. It is found that the 

transmitted solar heat gain calculated by the K-SC model 

has large error than the simplified model at 5:00 AM to 

9:00 AM. That is caused by the constant solar incident 

angle settled in the K-SC model, while the solar incident 

angle is changing with the time and it is significantly 

larger than the settled solar incident angle in the K-SC 

model in the morning. Since the solar incident angle 

approaches 0° at noon, the differences between the K-SC 

model and the simplified model is less significant at noon. 

The cumulative transmitted solar heat gain calculated by 

the K-SC model is higher than the detailed model by 

54.96% on July 21st, the relative error of the simplified 

model is 28.21%. 
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Figure 4: The transmitted solar heat gain on July 21st. 

The heat gain caused by the temperature differences 

The calculated heat gain caused by the temperature 

differences of three models is shown in Figure 5. The 

aerogel has a large density and specific heat, and the heat 

storage of the aerogel cannot be overlooked. The 

temperature of the aerogel layer rise remarkably after the 

absorption of the incident solar radiation, meanwhile the 

inner glass temperature is generally lower than the outer 

glass temperature in summer, therefore a larger part of the 

solar radiation absorbed by the aerogel layer is 

transmitted to the room than the outside. However the 

simplified model and the K-SC model are considered that 

the temperature differences between each glass layer and 

the inner and outer surfaces of the AGS is equal, 

contributing to smaller calculated heat gain caused by the 

temperature differences of the simplified model and the 

K-SC model. It is found that the value calculated by the 

K-SC model at 5:00 AM to 6:00 AM is higher than the 

other two models. The reflectance of the simplified model 

and the detailed model is high when the solar incident 

angle approach 90°. Therefore, there are little solar 

radiation absorbed by the aerogel and transferring into the 

room in the simplified model and the detailed model at 

5:00 AM to 6:00 AM. 
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In the night, the value calculated by the simplified model 

and the K-SC model are higher than the detailed model. 

The sky temperature in the night is lower than the air 

temperature, resulting in a large amount of radiative heat 

loss between the outer glass and the outdoor environment. 

The effect is considered in the detailed model, therefore 

the value calculated by the detailed model is lower. The 

cumulative calculated heat gain caused by the temperature 

differences of the K-SC model is lower than that of the 

detailed model by 8.93% on July 21st, the relative error 

of the simplified model is 4.41%. 
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Figure 5: The heat gain caused by the temperature 

differences on July 21st. 

The daily total heat gain 

It is concluded from Figure 4 and Figure 5 that the 

transmitted heat gain is dominated in the daytime. The 

transmitted solar heat gain calculated by the K-SC model 

and the simplified model is higher than the detailed model, 

contributing to higher total heat gain calculated by the K-

SC model and the simplified model. In the night, the heat 

gain caused by the temperature differences is the main 

component of the total heat gain, therefore the total heat 

gain calculated by the K-SC model and the simplified 

model are higher than the detailed model in the night. As 

shown in Figure 6, the relative error of the simplified 

model is large at noon when the solar radiation is strong. 

In addition, the relative error of the K-SC model in the 

daytime is almost higher than the simplified model. The 

daily total heat gain calculated by the K-SC model is 

higher than the detailed model by 27.11% on July 21st, 

the relative error of the simplified model is 13.99%. 

In order to analyze the accuracy of the K-SC model and 

the simplified model in different orientations, the daily 

total heat gain calculated by three models in the east, 

south, west, north orientations is shown in Figure 7. It is 

found that the relative error of the simplified model is 

large in the morning in the east and in the afternoon in the 

west when the solar radiation is strong. Due to the lower 

solar radiation in the south and north, the accuracy of the 

simplified model is good. However, the relative error of 

the K-SC model is large in the daytime in every 

orientation, especially in south and north. The solar 

incident angle settled in the K-SC model is 0°, while the 

actual hourly incident solar angle is almost 90° in south. 

Therefore, the relative error of the K-SC model is up to 

41.31% at 12:00 AM in the south. The relative errors of 

the daily total heat gain calculated by the K-SC model and 

the simplified model are listed in Table 2. The relative 

error of the K-SC model range from 22.91% to 46.34%, 

the relative error of the simplified model is lower than 

15%. The accuracy of the simplified model is a bit better 

than the K-SC model. For the simplified model, the 

relative error in the north is the smallest with a value of 

11.86%. 
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Figure 6: The daily total heat gain on July 21st. 
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 Figure 7: The daily total heat gain in different 

orientation: (a) east, (b) south, (c) west, (d) north on 

July 21st. 

Table 2: The RE of the K-SC model and the 

simplified model. 

Orientation RE/ % 

The K-SC model The simplified model 

East 22.91 13.74 

South 46.34 14.10 

West 25.79 13.53 

North 37.84 11.86 

Horizontal 27.11 13.99 

The total heat gain in cooling and heating 
seasons 

In order to compare the differences between three models 

for simulating the energy performance of the AGS, the 

total heat gain of the AGS in cooling and heating seasons 

in each direction is calculated. The typical meteorological 

year data of Changsha is used as the calculation condition 

(China Meteorological Bureau, et al., 2005). Changsha is 

the typical city in hot summer and cold winter zone, the 

heating season is from November 12th to April 10th, the 

cooling season is from June 25th to August 23rd. The 

design temperature in the cooling and heating season is 

25 °C and 20 °C, respectively. 

Table 3 shows the total heat gain in cooling and heating 

seasons calculated by three models. The relative error of 

the K-SC model range from 18.65% to 24.46% in cooling 

season, the energy saving potential of the AGS will be 

underestimated. The relative error of the K-SC model in 

the north is the largest because of the huge differences of 

the solar incident angle between the K-SC model and the 

detailed model. The relative error of the simplified model 

range from 8.39% to 12.17% in cooling season, which is 

lower than the K-SC model. The relative error of the 

simplified model in the north is the smallest. That is 

caused by the lower solar radiation in the north. 

The energy saving potential of the AGS will be 

overestimated in heating season because of the higher 

heat gain calculated by the K-SC model and the simplified 

model. The relative error of the K-SC model is more than 

61.91% in heating season. The relative error of the 

simplified model is more than 36.86% in heating season, 

which is lower than the K-SC model. The largest 

differences between the K-SC model and the simplified 

model is the method in calculating the optical parameters 

of the direct radiation, while there is little direct radiation 

in the north. Therefore, the relative errors between the K-

SC model and the simplified model in the north are almost 

equal. The relative errors of the K-SC model and the 

simplified model in the west are both the largest. The total 

heat loss calculated by the detailed model is 7.65 kWh/m2 

in the west, while the total heat gain calculated by the K-

SC model and the simplified model is 13.76 kWh/m2 and 

10.68 kWh/m2, respectively. 

It is concluded that the total heat gain calculated by the K-

SC model and the simplified model is higher than the 

detailed model. The energy saving potential of the AGS 

is underestimated in cooling season and overestimated in 

heating season, which adversely affect the promotion and 

application of the AGS. While the relative error of the 

simplified model is lower than the K-SC model. 

Table 3: The total heat gain in cooling and heating seasons. 

Orientation The total heat gain in cooling season/ kWh·m-2 The total heat gain in heating season/ kWh·m-2 

The 

detailed 

model 

The 

K-SC 

model 

RE/ % The 

simplified 

model 

RE/ % The 

detailed 

model 

The 

K-SC 

model 

RE/ % The 

simplified 

model 

RE/ % 

East 99.41 117.95 18.65 111.51 12.17 16.15 42.55 163.54 37.77 133.93 

South 45.33 56.10 23.76 49.86 10.01 25.26 55.99 121.64 46.78 85.21 

West 67.21 79.97 18.99 74.60 9.91 -7.65 13.76 -279.81 10.68 -239.60 

North 51.76 64.42 24.46 56.50 8.39 -18.52 -1.04 94.41 -1.14 93.86 

Horizontal 145.06 175.14 20.74 160.59 10.70 51.08 82.71 61.91 69.91 36.86 
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Conclusion 

In order to provide reference and guidance for simulating 

the energy performance of AGS, the detailed model, the 

simplified model and the K-SC model are introduced. The 

daily total heat gain and the total heat gain in cooling and 

heating seasons in Changsha calculated by three models 

are compared. The conclusions are drawn as follows: 

(1) The transmitted solar heat gain is dominated in the 

daily total heat gain in the daytime. In the night, the 

heat gain caused by temperature differences is the 

main component of the daily total heat gain. 

(2) In cooling season, the relative error of the K-SC 

model range from 18.65% to 24.46% and the relative 

error of the simplified model range from 8.39% to 

12.17%, which underestimate the energy saving 

potential of the AGS. 

(3) In heating season, the relative error of the K-SC 

model is more than 61.91% and the relative error of 

the simplified model is more than 36.86%, which 

overestimate the energy saving potential of the AGS. 

(4) The K-SC model is not suitable to simulate the 

energy performance of the AGS. The simplified 

model has a bit better accuracy than the K-SC model. 

(5) Considering the scattering and absorption 

phenomena happened in the aerogel layer and the 

changeable solar incident angle with time, the 

detailed model has better accuracy to simulate the 

energy performance of the AGS. 
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Nomenclature 

cp1、cp2 heat capacity of glass and aerogel (J/(kg∙K)) Greek letters 

hc convective heat transfer coefficient (W/(m2∙K)) α absorptance 

hr radiative heat transfer coefficient (W/(m2∙K)) τ transmittance 

I
 

incident solar radiation (W/m2) δ1、δ2 thickness of glass and aerogel (m) 

ke extinction coefficient (mm-1) ρ1、ρ2 density of glass and aerogel (kg/m3) 

L optical path (mm) φ front equivalent transmittance 

q hourly indoor heat gain (W/m2) β´ reciprocal of the back equivalent reflectance 

qα1 absorption heat of outer glass layer (W/m2) λ thermal conductivity (W/ m∙K) 

qα2 absorption heat of aerogel layer (W/m2) Subscripts  

qα3 absorption heat of inner glass layer (W/m2) e outdoor environment 

T temperature (K) i indoor environment 

t time (s) D direct radiation 

k1 
conductive heat transfer coefficients between 

aerogel and glass (W/(m2∙K)) 
d diffuse radiation 

k2 
conductive heat transfer coefficients of aerogel 

(W/(m2∙K)) 
j node number (j=1~5) 

Rtotal total thermal resistance (m2∙K/W) m Interface number (m=1~5) 

Rout outer thermal resistance (m2∙K/W) n Layer number (n=1~3) 

K the overall heat transfer coefficient (W/(m2∙K))   
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