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Abstract

About 40-50% of global raw materials are currentiged in the building industry in the
assembly/construction phase and in the use phages dfuilding and are responsible for 40-45% of
total worldwide anthropogenic carbon dioxide enaissi (Huovila [5]). These problems have led to
the development of legislative policies, regulasicand targets to limit material and energy use in
buildings.

In order to achieve Energy Performance Buildingebiive's 2020 target towards energy neutral
buildings, most regulations and policies focus enrdasing the operating energy, as a result offwhic
this energy has reduced and is still reducing,efineiincreasing the importance of embodied energy
consumption in buildings. Most of the embodied ggeand some of the operating energy of a
building is related to the structure. Hence, onssjiality is to minimize the energy consumptionaof
building by varying its structural design. Anothmwssibility is to increase its service life. Howeve
the relationship between adaptability and energysomption is not always linear. Hence there exists
the potential to apply computational methods tawbé more optimal design from the point of view
of energy efficiency and sustainable building desig

This paper investigates the development and apigicadf a computational tool that optimizes the

conceptual stage design of a building to have mimimembodied energy and some aspects of
operating energy, depending on the adaptabilityuired. For this purpose, a parametric

computational framework for sustainable buildingida was developed and implemented by the tool.
The working prototype of the tool focuses on logerirectangular grid office buildings in steel and

multi-objective optimization techniques. Test casese applied and their results were validated.
Finally, conclusions were drawn on both the framedwand the tool, and its limitations and possible

future developments are discussed.
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1. Introduction

Sustainable development refers to the managementanbus environmental resources for the
sustenance of present and future generations (lagigeKane [6]).

1.1. Green buildings

The life of a building can be classified into saletages (Figure 1). Each of these stages consumes
energy, raw materials and other natural resoutoegarying extents. Non-sustainable practices may
be followed in some or all of these stages reguliim wastage, pollution, and environmental
degradation, leading to adverse effects on humdRbeig (Environmental Protection Agency [3]).
According to Huovila [5], buildings account for alid@0-40% of the worldwide energy consumption.

In Europe, this figure is about 40-45%. Consequettte building sector is responsible for aroune 40
45% of total worldwide (and European) anthropogé®i@ emissions. Many legislative policies are
currently under development for building industky ltmit this material use and related carbon
emissions.

USE stage USE stage END-OF-LIFE
PRODUCT stage CONSTRUCTION (Operation) (Maintenance) stage
PROCESS stage Qperational water Mot arande Deconmtmeon
Raw material supply use
Transpart Operational energy Repair Transport
Transport NS e | 3 use E_heahng_ _Coqllng 3y — [
Constiuction - lighting, ventilation Replacement L Recying (s

Manufacturing installation process hot water, building
automation & control) Refurbishment Dispasal

Figure 1: Building life-cycle scheme (divided irgtages and modules) based on EN 15804

The concept of green buildings was developed taaed mitigate and prevent non-sustainable
practices in the building industry. A building mag defined as green, by assessing whether it is
environmentally responsible and resource-efficitmoughout its life (Environmental Protection
Agency [3]).

1.2. Energy consumption of a building

Energy-efficiency is one of the foremost goals cdem buildings. The total energy consumed by a
building can be divided into 6 phases called emidinergy (product stage of building), grey and
induced energy (construction process stage of ldibg), operating energy (use stage of a building),
demolition and recycling energy (end-of-life stade building). This is illustrated in (Figure 2).

Operating energy is the largest portion of energpsamed by a building during its life-cycle.
Therefore, it creates the most opportunities fogdaamounts of energy-saving within a building. The
green buildings concept has led to the developmiEséveral energy-efficiency targets for buildings,
such as low energy buildings, zero energy buildiregel energy-plus buildings. The Energy
Performance Building Directive's 2020 target tovgaethergy neutral buildings focus on decreasing
the operating energy, as a result of which thisrggndnas reduced and is still reducing, thereby
increasing the importance of embodied energy coptomin buildings.

A study conducted in Arup on an office building fmuthat the load bearing structure contributes on
an average 82% of the embodied energy, and thamiedied energy of a structure could be reduced
by 20-30% based on the selection and optimizatioth@ various structural elements (Perkins and
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Tandler [7]). Similar to embodied energy, the detimsi and deconstruction energy as well as
recycling and re-use energy are related to thelimgjl materials. For most materials, its service-lif
ends with demolition, after which the waste is disgd. Metals, however, are recycled due to their
inherent value, in fact, 95-99% of steel is recgicée the end-of-phase life of a building (Tata 5tee
[9]), which considerably lowers its embodied ernyevglue.

A

Demolition & Rec,:@\

Operating Energy

Cumulative Energy Consumed

Years

Figure 2: Energy consumed in the life of a building

1.3. Adaptability or flexibility of a building

As mentioned above, recycling and reuse of buildimgterials can lower their embodied energy
values. But this is not always possible and waststijke occurs at the end of a building’s life.
Therefore, it is necessary to design buildings thet adaptable for future use (Huovila [5]).
Adaptability or flexibility refers to designing drscture to accommodate future changes in services,
engineering strategy, aesthetic values, architacttends and the function of the building (Fosted
Greeno [4]).

The first step to improve the flexibility or adapiiity of a structure lies in identifying the vatie
aspects that influence the life of a building. Tiext step is to quantify them. According to Tod];1
these aspects are the building's stability systeaa bearing capacity, floor-to-floor height, stural
grid size, facade, installations and lastly, theibility of voids in the building. Tool [10] quaifies
these aspects by providing a factor range for edctihem, using which an estimated service life
(ESL) factor can be determined for a building asvwahbelow:

ESL = Factor , * Factor , * ... * Factor 1)

This ESL-factor is multiplied with the lifespan afbuilding to obtain its estimated service life (as
opposed to the estimated designed life of a bugldinsing which the annual environmental cost of
that building can be calculated.

. . Constructbncost + Demolition cost
Annualenvironmetal cost = Annualoperation cost + @)

Lifespan* ESL
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From Equation 2, it can be seen that high ESL vedselts in lesser annual environmental cost, i.e.,
construction and demolition cost. The constructioost primarily refers to embodied energy

consumption. Therefore, by increasing the adaptgbit is possible to lower the embodied energy
consumption of a building over its life-span.

2. Applying multi-objective optimization techniquesto building design

Mathematically speaking, it can be said that agiesnodel consists of a combination of several
design variables, (often competing) objectivesedixparameters, and constraints placed on these
variables. The process of design involves altengatounds of fine-tuning the values of these design
variables and testing the resultant design modsiltl, a suitable or optimum design is arrived at. |
other words, the process of design is nothing butilii-objective optimization procedure.

—— Improved Structure
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> OE decreases
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facade with
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insulation)
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Initial EE
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Figure 3: Example of energy consumption of an impcboffice building, based on Allwood and
Cullen [1]

Sometimes an increase in embodied energy can rigs@tdecrease in the operating energy, for
instance, when a building is provided with a newrthally improved facade or with photovoltaics
(Figure 3). Hence, there exists a trade-off betwden minimum embodied and operating energy
versus maximum adaptability criteria. Owing to tlaege amount of variables and calculations
involved, it is next to impossible to manually &eriat an optimum solution. However, computational
tools open up the possibility of simultaneouslyimjting these objectives to arrive at the most gyer
efficient designs. Owing to the importance of dieecis made in the early stages of design, it is
especially useful to develop computational toolat taid in decision-making from the conceptual
design stage (Rolvink [8]).

One such possibility is to organize the design @sscin the form of a Genetic Algorithm, as
illustrated in the following example. On the lefifd side of Figure 4, there are 4 design variables.
For the optimization algorithm to work with thesariables, each of them is provided with
identification (binary) codes, which acts as genHse population contains the different possible
combinations of these variables (genes) to makenshsomes. Some of these combinations may
result in weak or bad designs; some of them wilthee best. From this list, the optimizer randomly
selects chromosomes to create the initial populatichese combinations of design variables go
through the structural calculations. Based on thigding code checks, only those combinations are
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passed after calculations which result in a feasgttucture. At the bottom-right of the figure, the

feasible chromosomes go into the energy calculatbich determines the energy consumption of the
building for these chromosomes. Based on theirggnealues, each chromosome is provided with a
fitness value, such that higher the energy consemgbwer the fitness (or vice-versa).

Then the optimizer selects a new generation of mbemmes. This new population is obtained by
selecting the combinations that are most fit, elating the weakest combinations and obtaining new
combinations via reproduction of the members ofiogs generation. With this new population, the
design calculations are performed and the energyswoption of the feasible combinations is
obtained. Once again, they are provided with fisnealues. This process continues and with each
generation, the fitness of the population incraasé only the fittest combinations remain, or ither
words, convergence is achieved.
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Figure 4: Multi-objective optimization in BuildinDesign with a genetic algorithm

2.1. A computation framework for sustainable building design

By generalizing this idea, a computational framdwfor sustainable building design was developed,
as shown in Figure 5.

This framework consists of the design variablesl@ding but not limited to structural design
variables, building services design variables addptability rating variables), design methods for
structural analysis and design, objectives funsti¢gsuch as embodied energy, operating energy,
adaptability) and any suitable genetic algorithmdptimization. Each of these parameters is pralide
with its own interface, and has certain associatiaith each other. Each parametric interface is to
have its own primary attributes which is inheritbg all of its children. This ensures that the
framework can easily incorporate new or improvedtdees when necessary, without breaking the
functionality of the rest of the framework. It 3 Ibe noted that since the objectives functions hese
related to sustainability, the framework has bemméd as a parametric sustainability framework.
However, it is also possible to add sustainabiliiyependent objectives such as cost-optimizatitm in
the framework, if desired.
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Figure 5: A computational framework for sustaingpil

3. Development of Embodied Energy Optimization Tool

The Embodied Energy Optimization Tool is a softwawel built by implementing the parametric
sustainability framework. Below is a descriptionitsfdesign specifications and development process.

3.1. Main features

The tool is expected to design a building, caleuitd life-cycle embodied energy consumption, its
life-cycle operating energy consumption and optenithe design to achieve (one or more)
sustainability objectives (minimum energy consumptimaximum adaptability, etc). In addition, it is
also useful to be able to export the design toatpewith third-party tools. Certain use-case situnest
were created to further elaborate these featuresach user class, as shown in the use case diggram
(Figure 6 to Figure 10).

Import design from ‘ . .
third party toals Structural analysis and design

s Select analysis method
@ Use Case1 -~

. . Design building 5
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tas is

nput loads and load
_ecnehuess (T
“ainclide>s
Input building geometry.
i il
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Structural
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mbodied Optimisation Too)

Input section profiles

Figure 6: Use Case 1 — Design a building



Proceedings of the International Association foelBand Spatial Structures (IASS) Symposium 20a&térdam
Future Visions

Design building
Embodied energy of
load bearing structure.

<<exend>>

° se Case 2 .
Calculate embodied Embodied energy of
energy consumption s floor system

during life-cycle
Structural designer, e

Researcher <
<cincuce> Embodied energy of
facade system
Determine estimated
service life of building

Figure 7: Use Case 2 - Calculate embodied enengguroption

The scope of these features is large; it therdb@@mes necessary to apply certain restrictions and
assumptions to make each feature into realizabigops. Based on the availability of data for tool
development, the region was restricted to Westemojie (accordingly, Eurocodes for design), the
building material is Steel, building function isfioé-use and lastly, life-cycle analysis aspects
considered are energy efficiency and carbon ermisgé a building.
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Figure 8: Use Case 3 - Calculate operating enesggumption
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Figure 9: Use Case 4 - Optimize design or produetchieve (one or more) sustainability objectives

Further assumptions were made on the design obfffee building so that the structure is a low to
medium rise braced frame in steel, with horizostability provided via diagonal wind bracings. All
beam column connections are pinned or hinged, s@dhnections have no moment capacity which
would otherwise facilitate additional calculatiorfsurthermore, it is also assumed that the facade
(including roof) is replaced during the life of theilding, so as to determine the life-cycle emieddi
energy consumption.

G @
Export design to IFC w
<<axtmnd>> i
' ' Contractor

Export design
— to operate with
third party tools
<extens>

Structural designer,

Researcher
Structural analysis and design

Figure 10: Use Case 5 - Export design to operate third-party tools

3.2. Development and oper ating environment

The embodied energy optimization tool is develope@# (C-sharp) programming language. Using
Microsoft Visual Studio integrated development foan (IDE), the tool is integrated with the 3D-
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modeling tool, Rhinoceros and its plug-in Grasskewpfi is available as a tab within the Grasshopper
user interface, which contains the different congrds of the tool. A screenshot of the final graphic
user interface (GUI) is provided in figure belovigifire 11).
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Figure 11: GUI of Embodied Energy Optimization Tool

3.3. Other non-functional requirements

The additional qualities desired in the tool aremebility (so that the tool can be adapted for any
kind of structure, building material, building cqdmnalysis method, etc.), availability (such tha t
tool is made available as an open source sustéitggilatform, based on which others can contribute
to further development of the tool) and reliabilityhrough visualizations and reports, so that the
operations and calculations made are availablegaser).

Making the tool adaptable for any kind of structurailding material, code, analysis method, etc. is
also one of the main features of the parametriménaork for sustainability. Accordingly, a sequence
diagram was developed (Figure 12) such that eash aft the design of a building is handled by a
separate module, which can be easily replacedswithble alternatives.

3.4. Testing, validation and results

The Embodied Energy Optimization Tool has 5 maatuees, each of which requires testing in order
to render the tool as functional and a validatiérih@se test results to ensure that the tool can be
trusted. Test cases were prepared for each featurthe form of an ensemble of components
connected to each other, called a Grasshoppet.scrip

The design calculations were tested with the exarfipin The Steel Construction Institute (Broain

al. [2]), as well as with Karamba, a Finite Elemémtalysis plugin for Grasshopper. The results
proved to be very satisfactory. The calculationshmés in the current tool prototype are approximate
based on simple mechanics and hand calculatiodsthanefore, useful for early stages of design. For
later stages, a well-developed structural anabsisdesign software is recommended, until the desig
methods in the tool are improved to be at par sitbh software.
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Figure 12: Sequence diagram illustrating the iroras during design of a building

The calculations for embodied energy is directhated to the quantity of each material used and can
therefore be easily validated by hand calculatidfsr this purpose, the tool also generates a
calculation report for the user. The operating gypearalculations are based on the Building Energy
Tool for low to medium rise office buildings devpkxd and validated by Arup.

The Embodied Energy Optimization Tool currently miit possess its own optimization component,
instead this was performed with the native Grasgaopomponent Galapagos and with Grasshopper
plugin — Octopus. It was found that Galapagos @miyide a single optimum solution which is not
always the case. The user needs to therefore @ppljon and be aware of possible pitfalls so as to
have a back-up method or idea for verifying thailtssobtained. Octopus on the other hand provided
a Pareto-Optimal front, matching the expected tesul

The design was exported to an IFC file using Gegm@&lym components successfully. The design
was also exported successfully into inputs for ygialby Karamba components. Since the current
prototype depends on the interoperability of Rh&adGrasshopper, with the aid of plug-ins like
Geometry Gym, Karamba, etc.; users that are ndthese tools will need some time to get used to the
layout and working style of visual programming lrefthey are able to work independently with the
tool.

It should be noted that the tool was tested sutwssvith limited number of test cases. In depth
testing is required with the assistance of endaugeirdentify and eliminate possible issues.



Proceedings of the International Association foelBand Spatial Structures (IASS) Symposium 20a&térdam
Future Visions

4. Discussion

Several assumptions were made in the tool to déterrthe flexibility of the building and in
calculating the life cycle embodied energy consuomptin particular, the information on grey and
induced energy consumptions of a building can bgraved. Additional research is required to shed
more light on these topics, so as to identify theclsastic factors involved in determining more
accurate values for flexibility of the building afat complete life-cycle analysis.

The tool requires further development to eliminditese short-comings. In order to implement these
suggestions, further study is necessary to ideatify understand the different types of structures a
better optimization algorithms, analysis and desmgthods, user interface and visualizations, energy
calculations, database management systems, amd so o

In the current user interface of the tool (inside$shopper), each independent component provides
detailed information about itself, however, the raleassociation of the different components is not

visible to a new user, who is therefore unawarectvliombination of components are required to

perform a particular task. Since there are a fisedl of components used in each task, it is

recommended that a wizard or at the very leastxample file should be provided to guide new users

on working with the tool.

The tool operates in the Rhino & Grasshopper enwirent and can interoperate with third-party
developed plug-ins of Rhino. Modifications will bequired to the different interfaces of the
framework that are implemented in the tool, whenisitdesired that the tool is to function
independently as stand-alone software.

5. Conclusions

Most present day tools calculate (and sometimesm@e) either embodied energy or operating

energy of a building. And most of them do not cdesiadaptability at all. The Embodied Energy

Optimization Tool, however, is able to aid in stidythe influence of these three aspects on the
design of a building, from within a single tool. 09 the tool is able to provide answers relating to
sustainability, as early as in the conceptual desigge of a building.

Both the framework and the tool are in accordanitke the goals of Building Information Modeling
(BIM), by aiding in decision making from the conteg stage of the building until its entire life-
cycle. In the area of energy efficient building iges the tool is able to cater to the demands efkiy
players in the building industry - architects, evegirs, building material and products manufacturers
as well as researchers. It aids the user in quidelgigning a building, or importing/exporting a
building design from/to an external software, fartfier actions. It assists in determining the tjele
embodied energy consumption and operating energguroption of the particular building design;
and allows for comparing and studying differentldliniy designs, materials or products to identify th
most suitable (optimum) option for a given setexfuirements or targets.

Both the framework and the tool follows a very miadwapproach to building design, such that new
features can be easily added or old features camddified or replaced without affecting the
functionality of the rest of the tool. This resuitsa flexible tool, which the user can adapt ttséa
his/her requirements. This implies that the tod &dot of development potential to easily movarfro
crude to finer calculation methods with the progretthe design of the building. It can easily uru
other optimization aspects such as cost assessanather design aspects such as fire enginednng,
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the list of tool features. The Embodied Energy @jation Tool is not limited by a particular
building material or calculation method or optintiga algorithm, etc. owing to the framework
structure. Aside from buildings, it can also desagm optimize all types of structures, from offshor
to bridges.
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