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Abstract

The concept of architectural performance comprises an understanding of the interaction between the built

and natural environments. Over the past decades, design practices started envisioning the future of façade

conception through the use of environmentally reactive components. Covering solutions that vary in terms

of materials, components, and systems, adaptive façades provide new aesthetic opportunities by offering the

potential to reduce energy demands while enhancing the indoor comfort. However, as traditional simulation

tools target the design of static geometries, and adaptive façades encompass an envisioned movement of

construction elements, there is a lack of supporting tools and workflows that can correctly evaluate the

performance of these systems at an early design stage.

On the other hand, there is a growing potential in Algorithmic Design (AD) strategies, which remains

largely unexplored in the architectural context, regarding both early design stages and the modeling of

adaptive façades. The presented research aims to develop a unified AD and analysis workflow for the

energy performance assessment of adaptive façades. The goal is to further reduce the current gap between

form-finding and analytical tasks during project conception, through the adoption of a performance-based

design approach. We show that the goal is attainable by integrating the generation of parametric models

and the execution of energy simulations into a single algorithmic description, evaluating and using the

simulation results to develop optimized control strategies.
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1. INTRODUCTION

Nowadays, buildings are increasingly expected to

meet both energy-efficient and environmentally-

friendly design requirements. The need for informed

decision-making processes propelled the adoption of

performance-based design strategies, as a guiding

form-finding principle grounded in two aspects:

the quantitative aspects of building design (e.g.,

structure, acoustics, or energy use), and the

qualitative factor of design aesthetics and the

reaction to hypothetical environmental conditions.

Developments in performance measurements,

materials, systems, and information technology

helped designers change the aesthetic and functional

characteristics of façades, leading to the emergence

of an intelligent architecture that, through

integrated systems and automation, can anticipate

and respond to conditions that affect the

performance of the building and its occupants

(Kroner, 1997). Following this concept, adaptive

façades provide new design opportunities for an

architectural expression that follows environmental
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changes and user needs, focusing primarily on

the increase of efficiency and reduction of energy

consumption in constructions (Barozzi et al., 2016).

Successfully designing an adaptive façade is a

challenging task. This is partly due to the lack of

understanding over the risks and benefits of these

systems. Moreover, modeling an adaptive façade

significantly differs from the process of modeling a

static one, as the outcome of the latter defines a

geometry that remains constant over time. When

it comes to adaptive façades, the design outcome is

a shifting pattern of geometries in a constant state

of motion (Moloney, 2011).

2. RELATED WORK
The metrics of current Building Performance

Simulation (BPS) tools provide limited and

potentially misleading information about the

performance of adaptive façade systems, due to

their intrinsic time-varying features. Consequently,

these tools give limited guidance in terms of

modeling assumptions (Loonen et al., 2017). There

is a need to further improve simulation-based

design strategies, aimed towards the development

of adaptive façade technologies. In literature,

we can discern trends that focus on combining

BPS software with dedicated data post-processing

tasks (Goia and Cascone, 2014), as well as with

optimization and control procedures (Favoino and

Overend, 2015).

Given the number of rules, constraints, and

parameters considered for the dynamic behavior

of adaptive components, Algorithmic Design (AD)

strategies can be linked with energy simulation tasks

to further evaluate and improve the performance of

adaptive systems in an interactive way. Sharaidin

et al. (2012) and Kormaníková et al. (2017)

explored the incorporation of performance criteria in

a parametric CAD context, to assist the decision-

making process at a preliminary design stage. In

parallel, Kim et al. (2015) examined a methodology

to analyze the performance of buildings with

complex dynamic façades by integrating parametric

BIM with energy simulation.

By combining design and simulation tasks into

an integrated algorithmic approach, it becomes

possible to change geometric and analytic models

almost simultaneously, and also to automate the

generation of these models. Such features further

inform design decisions, towards the comparison

and selection of the best performing solutions

based on predetermined criteria. In the past, this

methodology was applied to lighting and structural

performance analysis (Castelo Branco and Leitão,

2017; Aguiar et al., 2017; Caetano et al., 2018).

Our research extends it to also include energy

performance simulations.

3. OBJECTIVES
The presented research aims to develop a unified AD

and analysis workflow for the energy performance

assessment of buildings with adaptive façades. The

goal is to further reduce the current gap between

form-finding and analytical tasks during project

conception, through the adoption of a performance-

based design approach. To that end, we integrate

the generation of parametric CAD models and

the execution of energy simulations into a single

algorithmic description. Through the proposed

approach, the implementation of design changes

can be achieved in shorter timespans and with

less work from the project team. Moreover, the

access to feedback over the performance of multiple

design solutions is facilitated, as each simulation is

executed right after the geometry is generated.

4. WORKFLOW
We propose an algorithmic strategy that aims to

cover the most pertinent stages of an architectural

project. This approach is divided into three parts:

(1) the generation of a model through an AD

tool, describing the geometry of a building with

an adaptive façade, (2) the impact assessment of

the façade’s geometrical variation in the building’s

energy consumption, and (3) the definition of an

optimal adaptive control system, determining the

most favorable façade configuration depending on

the outside conditions (Figure 1).
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Figure 1: Proposed workflow.

4.1. Algorithmic Design
The first step of our workflow comprises the

generation of the building geometry through an AD

tool. The modeled elements have specified design

constraints, which can be manipulated throughout

the process of design exploration. As the geometric

patterns of adaptive façades are time-shifting, we

approach the concept of adaptability by creating a

series of separate static models, each representing

a different stage of the façade’s movement. The

generated geometries can be visualized in a CAD

tool and, almost simultaneously, processed to

perform simulation tasks.

4.2. Algorithmic Analysis
Following the AD stage, we assess the impact of

the façade’s geometrical variation in the building’s

energy consumption. The geometry defined in the

AD tool is imported into an analysis plugin, where

material descriptions, internal gains, and simulation

parameters are added to the initial model. The

analysis plugin produces a simulation file based on

the introduced input. Depending on the objective

of the analysis, different design configurations are

compared by observing the effect of a combination

of external contingencies (e.g., solar incidence,

outside temperature, and occupation activity) on

their performance.

4.3. Optimization
As intrinsically complex systems, the interrelated

components of adaptive façades must deal with

trade-offs and answer to performance requirements

in real-time. To that end, the analysis output

needs to be processed and sorted according to the

project’s objectives. The last phase of our workflow

focuses on the interpretation of the simulation

results to better inform design decisions. An optimal

adaptive control strategy is defined by locating

the most favorable façade configuration at each

simulated moment.

5. VALIDATION
Different simulation tools have distinct initial

settings and calculation methods that are difficult to

control, causing small discrepancies in the outputs

for the same analytic model. Aside from the required

domain knowledge, credibility assurance passes

through the exclusion of modeling, simulation, or

reporting errors. Developed by the International

Energy Agency, the Building Energy Simulation Test

(BESTEST) is a well-developed diagnostic method

to evaluate energy analysis programs. It defines a

uniform set of unambiguous test cases to perform

software-to-software comparisons, allowing the user

to produce equivalent models in a variety of detailed

and simplified whole-building energy simulation tools

(Judkoff and Neymark, 1995). To validate our AD

workflow, we used BESTEST cases 600 and 610

as a comparison term. The output from validated

EnergyPlus models of these cases was compared to

the output of equivalent AD models. The present

document describes the modeling and simulation of

BESTEST case 600.

5.1. Input
The model’s geometry and internal gains description

is defined as stated in BESTEST. Case 600

comprises a rectangular single zone with a

lightweight building construction. The South façade

has two windows, totalling 12 m2 of glazing area,

and no shading elements (Figure 2). Equipment

loads are 100% sensible with a 60% radiative

fraction, set at a constant consumption of 200W.

The indoor environment is conditioned by an Ideal

Loads Air System, with an efficiency of 100% and no

capacity limitation. The infiltration rate is set at 0.5
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air changes/hour and heating and cooling setpoints

are fixed at 20ºC and 27ºC, respectively. No

occupancy activity or lighting loads are considered.

Figure 2: Geometry of BESTEST case 600.

All simulations encompass a year-long analysis

period, where a weather file from Denver, U.S.A,

characterized by cold clear winters and hot dry

summers, is used to define the environmental

context of the models. The requested outputs

include zone mean air temperature, sensible heating

and cooling energy, and incident solar radiation on

the outside of the building surfaces.

5.2. Output
Figure 3 shows the predicted daily average air

temperatures over the year and Figure 4 presents

the monthly heating and cooling demand for both

simulations. The output of the AD model is

within the range of acceptance of the BESTEST

study. This proves that the presented AD workflow

is computing solutions that are reasonable when

compared to the standalone use of EnergyPlus for

building modelling. With that in mind, we identify

enough similarity between the simulation outputs to

consider the AD modeling approach valid.

6. INTRODUCING ADAPTABILITY: A CASE STUDY
To evaluate the applicability of the presented AD

workflow to an adaptive paradigm, we modeled and

simulated a single-zone building which incorporates

the façade mechanism of a selected architectural

work. The case study is based on Jean Nouvel’s

Arab World Institute, built in Paris in 1987,

which holds a kinetic system inspired by traditional

patterns of the Arab culture. Each module,

called mashrabiya, has a set of 73 diaphragms

divided into five distinct aperture mechanisms

(Figure 6). We modeled a single-zone building of

simplified geometry that incorporates these façade

mechanisms.

Figure 6: Detail of a mashrabiya façade panel.

6.1. Geometry
In order to create an analytical model of the Arab

World Institute, we considered the geometry of

BESTEST case 600. The two original windows

were replaced by a set of three mashrabiyas,

fully occupying the South wall. In a building

analysis context, simulation time increases with the

complexity of the model. Hence, we considered

simplifying the shape of each diaphragm by

reshaping it as a circle with the same area as the

original diaphragm, as illustrated in Figure 7. The

radius for each circle is calculated from the opening

area of each diaphragm.

Figure 7: Geometric simplification of the diaphragms.

However, circular geometries cannot be processed

by EP. To solve this issue, we replaced the circular

openings with regular polygonal openings with the
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Figure 3: BESTEST case 600 daily average temperature plot.

Figure 4: BESTEST case 600 heating and cooling demand per month.

Figure 5: Simulation with different polygonal openings. � refers to the percentile variation between the simulation of the
16-side polygon model and the ensuing ones.
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same area. Ideally, to better approximate the circles,

these polygons should have a large number of sides.

However, this negatively affects the simulation time.

Figure 5 compares the overall simulation time, along

with the annual heating and cooling demands, for

year-long analyses using openings of sixteen, eight,

and four sides. The latter case shows that the

polygon rotation angle is also relevant for reducing

the simulation time. As the variation in the annual

output variables between the four geometries is

minor, we opt for the use of axis-aligned squares

(Figure 8) for the diaphragm openings, as these

provide significant reductions in the simulation time.

Figure 8: Final geometry for the case study.

As formerly stated, there are five types of

diaphragms present in each mashrabiya. For each

diaphragm, we assume a minimum opening radius,

rmin, and an opening amplitude, a, based on

measurements from the original geometry. The

opening radius for each diaphragm, r (Figure 9),

is calculated by rmin + a � f , where f is a factor

between 0 and 1 that describes the level of aperture

Figure 9: Opening variation of the façade diaphragms.

opening for the façade panels. Through the AD

tool, we requested the simulation of a series of

models with static properties that represent different

aperture levels for the façade openings.

6.2. Analysis
The modeled zone attends to the building program

of a small exhibition room, with a maximum

occupation of five people and a lighting density

of 11 W/m2. Building construction and material

description match those of BESTEST case 600.

HVAC availability is scheduled between 7 a.m. and

6 p.m., while infiltration is set as constant.

A daylight control system was added to the model

to manage and reduce the use of electric lighting.

Through this method, daylight illuminance levels are

measured at a reference point, located in the center

of the space at the height of 0.8m. The lighting

system is triggered by an illuminance setpoint,

activating artificial illumination when measurements

drop below 500 lux. The control type is set so

that lights switch off completely when the minimum

dimming point is reached.

We requested a series of energy simulations

for models with varying f values and with a

timestep of 6. Such means that energy balance

calculations were run every 10 minutes during the

yearly simulation. Requested outputs included total

heating and cooling rates [W], zone lights electric

power [W] and the incident solar radiation on the

South façade [W/m2]. Additionally, measurements

for the site’s outdoor air temperature were retrieved

from the used weather file.

6.3. Optimization
The control system of the Arab World Institute was

originally designed to activate the diaphragms based

on the amount of daylight. In the present case

study, we optimize not only the lighting, but also

the thermal comfort conditions of the simulated

zone. To carry out this task, two sensors were

defined, namely the façade incident solar radiation

and the outdoor air temperature. The goal was to

find the optimal value of f , i.e., the aperture level

that yields the lowest energy consumption, for the

correspondent combination of values formed by the

two sensors.
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The total energy use for each simulation timestep

was calculated as the sum of the heating, cooling,

and lighting energy use. The heating and cooling

energy use is determined from the heating and

cooling energy needs divided by a Coefficient Of

Performance (COP) and an Energy Efficiency Ratio

(EER), respectively. In the present study, COP

and EER assume the standard values of 3 and 3.4,

respectively.

After processing the simulation data, we created

a scatter plot describing the variation of the opening

factor, f , with respect to the incident solar radiation

and the outdoor temperature levels. However, given

the amount of generated points, the scatter plot

did not provide a clear view of these variations.

Therefore, we aimed for the design of a surface that

would allow the prediction of an optimal diaphragm

behavior according to the output of the sensors. To

do so, we approximated a surface using the cubic

Smooth Bi-Variate Spline interpolation technique

(Craven and Wahba, 1978). The surface resulting

from the connection of these splines defines a

control strategy for the adaptive shading device

formed by the façade diaphragms.

7. RESULTS AND DISCUSSION
Figure 10 illustrates the results of the performance

analysis, overlapped with the control surface for

the façade diaphragms. This surface enables the

optimization of the opening factor, as it allows us

to determine which would be the best f value for

specific levels of outdoor temperature and incident

solar radiation on the adaptive façade.

The analysis scatter plot contains a significant

amount of outlier values. Such means that multiple

values of f in the same timestep may result in equally

low building energy needs. It can also mean that

for different moments with similar environmental

conditions, different optimal responses can occur.

Another possible cause for the outliers are the

chosen light dimming strategy, which largely affects

the total energy sum.

As expected, the value of f decreases as the

outdoor temperature and incident solar radiation

increase. The site location of the case study

translates into a saturation of higher opening

factors, as temperatures in the region often fail to

surpass 0°C during periods of cold weather. As the

diaphragms are fully open the majority of the time,

the control system is still not optimal, showing a

need either for the addition of façade panels or to

increase the opening area of the existing ones.

Note that the purpose of the proposed AD

strategy is not only to inform architects about

possible savings in energy loads, but also to help

identify design changes that can positively alter the

building’s performance. In this example, this is

demonstrated by the discovery of the saturation

that is happening at lower temperatures, suggesting

that changes should be made to the façade’s design.

The final outcome of the developed work, therefore,

satisfies the initial aim of developing an early-stage,

performance-based design approach for adaptive

façade systems.

8. CONCLUSIONS
The application of AD strategies has often

raised concerns in architectural practices. The

requirement for programming knowledge is often

seen as a setback, as it is less cost-effective and

implies considerable time investments for a design

team to properly acquire the necessary skills and

techniques. However, as projects reach wider scales,

this initial cost can be quickly recovered when there

is a need to incorporate design changes, as the

architect can quickly generate a different model by

simply adjusting a set of parameters. By joining the

form-finding and performance assessment stages

into an integrated process, the knowledge and

experience gained by an analytical consideration

of design can be formalized, structured, and

incorporated into the architectural design practice.

The access to feedback over the performance of

multiple design solutions is facilitated, as each

simulation is executed right after the geometry is

generated.

The present research aims for the finding of

a workflow that combines, in an early design
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Figure 10: Optimal opening factor (f ) for the adaptive façade diaphragms, in function of the façade incident solar radiation
and outdoor air temperature levels.

stage, parametric modelling and energy performance

analysis of buildings with adaptive façades. To

this end, we developed a unified algorithmic

approach that joins the two tasks in a single script,

successfully validating it through the BESTEST

comparative study. This workflow is applied to

a case study of reduced geometric complexity,

which is analyzed and optimized to create a control

strategy based on solar radiation incidence and

outdoor temperature levels. Despite being generally

associated with cutbacks on creative thinking, AD

allows for the exploration of building geometries

that, otherwise, would not have been considered.

Furthermore, this work proves that the integration

of energy analysis into an AD process enables the

finding of informed solutions in shorter timespans,

which can benefit the design of complex buildings

with adaptive components.

9. FUTURE WORK

One limitation of the presented work is that it

does not yet encompass iteration processes where

analysis results are used to improve the original

design. This could be used, for instance, to identify

an optimized number of panels or the limits of

the diaphragm opening ranges. We are currently

working on incorporating this feature.

Future developments comprise the exploration

of new variable building geometries and material

properties, using enhanced modeling techniques

and performance metrics. Additionally, we aim

to incorporate a time-continuity factor to energy

simulations, so that the conditions at the end

of one simulated timestep would define the initial

conditions for the next one, along with the

introduction of coping strategies regarding the

reaction time of adaptive systems.
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