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Abstract. With the increasing global awareness about the impacts of climate change on the
built environments, the need for improving the climate resilience of buildings is being more
acknowledged. Despite the high number of relevant studies, there is a lack ofidrameo

assess the resiliency of buildings and urban aréais study presents a mutibjective
framework to optimize the form of buildings against its energy performance and thermal comfort
considering its resiliency to the uncertainties of climate change during threeytrdrsy periods
(20102099) of a warm regonTKUHH SHUIRUPDQFH VHFWLRQV UHODWHG
identified and categorized for the impact assessment incléljngban form (2) orientation

and(3) transparencyvith teninfluencingparametersThe analysis of nedominated solutions

out of the optimization process showed that the annual energy performance (cooling and heating
demand) of the urban areas can improve &al34% in both typical and extreme weather
conditions whilst maintaining thermal comfort by optimizing the overall form of the buildings
with similar built density and heights. Moreover, Buildings with 15 tal8Qree rotations and

33% glazing ratio showelthe highest energy performance. Finally, the top 20 resilient building
forms with the highest energy performance and climate resiliency were selectedtbat of
database of results to derive design suggestions.

1. Introduction

Urban areas are responsible émer 70% of world final energy consumptifit]i, and with the current

rapid urbanization raf¢his number is expected to increake to the demand frothe building sector

[2]. According to several studies, the energy demand fharbuilding sector will increase with a higher

rate in norresidential buildings in the next two decad@k Globally, about 23% of this category are
office buildings, which are accounted for over 48% of supplied energy for heating and cooling to achieve
indoor thermal comfort during working hoyd. There have been several attempts to reduce this share
and demands from office buildings in the two recent decadesafatius on designerd.he most recent
approach isittempting to develop and use new computational power and associated tools to design the
energy performance of bdihgs In this approach, aommonand weltacknowledged techniqua the
building desigmprocess isdoptinganoptimizationalgorithm in line with numerical simulation methods

[5]. Considering several influencing parameterd aonstrairg in the building design process, multi
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objective optimization to solve complex design problefisis,dozensof optimization algorithms have

been developed for multibjective problem$ased orevolutionary algorithra [6]. These optimization
algorithms have been adopted fobe building design process in the early stages. In addition to regular
programming platforms and tools suchMetlab [7]. The most common tools adopted and used by /for
designers with more desigrased interfaces are GrasshoppeRtimoceros and Dynamo in Autodesk

Revit with several practical plugins based on different simulation engines such as EnergyPlus,
TRANSYS, and DOE2. Adopting these tools, different featurasd components of building such as
building facadd8] or materials characteristifd], glazing and shading.0] have been studie&everal

other studies have focused on developing optimization frameworks to optireizeergy performance

of buildings[11,12] However, a comprehensive optimization framework \aitrack and forth process

to finding optimal forms is still missing in the available literature.

On the other hand, threajority of the studies in the literature are only developed for the current climate
conditions by adopting widelgvailable climatic data such as Epw weath&sfin regular Energy
Performance Simulation (EPS) studies. Séhereather files are usually based on locally recorded
weather data for typical years, such as different versions of Typical Meteorological Year (TMY) to
represent longerm average climate cditions of a locatiorf13]. These weather datasets mostly fail to
consider different weather conditions such as typical and extreme which can introduce large peak loads
and cause higher total energy demand on average Nidipover, these weager datasets cannot
represent the uncertainties and the impacts of climate change. The climate change impact can introduce
a huge impact on the local climate and consequently energy performance of buildings and urban areas
by higher average air temperatuned more frequent and stronger extreme condifibhg For example,

the average air temperature in Europe has incrdasadout 1.7°C compared tbe preindustrial level

and expected to increase 1 to 2°C by 2[1%). Another example of the climate change impacts on the
built environmentss several blackouts, power outagagad grid failures due to massiveah@vaves in

recent decaded 6].

This means thatuildings as a complex systecan be no longedesigned or optimid for the current

climate condition§17] 7KLV FDQ OHDG XV WR WKH FRQFHSW RI UHVLOLHQF
of the system to withstand a major disruption within acceptable degradation parameters and to recover
ZLWKLQ DQ D F[ES] Difeieht @dtinpdhermdifin smart air conditioning systems in a building

[19] or materal design[20] to a larger scale such as urban energy system in a district or city2&yel

can be redefined in the general concelatwever, it is not fesible or even practical to design theeadl

form of a building withsucharesponsive manner considering the current limitations and restrictions.
The overall form of a building in an urban area should be designed based on the local mif22kcale
current and future weather conditiofi23]. This process can be started in the early stages of design and
regardless of its associated componerthinfuture.

A climateresilientform shouldhavean optimized performance in both typical and extreme conditions.
Moreover, it should have a relevantly optimized performance during uncertain weather conlditions.
other word, aclimateresilientbuilding form shouldbe timedependent andave a robust performance
during its occupancy and functiofhis paper aims to define this concept by optimizing the building
form against typical and extreme weather conditions in current and future sseisar@ optinization
functions. This concept has been described in detail in the Methods section as well as the adopted
optimization approach, influencing parametensd applied inputs for the whole process. The Pareto
front plot of the developed optimization algonthalong with the geometrical characteristics of the top

20 best design options presented in the Results section. Moreotreenergy performance defive

best solutionsas well aghe designbased characteristics of the best solutiare, also preented to

assess the impescof the introduced framework.

2. Methods

A multi-objective framework with aeplicable process developed based on an earlier work of the
authors[24] based orconsists of four main comprehensive steps including (1) fgameration, (2)
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FormSimulation, (3) ForrOptimization and (4) ForfSolutions; where each step includssveral
integrated phasg&igure 1) The gnetic algorithm (GA) was adopted in this study duartefficient,

fast and accurate approach for the whole building simulatising the Paretedominance approach

The proposedramework is based on an introduced technique namgyX LOGLQJ ORGXODU &HOO)
In an earlier work of the autho[85], the BMC technique was introduced and validatecjéoerated
andevaluatebuilding and urban formdere, by defining an optimization algorithimusand®f forms

can be generated withnaodular shapelrhe BMC technique is based on an 8x8attangular module;

these dimensions are selected according to the typical reinforced concrete structures, in which the height
of each flooris 4m By using this grid resolution witB008possible form combinations, almost all the
well-known building forms (L, U, CY, C, ]letc.). A series of form generation rules as design parameters
constraints were also defined to reduce the number ohdkéunctional form based on simple
architecturalogics (Figure 2).

3

2
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Figure 1: The adopted framework in the study

I r+; Figure 2:applied form combination rules as design
O]+ b + T parameter constraint&@): the 8x8 module cell, (b)
@) ®) © o and (d): selected cells must be connected from the

o T i: +|:| sides, (c): connection froedges are not acceptable
i - (e): unacceptable cell connection from edg@s,
e +ﬂ | o detached selected cell aadge connection.
(d) (e)

Several desigbased tools which are familiar for designers such as Rhinoceros/Grasshopper plugins
(Diva-for-Rhino-Archsim, Ladybugools and Octopus) and EnergyPlus are adopted in this sbady.

the first phasgthe BMC technique was definedjodeled and prepared for simulations by the aid of an
innovative GH algorithm. The geometry of eligible combinations out of the defined aiotstare
converted and exported into EnergyPlisingArchsim in the GH algorithm for energy simulatiofsr
metrological weather data, nine annual data with hourly resolution were generated based on a method
introduced by Nik [43] to synthesize typicaid extreme weather files based on the outdoor temperature
based on thirteen climate scenarios for Athens, Greeceawmithrm climate to be used in energy
simulations(figure 3) In this method, the representative and extreme months using Finkéstedier

statistics are selected and verified for hygrothermal simulations T#dE, these typical and extreme
weather conditions are divided into three sets of typical, laigh low wind speeds are synthesized for

the three 3§ear period of 20132099, cosidering six weather scenarios simulatedthy RCA4

regional climate model (RCM) with the spatial resolution of 12.5 km. For the purpose of this study and

to represent climate uncertainties, one extreme year has been selected from each typical and extreme
year; one year with the highest average temperatur®f thirty-year weather datato be called the
L([WUHPH :DUP <HRUME wa&F With<the lowest average temperaticebe called the
L([IWUHPH &ROG oult bfuHrtyRRedr ivéather dataand one year witlhe typical average
temperature out of thirtyear weather dataWR EH FDOOHG pn7\SLFDO 'RZQ@VFDOLQJ
generated weather data were converted to EPW format to be rédaBnergyPlus engine in the Form
Simulation step.
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Figure 3, Synthesized typical and extreme temperature for Athens, Greece from 2010 to 2099.
A regular urban area is hypothetically selected in Athens to consider the impact of urban form into the
calculations. The surrounding area including buildings (built density and heights) and the characteristics
of the urban pattern suchthggeometry othe streets and canegiwere alsmodelledin detail Figure
4 shows the plan, selected areas for the BMC technanekthreedimensional view of bothTable 1
presented the defined performance sections related to building form and their associategnsarame

this study.
Table 1:The defined performance sections related to building form and their associated parameters
Sectiors Parameter Description
Site coverage Thearea of the ground floativided by the total site area thfe site
Building layout L, U, CY, C, Tlayouts
Built density Thearea of the ground floor of the building divided by tbial
area
Urban form Buildipg fungtion The function of designed thermal zones
based on Bu.lldlng height The total numper. of flgqrs based on BMC
BMC Relative compactnes! Thevolume of each building divided by the total aredhef
Rc external surface
H/W ratio The final heighof theform divided by the width dfhe
surrounding area
Material The material used in the buildimgwalls, ceiling, floor, window
frames
Orientation Building orientation The orientation of generated forms with 15° tolerance
Transparency Glazing ratio The total area of windows divided by the area of facades

* Each performance section is connected to the mbjective optimization algorithm as genome

Two functions were defined based on the concept of resiliency, whereettyy grerformance of the
building form in the typical and extreme conditions should have the minimum variations durinrg three
thirty years of datasets (20B099). The developed method by Nild] used in the contexdf two
functions. The total energy demand as the sum of annual cooling and heating dexsdefined as

the sum of the latent and sensible cooling and heating energy. Each generated form combination is
consisting of eight floors and each floor has two zones: private office rooms and shared spaces. Based
on Athens weather, summer and winter exdefined from April stto September 30and from January

1th to March 31th and October 1th to Decembest Bdspectively. Equation (1) and (2) are defined to
calculate the heating and cooling demand for each generated form in the first step of the ftamewor

CL=3",qci 1)
CL=3",qci )
Qw = CL + HL (3)

HereQ,, is the total energy demand of the generated form, wherandgy;are cooling demand and

heating demand of each floor respectivedyculated by EnergyPlu3he index w’ represert the type

of weather data used to calculate the energy demand based on the generated weather data files. Thus,
for each generated fornw’ is TDYz0102036 ECY20102030 EWY20102035 TDY20402069 ECVY20402069
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EWY2040206 TDY20702005 ECVY20702009 EWVY2070200¢ TWO main constraints were imposed on the
performance of thescheduledventilation system during working hours tmntrol the operative
temperature The maximum load limit of 100 w/with the temperature setpoint boundary of 18 in
winter and 27 in summer were considered in the calculatidsgmg a Python script in the defined
algorithm, the average value of each dataset is calculated and results in three final energy demand
equations inclding: Qrpy, Qrcy @ndQeyy. TO achieve resiliency in the energy performance of each
form, the variations betwee@y.y andQgyy should be squeezed towar@gyy. For this purpose, the

first objective function is defined as equation: (4)

£ o 1 @p 2 2
X_gzi:1 (QECY(ul).i - QTDY(ul).i) + (QEWY(ul).i - QTDY(ul).i) (4)

To minimize the energy performance of the building during typical weather conditions, objective
function two is defined (equation (5)):

fY=Z? Qrpy (5)

u;)d
Using two functions, first, the generated forms will have an optimized performance during the typical
conditions. Second, their energy performances in extreme conditions will remain as much as possible
close to their performance in the optimized tgbiconditions. Such a form will have a similar thermal
behavior during all weather conditions based on atiependent process (adopted future weather data).
Finally, the optimization problem in the study can be defined using equation (6):

min{f,. f,}; xeR™ (6)
To solve this optimization, function the following settings were ugepulation: 200, Max generation:
50, crossover rate: 0.8, mutation rate: 0.5. The average runtime for each iteration was about 180s which
can be considered as fasisidering the high amount of calculation defined for each generated form.

3. Results

Figure5 shows the Pareto from for the defined optimization study as well as a simplified guide to show
how it isinterpreted The plot shows the traeffs between two dimed objective functions. Theont
dominated points represent the bassign solutions with minimurfi, andf, . Figure 6 showshetop

twenty generated forms placed in the defined urban area in Afhieashading effect of the modeled

urban area e huge impact on the final results. A more detailed study on this matter can find an earlier
study of the authorR6].
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Figure 4, 2Dand 3D view of the Figureb, (a) a guide to show how the Paretc
selected urban area in Athens, (c) the front is interpreted, (b) the Pareto front of th.
selected case study and hypothetical < defined optimizabn study in thigesearch

based on BMC. work
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According to all nordominated solutions, over 70% of tblemateresilient solutions urban area have
15-degree clockwise form rotation, enabling a larger part of the target building to face northern
elevation. Moreover, 55% afimateresilientsolutions have at least one empty cell in a part of a uniform
layout (semicourtyard form); however, in terms of optimal heating demand design sojutiors than

80% of best solutions have courtyard or seaurtyard forms. Moreover, 91% of solutidmsve at least

two or more empty cells ithewestern and northern sides. It is important to notice that about 84% of
thebest solutions in terms of heating demand havéaeks to the northern side of the site. Results also
showed that about 33% lowerezgy demand between ndominated forms and feasible options.
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Figure6, top 20climateresilientform solutions with different shapes and orientations
Figure7 shows the boxplot of the cooling and heating demand of four of thechis®tteresilientforms
including Cases 2, 14,1&nd 18 with four different and distinct layouEor example, building form
with CY form (Case 14) shows 63.99 kWh heating demand in ECY-2020 on average whilhese
numbers are 30.36 and 51.95 kWh in TDY and EWY camit Case 16 with L form ka similar
heating demand in ECY conditions while in TDY and EWY the average heating demand is 25.5 and
43.7 kWh respectivelyThis is whilein terms of cooling demand Caté showed the best performance
with 33 kWh in EWY conifions showed the lowest cooling demand betwdsrbest solutions. The
UHVXOWYV VKRZ WKH UROH RI OD\RXW JHRPHWU\ RI EXLOGLQJV
design techniques such as mass and void in layout and forrbadet, height wv@ations and
orientations according to the valuestioé investigated objectives.
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4. Conclusions

This study presented a mudtbjective optimization framework to generaiémateresilientbuilding
forms in urban areas. Nine weather data based on typical and extreme weather conditions were generated
for the case study, Athens. These weather datagstypical Downscaling Year (TDY), Extreme Cold
Year (ECY) and Extreme Warm Year (EWY) generated for three thiesty statistical data, one year
for each from 2010 to 2099. Two objective functions were defined to solve an optimization problem to
find climateresilient forms. Thefirst function DLPHG WR UHGXFH WKH GLIIHUHQFH
performance in typical and extreme conditions while the second function attempted to find optimal
forms in typical conditions. The traaéfs between these two fumens resulted in 67 nedominated
building forms with the most resilient performantée main findings of this study can be summarized
as:
= Forms withup to 15degree clockvise on the northersouthern axis (placing the form on
NW/SE axis) showed the nemiergy performance during studied weather conditions.
= While the best dégn solution in this study was-form building, forms withbsemiCY and semi
L layout with Rc between 0.85 to 0.98 (forms close to cuboid sRapw a cube is 1) have the best
resiliency in the studied urban area.
» Forms with sebacks towardhenorthern boundaries of the site by gaining more solar radiation
through openings showed the best energy performance.
= Forms with stepOLNH VKDSHV E\ 6SOLW WKH ZHrivawdiedh§dey in&ss R1 WKH
pull and push in the layout showed a better energy performance by reducing surfaces with
openings facing west.
= Forms with small open spaces in the southern and eastern boundaries of the site showed higher
energy demand on average.
= Formswith high angles of rotatiodid not show a positive performance in terms of energy
demand.
This paper provided further evidence on the importance of considering future weather conditions in the
design process of the building forms. Moreover, by takimgdost decisions in the early design stages
by designers, the energy performance of the buildings can be dramatically rebleedkveloped
framework and resiliency functions in this work can enhance the quality of thifatimg process in
the early dsign stages. It can also allow designers to take moreinfetined decisiongo address
sustainable cities and communities (sustainable development goals, SCEnally, the database of
results is applicable for developing new building codes and regulations in Athens or any other dense
city with similar climate conditions.
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