
 

Climate adaptive building shells for the future – optimization
with an inverse modelling approach
Citation for published version (APA):
de Boer, B. J., Ruijg, G. J., Loonen, R. C. G. M., Trcka, M., Hensen, J. L. M., & Kornaat, W. (2011). Climate
adaptive building shells for the future – optimization with an inverse modelling approach. In Proceedings ECEEE
Summer Study 2011, Belambra Presqu'île de Giens, France, June 2011 (pp. 1413-1422).

Document status and date:
Published: 01/01/2011

Document Version:
Accepted manuscript including changes made at the peer-review stage

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 04. Oct. 2023

https://research.tue.nl/en/publications/91cb36fb-edc3-452e-b0fe-274d83bfc817


	 ECEEE 2011 SUMMER STUDY • Energy efficiency first: The foundation of a low-carbon society  1413

Climate adaptive building shells for the 
future – optimization with an inverse 
modelling approach

Bart de Boer & Gerrit Jan Ruijg 
Energy reseach Centre of the Netherlands ECN
PO Box 1 
1755ZG Petten 
The Netherlands
b.deboer@ecn.nl

Roel Loonen, Marija Trčka & Jan Hensen
Eindhoven University of Technology
Unit Building Physics and Systems
P.O.Box 513 
5600 MB Eindhoven
The Netherlands
r.c.g.m.loonen@tue.nl

Wim Kornaat 
TNO PO Box 49
2600 AA Delft
The Netherlands
wim.kornaat@tno.nl

Keywords
energy savings, building shell, climate adaptive

Abstract
Most of currently designed and constructed building shells are 
fairly static systems which limits the possibilities for optimal 
energy performance and/or optimal indoor comfort. Solar 
shading is often only regulated by hand with (indoor) lamellas. 
This static behaviour of the shell often leads to discomfort and 
a high energy use for the various installations which are needed 
to climatise the building.

In common design practice energy performance calculation 
programs or, in the best case, dynamic building simulation pro-
grams are used as a tool to improve the building shell perform-
ance. Different options for façade constructions are compared 
to retrieve the best result in energy use. In the ongoing FACET 
project (Dutch acronym: ‘Adaptive future façade technology 
for increased comfort and low energy use’) a completely new, 
inverse modelling approach is chosen by asking the question: 
“What would be the ideal, dynamic properties of a building 
shell to get the desired indoor climate at variable outdoor cli-
mate conditions?” By reversing the design approach, a set of 
ideal, but realistic building shell parameters is computed for 
different climate conditions, at various time scales (seasons, 
day-night, instantaneous).

The ‘ideal’ adaptive behaviour makes it possible to maximize 
comfort and to minimize energy demand. Technologies to 
reach this ‘ideal’ behaviour are partly already available, in low 
or high tech solutions, such as smart glazing, variable vacuum 
insulation, insulating window covering, etc. However, further 
technology development is desired to fully meet the require-
ments.

This paper describes results of the inverse thermal modelling 
for a climate adaptive building shell. It shows that ideally adap-
tive building shells have the potential to practically eliminate 
the heat demand and to reduce the total heating and cooling 
demand by a factor 10, compared to state of the art new built 
offices under the Dutch climate. This is even a factor 2–3 lower 
compared to the very energy efficient passive house technology. 
The extremely low energy demand facilitates new technologies 
like compact heat/cold storages and the practical realisation of 
zero energy, or energy producing buildings in the near future.

Introduction
Most of currently designed and constructed building shells are 
fairly static systems which are not designed for optimal energy 
performance and/or optimal indoor comfort. Properties like 
insulation level, thermal mass and window area are fixed val-
ues and practically kept constant throughout the year. Fixed 
or adjustable external shading devices are often not used and 
windows with low g-values are used instead. Visual comfort is 
in many cases regulated by hand with indoor lamellas.

Although energy performance regulation is forcing the 
building sector to improve the energy performance of build-
ings, there is still a need to drastically improve energy effi-
ciency. Especially in the existing building stock, much is still 
to be gained. The energy performance of (new) buildings is in 
practice based on the mandatory, minimum demands, because 
for project developers there is no benefit to go beyond this level. 
Up till now this results in buildings of rather poor energy per-
formance, with high energy bills for the end user. To meet the 
requirements of indoor comfort criteria, buildings are actively 
climatised by installations. Heating, ventilation, air condition-
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ing (HVAC) and lighting installations are additionally needed 
to meet the requirements. Air-conditioning not only results in 
high energy use, it often leads to discomfort.

In common design practice energy performance calculation 
programs or, in the best case, dynamic building simulation pro-
grams are used to search for the building shell with the highest 
performance. Different options for façade constructions are 
compared to retrieve the best result in energy use. This leads to 
solutions for a fixed design for window size, g-value, insulation 
value, etc.

The key feature of the FACET project is the inverse mod-
elling approach. Starting point is the ideally desired physical 
behaviour of an adaptable building shell. After determining this 
‘ideal’ thermal, visual and ventilation behaviour the next chal-
lenge is to create concepts which are able in practice to fulfil the 
requirements of adaptive behaviour in time scales of seasons, 
days, hours or instantaneous.

Climate adaptive building shells
Since the energy crisis in the early 70s the glass industry came 
up with many new products to improve the image of glass. A 
study for glass manufacturer Pilkington resulted in ‘A wall for 
all seasons’ by Mike Davies. His pledge for a polyvalent wall un-
doubtedly had a big influence on further façade developments. 
This polyvalent wall should control and regulate energy flows 
by itself including the needed energy (Haartsen et al, 1999). 

Climate adaptive building shells (CABS) have received grow-
ing attention in the last years (Ritter, 2007; Klooster, 2009; Loo-
nen, 2010a; Schumacher et al., 2010). For the project FACET 
the definition of CABS is: “a climate adaptive building shell can 
adapt itself to the needs of the user of the building and to the 
changing climatic conditions to which the building skin is ex-
posed, while at the same time the energy use needed for main-
taining desired comfort is minimized.” Concepts are mostly 
focused on the façade and are also known by names as ‘smart-
facade’, ‘active facade’, ‘dynamic facade’ and ‘intelligent facade’.

In 2009, a simulation study on the inverse approach already 
indicated the large energy saving potential of CABS (Voorden, 
van der, et al 2009). In the FACET project in a first step the ideal 
adaptive behaviour of a building shell is sketched. In a second 
step in the project, CABS proof of concepts will be composed 
to meet the ideal requirements as much as possible.

FACET: inverse modelling approach
In the FACET project an up till now new, inverse modelling 
approach is applied by asking the question: “What would be the 
ideal, dynamic properties of a building shell to get the desired 
indoor climate at variable outdoor climate conditions?” By re-
versing the business as usual design approach, a set of ideal, 
but realistic building shell parameters is computed for different 
climate conditions at various time steps (seasons, day-night, 
instantaneous). 

The idea of an inverse approach can be translated as ‘turn-
ing around’ the order ‘input => model/simulation => output’ 
as depicted in the figure below. In contrast to normal simula-
tion work the input at the inverse simulation approach is an 
unknown variable (= ?) with a desired known (= !) output. In 
this case, dynamic instead of static building properties (such 
as variable insulation (U), solar transmittance (G), solar shad-
ing and ventilation heat recovery) are needed. By defining the 
desired output, in theory, the inverse simulations will calculate 
which building shell properties (within an acceptable range of 
values) are needed to stay within the defined comfort zone at 
the lowest energy use.

The development of fully climate adaptive buildings shells, 
with theoretically ‘ideal’ adaptive behaviour enables the end-
user to maximize indoor comfort and to minimize energy use 
for heating, cooling, ventilation and lighting. In the FACET 
project the desired properties with regards to 1) thermal op-
timization and 2)  visual optimization are at first separately 
addressed, and will come together in the run of the project, 
to reach integral optimization. In this paper the results of the 
three taken steps in the process of thermal optimization will be 
given. In a first step the results of an explorative approach will 
be presented, in a second step the work on a dynamic simula-
tion using an adaptive control strategy will be given and in a 
third (ongoing) step the future perspective of employing multi-
objective optimization (MOO) techniques is presented.

Explorative inverse approach – FACET 
simulations in Excel
To determine the effect of dynamic shell properties an explora-
tive study is performed where the energy balance of an office 
cell is evaluated with a ‘pure’ inverse approach in Excel. The 
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Figure 1. Schematised representation of the inverse approach.
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idea is to vary the façade parameters (U-value, solar heat gain 
and ventilation factor) in timesteps of one hour. This is done 
in such a way that heating or cooling demand is eliminated 
as much as possible. In this approach the effect of the ther-
mal mass of the building is essentially not taken into account. 
Furthermore it is assumed that the building shell will act as a 
black box filled with hypothetical material which can be either 
transparent or opaque and at the same time have a thermal con-
ductivity which can be adapted to U values ranging from 0.1 
to 10 W/m2K.

The energy balance of the office room is defined by:

Ebalance = g-value*Qsol+Qint – (Vf*V*ρcp+U*A)*(Tcomf-Tamb)

The aim is to minimise the energy balance for every hour of 
the year by optimizing the values of the three variables: solar 
gains (g-value), ventilaton rate (Vf) and insulation (U-value). 
In this case there is no heating or cooling necessary to meet the 
comfort temperature setpoint and the energy use is minimal. 
The variables can vary between the following values:

–– Solar heat gain factor (g-value) between 0.06 (external shad-
ing closed) and 0.85 (external shading open).

–– Ventilation factor Vf between 0.1 (Vf=2/h with 95 % heat 
recovery) and 5 (summer ventilation),

–– U-value between 0.1 and 10 (Rc between 10 and 0.1)

Externally determined values are Qsol and Qint, which vary per 
hour. Qsol is extracted from TRNSYS output, based on a weather 
file for Amsterdam. Qint is 612 W if two persons are present, 
and otherwise18 W after office hours. The volume of the office 
cell V is 52.5 m3, the interior capacitance ρcp is 1,25 kJ/m3K, the 
facade surface A is 11.3 m2.

The energy balance is one equation with three variables, 
which means there will not be one unique solution. To find 
optimal combinations of the variables, a certain priority is ap-
plied: in a standard setting it is desired to maximise the solar 
access and minimise the transmission and ventilation losses. If 
this leads to a heat excess, first the solar heat gains are limited 
and then there is a choice between increasing the conductivity 
(U-value) of the façade and increasing the ventilation rate. It is 
assumed that increasing the ventilation rate leads to a higher 
energy use than increasing the conductivity, so the latter is pre-
ferred. If variation of the three facade parameters does not lead 
to a heat balance equal to zero it can be concluded that in this 
time step there is a heating or cooling demand.

As can be seen in Figure 1, the shading is more often closed 
in summer than in winter, and in summer higher conductivity 
and ventilation rates are used for temperature regulation.

The resulting heating demand is 74  MJ/m2, the resulting 
cooling demand is 18 MJ/m2 per year. Changing the priority 
does not affect the heat and cooling demands. In comparison 
with an office building with an energy performance coefficient 
(EPC) of EPC=1,1 (which complies to a standard Dutch new 
building) a reduction of the cooling demand with a factor 3 is 
possible, and the heating demand shows a possible reduction 
factor of more than 6. Compared to the very low energy ‘passive 
house’ concept the reduction factor is about 2.

The frequency of occurrence of the different values of the 
façade parameters is depicted in Figure 4. Two bins are created 
for the extreme values, and one for the intermediate ones. It is 
clearly visible that the extreme values of the parameters occur 
more often than values in the intermediate bin. The maximum 
value of g occurs the most, about 60 % of the time, so the solar 
shading is most open. This is obvious at night time, but at day-
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time they are mostly fully closed, 30 % of the time, so 10 % of 
the time the shading regulates the temperature.. For the heat 
conductivity and ventilation, the minimum values are the most 
abundant; the ventilation is at its minimum more than 90 % of 
the time.

Dynamic simulation using adaptive control 
strategy
In the rough previous analysis, the effects of internal building 
mass and outdoor temperature variations were not taken into 
consideration. Utilising the dynamics of the building offers an 
extra possibility for further energy performance improvement. 
In order to evaluate the effect of building dynamics on the en-
ergy performance, dynamic simulations have been performed 
using TRNSYS as simulation tool.

Thermal comfort

The desired thermal comfort is based on the Dutch ‘adaptive 
temperature gradient’ (ISSO, 2004). The idea is that people 
adapt to higher or lower temperatures for example by the 
choice of their clothing. Also a more free running tempera-

ture, within determined boundaries, is regarded as being more 
comfortable. For the simulations this implies that the desired 
indoor temperature is not a fixed value but is related to tem-
peratures of the past days, as illustrated in Figure 5. In this 
method a moving average ambient temperature is composed 
from the average temperatures of the past 4 days. Using this 
moving average ambient temperature for every day of the year 
an optimum comfort temperature is calculated as well as the 
temperatures at which 90 %, 80 % and 65 % of the people feel 
comfortable.

Inverse modelling approach

For the TRNSYS simulations the office room (at North and 
South orientation) was modelled, using an adaptive control 
mechanism, called Qcor: 

To be able to simulate the energy performance of the 
FACET façade with TRNSYS it would be necessary to model 
construction materials with variable thermal conductivity, 
but TRNSYS does not provide a possibility to change param-
eters of materials during simulations. However, TRNSYS does 
provide the possibility to choose another type of glass during 
simulation, by entering another glass ID. This makes it pos-
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Figure 3. Heating and cooling demand at the reference office room, at ‘passive house’ office room and at a FACET office room.

Figure 4. Frequency of occurrence of the different values of the façade parameters.
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sible to change the properties of the glass in steps, what is just 
slightly less accurate than continuously adjustable properties.. 
It appeared to be possible in TRNSYS to create a “glass” with 
a solar access factor (g-value) of 100 % and free to choose 
heat resistance. So 11 different “window panes” are created 
with heat resistance ranging from 0.01 to 10, spread in a loga-
rithmical way over the range. A control strategy called Qcor 
then chooses the most appropriate “glass” from the library 
and adjusts the external shading, ventilation and heat recov-
ery bypass in a way that the temperature is as close as possible 
to the comfort optimum.

The range of variable values for the FACET office room and 
the fixed values at the reference office room are given in Table 1. 
By creating a virtual window with wide ranges of transparen-
cy in combination with a wide range of insulation values the 
façade is able to serves as a black box.

Results

The TRNSYS simulation results are depicted in Figure  7. 
When simulated in TRNSYS the energy demand of the refer-
ence new built office turns out to be about 60 MJ/m2, what is 
a factor 10 lower than the result of the Excel exploration. It is 
expected that this is for the largest part due to the dynamic 
effect which allows temperature variations between the set 
temperatures of heating and cooling, and so uses thermal 

storage in building mass to decrease the energy demand. But 
also the fact that TRNSYS takes more factors into account 
than the simple Excel explorative approach may play a role 
in this. The energy use of the FACET office is with 8 MJ/m2 
a factor 8 lower than the reference office, what indicates that 
large energy savings appear possible compared to nowadays 
standards.

As can be seen in the figure below, the indoor temperature 
throughout the year is 99,5 % of the time within the speci-
fied ’90 % satisfactory’ boundaries of the adaptive temperature 
gradient. This means that a high comfort level is achieved in 
combination with a very low heating and cooling demand. It 
should be noted that auxiliary energy consumption for chang-
ing the facade properties is not taken into account, because 
at this moment the actual design (and thus this energy com-
sumption) is not yet clear. Furthermore in both situations 
the energy of fans for the ventilation is not considered. Using 
natural ventilation gives further means for reducing the en-
ergy consumption.

The next step in this analysis will be to integrate and optimise 
the preferred settings for both thermal and visual comfort. Also 
other building types like schools and dwellings will be simu-
lated. The integrated approach will be performed using a multi-
objective optimisation modelling method, as described in the 
next part of the paper.

 
Figure 5. Thermal comfort: adaptive temperature gradient.
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Future perspectives: multi objective optimisation
The results presented thus far are encouraging and confirm the 
hypothesis that it is worthwhile to continue directing efforts to 
design and development of adaptive façades. It can be argued 
however that the presented modelling approaches are not capa-
ble of disclosing the theoretical performance bound of adaptive 
building shell technology. The following limitations currently 
prevent the ultimate way of building envelope behaviour from 
being fully understood:

•	 The procedure for deciding on adaptive façade actions is 
driven by predefined priorities. This attribute introduces 

a bias towards similar solutions under the wide variety of 
different conditions. In this way it restricts the number of 
attainable strategies to only a small subset of the potential 
option space. 

•	 Another unfavourable characteristic of the tested ap-
proaches is that effects of different actions are investigated 
sequentially. Here we mean that one action is first executed 
to its full extent before continuing to the next action. This 
consecutive approach misses the opportunity to map how 
simultaneous partial actions might mutually enhance each 
other. 

Table 1. Range of variable and fixed façade properties.

  FACET office Reference office 

Rc (m2.K)/W 0.01 <=> 10 4.6 m2 HR++ glass (u=1.1 W/m2K)  

8.1 m2 closed, Rc= 3 (m2.K)/W 

shading (-) 0 <=> 0.98(2) 0 or 0.9 (south)(1,2) 

0    (north) 

Heatrec. vent. (%) 0 <=> 95 70(3) 

ventilation (dm3/s) winter 5 <=> 20 

summer 5 <=> 80 

28 (winter: 1.9 [1/h])(4) 

35 (summer: 2.4 [1/h], +1K) (4) 

36,5 (extra: 2.5 [1/h], +2K) (4) 

 
Notes:  (1) During office hours shading in case solar load > 300W/m2 
 (2) Maximum shading in both situations correspond to roughly the same fraction of light entrance. 
  Facet: (4.6+8.1) m2 * 1 (g-value) * (1-0.98)= 0.254 
  Reference: 4.6 m2 * 0.6 (g-value) * (1-0.9)= 0.276 
 (3) Only in combination with winter ventilation 
 (4) During office hours: 
  Winter ventilation in case indoor temperature < desired level+1 
  Summer ventilation in case indoor temperature >= desired level+1 
  Extra ventilation in case indoor temperature >= desired level+2 
  Besides office hours: No ventilation 
  

 
 
 
 
 
Figure 7. Heating and cooling demand of reference new built office and FACET office.

Contents Keywords Authors



PANEL 6: INNOVATIONS IN BUILDINGS AND APPLIANCES

	 ECEEE 2011 SUMMER STUDY • Energy efficiency first: The foundation of a low-carbon society  1419     

6-048 de Boer et al

•	 A third key limitation of the existing approaches is the fact 
that decisions are only based on current information on dis-
turbances and events that happened in the past. By intro-
ducing a control strategy with the capacity to take advantage 
of expected future changes, we hope to bring the feasible 
potential of CABS to a higher level. 

In this section we propose an alternative method that will 
be used in our search for the optimal behaviour of dynamic 
façades. This strategy relies on three principles: exploration, 
optimization and anticipation. The remainder of this paper 
introduces these three principles, elaborates more on the en-
visioned simulation strategy, and finally discusses some of the 
challenges that need to be resolved in this ongoing research 
effort.

Exploration

The processing power of modern computers, used together 
with effective sampling methods facilitates performance 
evaluation of a large number of alternative façade adaptation 
scenario’s. For each given combination of comfort needs and 
meteorological conditions, it is possible to find the set of façade 
parameters that best meets the requirements with the lowest 
amount of energy consumption.

Such a parameter search is not driven by human preferences, 
but instead is able to explore the full option space of façade 
adaptation. The performance of each of the different options 
is assessed by building performance simulation runs, and then 
ranked accordingly. This method overcomes the issues con-
cerned with priorities and sequential actions, and therefore 
drastically enlarges the searched space. In turn, this increases 
the chances of arriving at the overall best solution.

Optimization

The multiple functions of the building shell are typically diverse 
and sometimes even competitive in nature. Harmonizing these 
performance requirements in a good way therefore remains a 
challenge in both static and adaptive building designs. The use 

of optimization methods however can help in accomplish-
ing this task by converging the parameter search towards the 
best solutions. Traditional single objective methods, possibly 
augmented with constraints or a weighted-sum approach for 
trading-off multiple criteria, have demonstrated to not always 
bring satisfactory results (Das and Dennis (1997); Mourelatos 
and Liang (2006)).

We aim to overcome this deficiency by employing multi-ob-
jective optimization (MOO) techniques as a tool for enabling 
well-informed decision making (Hopfe, 2009). The main as-
set of this multi-objective approach is that the actual decision 
moment is delayed until all relevant information is available 
without relying on a priori knowledge. This increases under-
standing of balanced trade-off solutions for supporting every 
switching decision. Application of MOO is not limited to the 
bi-objective compromise between energy demand and thermal 
comfort only. We foresee the incorporation of visual comfort 
considerations as viable future extension.

MOO can be used to assist short-term decisions in control of 
CABS, but is also helpful to visualize the performance benefits 
of CABS on an annual basis. We contend that the performance 
of a well-designed and well-controlled CABS can go beyond 
the Pareto set of a static design and move in the direction of the 
utopia point (Figure 9).

Anticipation

Anticipatory systems are defined as “systems containing a pre-
dictive model of itself and/or of its environment, which allows 
it to change state at an instant in accord with the model’s pre-
dictions pertaining to a latter instant” (Rosen, 1985). Buildings 
do not react instantaneously to changes in their environment; 
the thermal characteristics of the structure and shell intro-
duce delay and a damping effect. If adaptive building shells 
were competent of basing their state transitions on forward-
looking, this would open up several of the established advan-
tages pertaining to building-related model predictive control, 
including:

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 8. Indoor temperature 99,5% within ’90% satisfactory’ boundaries of adaptive temperature gradient.
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•	 Making smart use of variable thermal mass to attenuate or 
shift peak loads and keep temperature fluctuations within 
the comfortable range (Hoes et al., 2011).

•	 Exploiting knowledge about periodicity of occupancy and 
load patterns to maximize the benefits of on/off behaviour 
and start-stop times (Clarke et al., 2002).

•	 Using better timing strategies based on weather information 
to optimize or extend the utilization period of passive heat-
ing, daylighting, free cooling and solar shading (Oldewurtel 
et al., 2010; Zavala et al., 2009).

Apart from these applications, anticipation can also be used to 
examine future consequences of actions taken at the current 
time instant (Coffey et al. 2009). Figure 9 illustrates this con-
cept by showing that the option with the highest performance 
at the present decision moment, not necessarily corresponds to 
the one that maximizes performance over time.

The reward of introducing proactive control primarily rests 
on the quality and validity of predictions. Highest potential 
benefits are expected in ‘heavy’ buildings, and for supporting 
supervisory control decisions with multiple complementary 
servicing actions involved. However, ss the forecast horizon 
increases, the predictions are becoming increasingly uncer-
tain (Zavala et al., 2009). It is important to be aware of this 
and the fact that predictions can potentially be wrong. The per-
formance robustness of selected strategies should therefore be 
a point of attention. In addition, a trade-off has to be made 
between the length of the forecast horizon and corresponding 
computational cost.

Simulation strategy

The relevant physical time constants in buildings (i.e. order of 
days) span across multiple periods of façade adaptation (i.e. 
minutes to hours). Including adaptation in dynamic simula-
tions is thus necessary to account for the effects of thermal in-
ertia. To this end, we consider the building shell as a (bounded 
subset) of undefined solutions characterized by controllable 
variable values for the thermo physical and optical properties. 
This process is not about enhancing the performance of pro-
posed or existing designs but instead aims at determining what 
transient adaptive thermo physical and optical characteristics a 
façade ideally should exhibit.

Each change in adaptation should be made, based on the 
present state of the building, the future desired state of the 
building, disturbances in boundary conditions and dynamic 
comfort constraints. Out of multiple options (trajectories) 
of façade adaptation an optimum needs to be found, by ad-
dressing the balance between multiple objectives. A model 
predictive control algorithm will be used for this purpose. 
The algorithm will be based on iterative, receding time-hori-
zon, multi-objective optimization of the black-box building 
model. An online calculation will be used to explore state tra-
jectories (dynamic behaviour) that emanate from the current 
state and find a control strategy for the specified time-slot 
that optimizes performance. This adaptation strategy will 
be implemented on a time-step basis. Each time-step, these 
calculations will be updated and repeated, starting from the 

 
(adapted from (Olewnik et al., 2004)) 
 Figure 9. The improved Pareto set of CABS can surpass per-

formance of a conventional façade.

 
(adapted from Bosman and La Poutré (2007)) 
 Figure 10. Why anticipation is useful.
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current state, yielding a new control and new predicted state 
path, thereby shifting the optimization horizon forward in 
time.

Challenges

The task of implementing the presented inverse modelling ap-
proach is currently being pursued in ongoing research activi-
ties. The remaining challenges in this endeavour are either (i) 
due to software limitations, or are (ii) directly rooted in the 
complex nature of the problem formulation.

The existing building simulation programs were developed 
for the purpose of design, with only marginal attention for 
control issues. This is now the main reason that the number of 
features to model adaptive behaviour of façades is limited (Loo-
nen, 2010b). Specific enhancements are required to allow for 
simulation of the variability of thermal mass. The current tools 
do moreover not offer the capabilities to facilitate the advanced 
decision making procedure with forward looking. Coupling 
building simulation to a more generic software platform (e.g. 
Matlab) in a co-simulation approach seems therefore inevita-
ble. Issues related to the type and frequency of data exchange 
(Trcka, 2009) still need to be resolved for the present applica-
tion.

The simulation strategy just outlined features a large number 
of degrees of freedom. The combination of many variables to-
gether with evaluations at multiple time-steps under uncertain-
ty causes an exponential growth of the solution space. Effective 
measures are necessary in order to prevent the problem from 
becoming intractable. Even if we manage to keep control of 
this, we are still confronted with that fact that detailed building 
simulation with optimization in predictive controllers is com-
putationally expensive (Coffey et al., 2010). Striking the right 
balance between the ambition for truly optimal solutions and 
associated computation time becomes one of the significant 
challenges.

The decision making process makes use of automated opti-
mization driven by objective functions. This implicitly requires 
that ‘optimal performance’ needs to be captured in a formal 
mathematical expression. Apart from addressing the questions 
what optimal performance actually might be in terms of com-
fort, we realize that it is important to also focus on the maxi-
mum acceptable rate-of-change (Kim and Kim, 2007).

Conclusions, remarks and outlook
Both the Excel and dynamic simulations show that the in-
verse modelling approach of FACET has a large energy saving 
potential. The explorative simulations show, in comparison 
with a standard new Dutch office building (EPC value of 1.1), 
that a reduction of the cooling demand with a factor 3 and a 
heating demand with a factor of 6-10 is possible. Compared 
to a ‘passive house’ office the reduction factor is about a fac-
tor 2.

Simulations show that reduction of the solar heating gains 
(g-value) is the main factor to maintain the temperature in 
a building close to the desired maximum value. Increase of 
heat conductivity and ventilation (bypass or natural) perform 
comparably well as instruments to decrease the cooling de-
mand in summer as long as the ambient temperature is lower 
than the inside temperature. In the present control strategy 

in Excel and TRNSYS the extreme values of the facade pa-
rameters occur most frequently. Technologies to reach this 
‘ideal’ behaviour are partially already available, in either low 
or high tech solutions, such as smart glazing, variable vacu-
um insulation, insulating window coverings, etc. However, 
further technology development is desired to fully meet the 
requirements.

The FACET project is ongoing until end 2012 and by this 
time more results can be expected in terms of fully integral in-
verse modelling results for offices, schools and dwellings. Fur-
thermore proof of concept for different adaptive building shell 
concepts and possible opportunities and potential for develop-
ment of new technologies are expected. A big challenge will be 
to translate the theoretical, desired behaviour into ‘real world’ 
CABS concepts.
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