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Abstract. The goal of the research described in this paper is to address climate change
by promoting the production of renewable energy in building envelopes, which are
exposed to solar radiation. It proposes an energy-based design paradigm, where energy
processes shape the building form, and a digital design system for building envelopes
that considers the trajectory of sunrays. The goal is to create envelopes that are efficient
in harvesting solar energy, enabling them to produce the electricity that buildings
consume. To operationalize the proposed digital design system, a building envelope
grammar is developed and implemented in a software called LIDIA to be used by
architects in design process to generate solutions with improved energy production
performance. The efficiency of the resulting solutions, the effectiveness of LIDIA and,
therefore, the validity of the proposed paradigm, is demonstrated with the design of
envelope solutions for single family houses.

Keywords: Energy-based design, Building envelope, Building envelope grammar,
Shape grammar, LIDIA software.

1 Introduction

The energy-based design paradigm resides in the idea that the shape of things
in nature and in the universe comes from formation processes in which energy
plays a fundamental role. Carl Sagan wrote that the passage from the Chaos
of the Big Bang to the Cosmos that we are beginning to know is the most
awesome transformation of matter and energy that we have been privileged to
glimpse. (Sagan, 1980) Energy-based design applied to buildings intends to
mirror the processes of formation of things existing in nature and in the
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universe. To illustrate and test the proposed energy-based paradigm, this paper
describes a digital design system for building envelopes. Buildings sector
account for 36% of the total value of energy consumption worldwide (United
Nations Environment and International Energy Agency, 2017). In this context,
it worthwhile to promote the production of renewable energy in building
envelopes exposed to solar radiation. The goal is for buildings to achieve
energy self-sufficiency, making them producers, in addition to consumers, of
energy.

The proposed digital design system adapts the shape of envelopes to the
trajectory of sunrays, thus allowing to increase the capacity of envelopes to
harvest solar energy, with the aim of transforming it into electricity using
photovoltaic technology. Shape grammars (Stiny, 1980) are the formalism used
to encode the design system. A key reference in the use of shape grammars in
energy performance-related research is the work of Granadeiro (2013), which
aimed to establish methods to support decisions at early stages of design,
related to the design of the building envelope, for residential buildings.
Granadeiro’s work uses a shape grammar to generate different functional and
compositional solutions for Frank Lloyd Wright's prairie houses, and genetic
algorithms to find solutions in the universe of solutions defined by the grammar
that have lower energy consumption values. The design system described in
this paper builds on the research developed by Granadeiro, relating shape
grammars with energy and with the energy performance of buildings. However,
it uses shape grammars to generate shapes for the buildings envelope that are
more efficient in harvesting solar energy to produce electricity. Therefore, it
addresses energy production more than energy consumption, although values
of energy consumption are also provided as feedback.

2 Adigital design system for building envelopes

2.1 The Building Envelope Grammar

The proposed digital design system is based on a grammar for building
envelopes, which generates energy-harvesting building envelopes for single
family houses with different programs in different site contexts. It is a generic
discursive grammar that uses the concepts of shape grammar (Stiny, 1980),
description grammar (Stiny, 1981), discursive grammar (Duarte, 2001) and
generic grammar (Beirdo, 2012; Benrds, 2018). The building envelope
grammar consists of six shape grammars and one description grammar, as
follows: the shape grammar A of the building envelope, the shape grammar L
of the urban lot, the shape grammar E of the isolated envelope, the shape
grammar S of the envelope surfaces, the shape grammar F of the envelope
photovoltaic elements, and the shape grammar O of the operators, which allows
the use of a diverse range of initial shapes and the generation of a diverse set
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BUILDING ENVELOPE GRAMMAR (Shape Grammar A):

RULES

INITIAL SHAPE:

Insertion of the initial
shape (1) of the Lot.
The initial shape of
the lot is defined,
where the building

is intended to be
designed.

RULE 3A:

Insertion of the initial
shape of the building
envelope. The initial
shape of the building
envelope is defined,
inside the area where
the building is allowed
to be implanted.

RULE 17:

Activates the operators
grammar, through the

COMPONENTS

Shapes <1, Si, pi > :

I, i, pi=(x, ¥, 2), i €N
Labels < Li» :
Li=(xy.2)ieN®
Distances < di>:

d1, dz, ds, de € R
Angles < Bi>:

0° < fii < 180%, i € N*

Shapes <1i, Si>
li, Si= (5, y. 2h i€ N*
Labels <Li>:
Li={x.y.z) ieN*
Distances < e, gi> :

el, e2, el e4, €5, 6 R
g1.g2eR

Dimensions < vi > :
ieN”

V1, 2, V3, V4, V5, V6 € R

Shapes < I, i, Si, pi>
Operators < Mi, MGI >

normalization operalor. 1 " .F" - MG1=0, MGz =0,
E A MG3 =0
H {activales the Operators
s e L Grammar)
i - Angles <8, B>
T 009 53607,
g2 0°<p = 180°
v

RULE 20:

Closes the operators

Shapes < I, i, 81, pi>

Pl
grammar and returns K s1 bﬁ"E's <l ’M e
the transformed shape pre= i MpGeitTS!\;GvL 1 "
of the building envelope, - - % < M *
after the chosen surface i e s {sctvates the wauslizaten
has been normalized. 4 12 ol shapen)
ot Incident Radiation
4 Values < IR >
YTz AT
g \g-
* s
RULE 21:
Shows the evaluation of N Shapes <, Si>
the incident radiation in A Labels < Li >
the transformed shape \ Incident Radiation
Values < IRi >

of the building envelope,
after the normalization
of the chosen surface.

Surface i : IRi kWhim2
(inkeN)

Value range
kKisiRiske W
k2zRisk3 |

‘,y- p k3=IRisk4e W

. Tese kisiRisks W

Figure 1. Example of rules from the compound generic Building Envelope Grammar.
The rules in question are presented in a simplified format, showing only the part of the
rules related to shape grammar A, which brings together the remaining shape grammars.
The building envelope grammar includes five other shape grammars and one description
grammar (not shown). Source: The authors, 2021.
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RULE 20:

GRAMMARS

A - Shape Grammar of
the Building Envelope

-

{ I Ny

Grammar type : . N e "
Shape pro= ¥k is m
Algebra <Shapes, Labels> : N el o R — i s y
< UsaVoa> ‘ 12 =

o
Type of view : s b
Aoonomatry (= » L

L - Shape Grammar
of the Lot

Grammar type :

Shape

Algebra <Shapes, Labels> :

< UzaVoa>

Type of view :
Asonomeiry

E - Shape Grammar

of the Isolated Envelope
Grammar type

Shape

Algebra <Shapes, Labels> :

< UssVos>

Type of view :
Axonometry

S - Shape Grammar
of the Surfaces
Grammar type

Shape

Algebra <Shapes, Labels> :

< UzzVoa>

Type of view :

Axonomatry

O - Shape Grammar
of the Operators

Grammar type :
shape

Algebra <Shapes, Labels> :
< Uz2sVoa>

Type of view :
Axonometry

D - Descriptive Grammar

Grammar type
P—

P

#cllA#cl2#cl21#cl22#cl31#cl3.2#cld. 1 #cld2#cl5.1#clb52#cl6.1#
cle.2#cl71#cl7.2#cl8 #cl9.1#cl9.2#cl10.1#cl10.2#clM1 #cal.1#cal.2#

ca2#ca3#cad #cab#pl1#p2#p3.1#p3.2#eict #eic2#eic3 #eicd # eicd #
eicB.1# eic6.2 # eic6.3 # eic6.4 # eip1 # eip2.1 # eip2.2 # eip2.3 # eip2.4 # eip2.5
#eip3.1 #eip3.2 # eip3.3 # eip3.4 # eip3.5#

COMPONENTS

Shapes < li, i, S, pi >
Labels < Li >
Operators < Mi, MGi > :
MG =1,MGz=1,
MGs =
(activates the visualization
of the shapes)

Incident Radiation

Values < IRi >

Shapes < I, i, 8>
Operators < MGi > ©

MG1 =1

(activates the visualization
of the shapes}

Shapes < |i, i, Si >
Operators < MGi > ©

MGz =1

(activates the visualization
of the shapes)

Incident Radiation

Values < IRi >

Shapes < li i, Si, pi >
Labels <Li >

Operators <Mi, MGi > :
MGa=1

(activates the visualization
of the shapes)

Incident Radiation

Values < IRi >

Shapes <ii >
Operators < Mi, MGi > :
MGi=1, MGz2=1,
MGa=1

(activates the visualization
of the shapes)

Incident Radiation

Values < IRi >

Figure 2. Rule 20 of the Building Envelope Grammar, in full format. Rule 20
represents one step in the normalization operation, which makes an envelope surface
perpendicular to a chosen position of the solar trajectory throughout the year. Source:
The authors, 2021.
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of shapes for the building envelope. It also includes the descriptive grammar D
of the context, program, and interior space of the building.

The building envelope grammar includes shape transformation rules that
perform operations on the building envelope, namely, rotation, normalization,
division, and evaluation of the incident solar radiation. Normalization makes a
surface of the envelope perpendicular to the sunrays, considering a chosen sun
position from the solar trajectory throughout the year. The process of evaluation
of the incident solar radiation and consequently of energy production in the
building envelope is thus integrated into the building envelope grammar. After
applying each shape transformation rule, the amount of harvest energy is
recalculated using a solar radiation evaluation software. The rules were
designed to increase the performance of the envelopes in harvesting solar
radiation as they are applied, but they do not guarantee an optimized result.

The building envelope grammar is also a compound grammar, whose rules
use all their sub-grammars, except the shape grammar of the photovoltaic
elements, which has not been developed yet. Figure 1 shows an initial shape
and a sample of the grammar rules in a simplified format, showing only the
shape grammar A of the building envelope. Figure 2 shows the transformation
Rule 20 in full format, also as an example. The remaining rules of the grammar,
as well as the complete description of its features, will be presented in a future
paper.

2.2 The LIDIA software

LIDIA stands for Language Interface for the Development of Intelligent
Algorithms and is a software prototype created specifically for the building
envelope design system. It implements the generic envelope grammar and
allows the development of specific grammars that can be used to generate
efficient envelope solutions in capturing solar radiation.

LIDIA is composed of visual programming components designed specifically
for Grasshopper either by combining existing Grasshopper components or by
programming new ones in the Grasshopper Python Script Editor. In addition to
support the development of different specific grammars, LIDIA also supports
the exploration of different design solutions within each specific grammar
through a simplified graphical user interface. The interface also allows users to
visualize the incident solar radiation and the estimated electrical energy
production. Figure 3 illustrates the use of the LIDIA in a design session,
including the main interface, where different solutions for the envelope can be
explored, and the secondary interfaces, where it is possible to visualize and
compare the performance of different design solutions. It is also possible to
view one of the solutions in Rhinoceros 3D, which is active through
Grasshopper.
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Figure 3. Use of LIDIA’s interface in the design of a building envelope: (A) image of
the building in Rhinoceros 3D; (B) window with the energy production of a normalized
surface on the roof of the building; (C) window with the energy production of the initial
shape of the building envelope; (D) main window of LIDIA, used to transform the shapes
of the building envelope and activate the secondary windows with the energy production
values of the resulting envelope designs. Source: The authors, 2021.

3  Application of the Building Envelope Grammar and of
LIDIA in the envelope design of two single family houses

3.1 Designed solutions for the envelope

To demonstrate the feasibility of the building envelope grammar and LIDIA, a
case study was developed, by applying them to the envelope design of two
single family houses with two (T2) and five (T5) bedrooms. A vacant urban lot,
located in the parish of Belém, in the city of Lisbon, Portugal, was chosen for
the development of the case study. Two distinct design strategies were
considered, elaborating two types of shapes: (1) the static envelope shape; and
(2) the dynamic envelope shape. The difference between the two is that in the
static envelope, the shape of the house’s envelope is fixed. In the dynamic
envelope, the shape of the envelope varies throughout the year, so that its
surfaces are more efficiently exposed to sunrays. Figures 4 and 5 illustrate
design solutions generated using LIDIA. In this paper, due to space limitations,
only the static shapes A, D, E and G and the dynamic shape (Shapes 11, 12, I3
and 14) of house T5 are presented. The remaining static and dynamic shapes
will be shown in a future paper. Incident radiation values per m? and the total
incident radiation values are shown both for the whole envelope and for the roof
surfaces of the envelope.

836

SIGraDi 2021 | Designing Possibilities | Ubiquitous Conference



TYPOLOGY T5 PERFORMANCE

1"

4 Incident radiation in the roof surfaces:
Incident solar radiation in the envelope:

612 199 kWh 262 985 kWh
Incident radiation per m? Incident radiation per m* in the roof
978 kWhim? surfaces

1614 kWh/m?

Tolal om sl the envelops; Total area of the raof surfaces:
625m 163 m?

3
i

N Incident radiation in the roof surfaces:
Incident solar radiation in the envelope: g5 420 Kiwh
Operations: ; 577 714 kWh B N B
Fotatlon of 38 } : 5 5 Incident radiation per m’ in the roof
Fosation of 2 Incident radiation per m Sitiae
2
Sun Positions HEE I 1728 kWhim?
*May 2nd at 12am e Total area of the envelope: Total area of the roof surfaces:
i 171 m’
Operations: \ Incident radiation in the roof surfaces:
« Rotation of -20° Incident solar radiation in the envelope: 305 693 kWh
ﬁ;‘;’::zm \ 558 478 kWh Incident radiation per m” in the roof
Sun Positions. 4 Incident radl.gl\on per m”: surfaces:
. 2
« April 17t at 13pm N P 1034 kWhim 1747 KWhim'
*July 31st at 11am Total area of the envelope: Total area of the roof surfaces:
540 m? 175 m?
]
. Incident radiation in the roof surfaces:
. Incident solar radiation in the envelope: 575 762 Kh
Oporations: p 602 455 kWh : s o
* Normakization ) 7 Incident radiation per m* in the roof
Sun Positions: Incident radlazl\on per m’: surfaces:
+ March 25th at 4pm 1052 kWhm 1704 kWhim?
e Total area of the snvelope: Total area of the focf surfaces
572m’ 162 m?

Figure 4. Static shapes of the five-bedroom typology (T5) building envelope: (A)
initial shape, (D) rotated and normalized shape; (E) rotated, divided, and twice
normalized shape on the roof; and (G) normalized shape on the roof and on the facade.
Source: The authors, 2021.
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= January 1st at 00:00 am to July 3rd at 12:59 pm

o
7
=
n
- . ° o °

g Incident solar radiation in the envelope: '1"55.;":;; m,‘:""“ Mt ek Sty

Operations: N 299 938 kWh
« Rotalion of 25% . g = 5 Incident radiation per m’ in the roof
+ Hermibiagon . Incident radiation per mi i
Sun Positons B 530 kWhim” 926 K\Whim?
« May 7th at 12am i

Total ared of the envelape Total area of the roof surfaces:

566 m’ o

= July 3rd at 1:00 pm to July 21st at 10:59 am

C)

Incident radiation in the roof surfaces

Incident solar radiation in the envelope: 57 474 KWh
“Rotaton o250 ' el sgionn
3 i s 5 Incident radiation per m? in the roof
Normakzation Incident radiation per m?: .
Sun Positions: y 70 KWhim? surfaces:
+ Juiy 3rd at 13pm ~ i 344 KWhim?
Tetal araaof tha anvaiope Total area of the roof surfaces:
576 m 167 m?

= July 21st at 11:00 am to December 31st at 24:00 pm

0 0 ° 0 o ° -II‘-E

o on i
Incident radiation in the roof surfaces:

i § ' Incident solar radiation in the envelope: 123 782 kWh
< atn o 25 ! ‘ 1 pas o Incident radiation per m? in the roof
Bidiinciy N Incident radzialiun per m? surfaces:
* Juiy 21stat Ham , 442 KWh/m 728 kKWhim?

Total area of the envelope: Total area of the roof surfaces:

563 m* 170 m*

= Whole Year

f 124
7
HHIII IIiiﬂI
rations: .

« Rotaton of 25 3 ickiint sl reliion ndin . Incident radiation in the roof surfaces:
. I Y ncident solar radiation in the envelope: 202 875 kWh
Sun Positons N s 588 131 kWh
« May 7th at 12am . N N 5 Incident radiation per m’ in the roof
* Juty 3rd at 1pm 2 Incident radiation per m”: surfaces
« Juty 21stat 11am 4 1042 KWhim? 1783 KWhim?

Total area of the envelope: Total area of the roof surfaces:

566 170 o’

Figure 5. Dynamic shapes of the five-bedroom typology (T5) building envelope: (11)
normalized shape for May 7th at 12:00 am; (12) normalized shape for July 3rd at 1:00
pm; (13) normalized shape for July 21st at 11:00 am; and (l4) the whole shape,
composed by the shapes I1, 12 and 13. Source: The authors, 2021.
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3.2 Analysis of results

The results obtained after different shape transformation operations, show that:

» The shape transformation operations of the building envelope grammar
improve the energy efficiency of the building envelopes by increasing the
amount of incident solar radiation per m? on the envelope. Different sequences
of the rotation, normalization and division operations lead to different shapes
and different energy performance values of the building envelope.

» The dynamic shape performs well in terms of incident solar radiation per
m? and total incident radiation, both for the entire envelope and for the roof
surfaces, compared to static shapes, including the rotated and normalized
shape that serves as a basis for the elaboration of the dynamic shape.

Table 1. Energy performance of the five-bedroom (T5) typology house.

Typology T5 Value of electricity Value of electricity Energy production
(roofs) produced in the consumed in the performance
roof building compared to the
initial shape
Initial shape
(Shape A) 58 383 kWh/year 8537 kWh/year ~  —meeemeeeeee

Rotated and
normalized shape
on the roof
(Shape D)

+7 200 kWhlyear

65 583 kWh/year +12,3%

8 537 kWh/ year

Rotated, divided
and normalized
shape twice on the
roof

(Shape E)

+9 481 kWhlyear

67 864 kWh/year +16.2%

8 537 kWh/year

Normalized shape
on the roof and on

one of the facades
(Shape G)

61 441 kWh/year

8 537 kWh/year

+3 058 kWh/year
+5,2%

Dynamic shape
(Shapes 11 to 14)

67 194 kWh/year

8 537 kWhlyear

+8 811 kWhl/year
+15,1%

. Source: The authors, 2021.

Table 1 presents an estimate of the produced electricity values, obtained
from the total value of solar radiation incident on the roof surfaces, considering
an efficiency rate of 22,2%, which is the efficiency rate of the photovoltaic
panels with the best performance existing in the Portuguese market in 2018
(Reis, 2018). Table 1 also includes an estimative of the amount of electricity
consumed in the building, which is calculated based on the value of household
electricity consumption per person indicated in the PORDATA database
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(PORDATA, 2019). Finally, Table 1 also shows the performance in terms of
energy production of the designed solutions compared to the initial shape.

4 Discussion and Conclusions

4.1 Discussion

The results obtained in the envelope design show that the proposed building
envelopes design system can be used successfully in the design of efficient
energy-harvesting building envelopes. However, it is important to discuss how
the digital design of building envelopes is related to other features of the
architectural design of buildings, namely:

(1) Building materials and their influence on the shape of the building
envelope: Two methodologies can be adopted for the inclusion of
materials in the building envelope design process. The first
methodology consists of choosing and applying suitable materials for
the construction of the designed shapes, considering their efficiency in
capturing sunrays. The second methodology consists of establishing
an initial shape that is defined according to the characteristics of the
materials, which are chosen a priori in the initial phase of the design.
The initial shape is then transformed by applying the rules of the
building envelope grammar to become efficient in capturing the
sunrays. Our goal is to integrate these two methodologies in future
developments of the building envelope grammar and LIDIA.

(2) Quality of the interior space of buildings: Currently, the building
envelope grammar and LIDIA allow the user to explore the volumetric
configuration of the interior space of buildings through the
transformation of the envelope shape, while the building layout remains
unchanged. Our goal is to integrate both so that the layout can be
changed during the design of the building envelope, thus supporting
the simultaneous exploration of interior space design.

(3) Envelope aesthetics: Our goal is also to develop the grammar and
LIDIA so they can allow users to explore more broadly the aesthetics
of the envelope’s roof and facades by applying different geometric
patterns and textures, which may or may not be associated with
efficiency in capturing sunrays.
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4.2 Conclusion

This paper dwells on a new energy-based paradigm for the design process.
More specifically it describes a system to define the shape of the building
envelopes according to the trajectory of sunrays, thus increasing the capacity
of the envelopes to harvest solar energy. The goal is for buildings to achieve
energy self-sufficiency by making them energy producers, not just consumers.
The system is based on a generic grammar called building envelope grammar,
that is implemented in Rhino and Grasshopper, in a software prototype called
LIDIA, which can be used to create specific grammars. These can then be used
to create design solutions with increased energy harvesting performance. The
effectiveness of LIDIA is discussed and demonstrated with its use in the design
of envelopes for single-family houses, thereby demonstrating the potential of
the proposed energy-based design paradigm.

LIDIA can be used by designers in the design of building envelopes with
increased performance. The designer chooses which and where rules are
applied, and the system provides feedback regarding the performance of the
resulting solutions. However, this process does not guarantee that optimal
solutions are achieved. For this purpose, the form-finding process could be
automated by coupling the envelope grammar with an optimization algorithm,
but at the expense of design flexibility and time. By giving the designer control
over rule application, LIDIA permits the user to also meet other requirements,
which could be disregarded in an automated process.

Using shape grammars as a generative system presents some advantages
when compared to a parametric design system. First, it allows to define a more
diversified universe of design solutions as it permits to encode topological
variation, not just dimensional variation. Second it permits to obtain efficient
designs in the capture of solar energy more quickly, as the shape
transformation rules have embedded knowledge in this regard. The parametric
design system could be coupled with an optimization algorithm, but this would
be more time consuming and less flexible as mentioned above.

Future work will mainly concern two aspects, related with the short comings
of the system. First, it will aim atimproving the capabilities of the current system
to relate the building envelope design with the design of interior spaces.
Second, it will target the coupling of the generative design system with an
optimization algorithm to facilitate the exploration and finding of solutions with
improved energy production values. With these developments, the aim is to
enhance the digital design of building envelopes and realize the potential of
energy-based design, with the expectation that they can contribute to improving
quality of life and reducing the ecological footprint of buildings, addressing
climate change.
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