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Highlights

e A multi-objective optimization framework to find optimal forms in urban areas

e With a novel design-based approach emphasizing on geometry and energy calculations
e 1998 optimal form combinations generated and studied considering urban microclimate
e  34% energy demand and 12% thermal discomfort reduction adopting the framework

e Aseries of design-based recommendations presented for early-design stage

Abstract

Designing high-rise buildings is a complex and challenging task involving several parameters and
variables. Recently, there have been major attempts to design the overall form of these buildings
based on optimization approaches. This paper introduces a multi-objective optimization
framework based on Genetic Algorithm, namely Energy Efficient Form-finder (EEF), consisting
four main steps of Form-Generation, Form-Simulation, Form-Optimization and Form-Solutions.
The EEF with a comprehensive design-based approach is evaluated through five functions
considering objectives of minimizing cooling and heating demand and thermal discomfort time
while maintaining operative temperature on the defined thermal comfort zone.
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This work studies the form combination of five reference buildings based on a new technique
called “Building Modular Cell” in five different urban areas, resulting in twenty-five distinct
design problems. According to the results, there is a great potential to adopt EEF in newly-built
projects with a rectangular layout; while it can reduce the annual energy demand and thermal
discomfort time of the optimal form combinations around 34% and 12% respectively. Finally, a
series of qualitative and quantitative design-aid recommendations are presented based on 1998
best design solutions, which can be used as form-finding rules of thumb by architects and urban
designers at the early design stages.

Keywords: design-based framework; multi-objective optimization; early design stage; energy
demand; thermal discomfort time; urban microclimate;

Nomenclature
Awre | Area of external surface [m?] SC Site coverage
As Area of front elevation [m?] Si Sensitivity Index
ANN | Atrtificial Neural Network Ty, | Dry-bulb temperature [=C]
Ap Plot area of surrounding buildings [m?] T | Mean radiant temperature [:C]
As Site area in a horizontal section [m?] T, | Monthly average temperature [:>C]
A Total area of all floors [m?] T, Neutrality temperature [>C]
A Total area of generated form in floor | [m?] T, Operative Temperature [::C]
BMC | Building Modular Cells To, | Operative Temperature in summer [©C]
BD Building Density To,, | Operative Temperature in winter
EEF | Energy Efficient Form-finder owin | Operative temperature in winter function
GH Grasshopper TDT | Thermal Discomfort Time function
GA Genetic Algorithm VAR | Volume area ratio
MS; | Comfort time in summer [h] \Y Final volume of combination [m?]
MW, | Comfort time in winter [h] Vgs | Mean value of best solutions
PAR | Plot Area Ratio Vws | Mean value of the worst solutions
Q¢ | Cooling energy [KWh] ubD Urban Density
Qu | Heating energy [KWh] WWR | Window to wall ratio
qy | Heating demand function [KWh/m?] A Frontal area density
qc | Cooling demand function [KWh/m?] Ap Urban plan area density
Rc Relative compactness y Radiative fraction

1. Introduction

According to the UN, the global urban population will increase from 3.8 billion in 2014 to 7.6
billion in 2050; where megacities in developing countries with middle-income economy are
responsible for a large portion of this growth [1,2]. Consequently, the share of urban areas in the
world final energy consumption (70% in 2014) is expected to increase, especially due to the
demand from building sector [3,4]. Studies have predicted that the portion of energy consumption
for commercial buildings will increase notably while tend to decrease in residential buildings
during the next two decades [5]. Heating and cooling are accounted for more than 48% share of
the annual energy demand to achieve indoor thermal comfort in office buildings; a huge category
which includes 23% of non-residential buildings globally [6,7]. Climate change may vary this
share due to higher average air temperature and more frequent and stronger extreme conditions
[8,9], inducing undesired variations in the average and peak cooling and heating demand as well
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as thermal discomfort [10,11]. For instance, mean air temperature has increased up to 0.27°C in the
United States during the last decade [12], while in Europe has been around 1.7°C above the pre-
industrial level and is expected to exceed between 1 to 2°C by 2050 [13]. Supplying energy in a
sustainable manner for urban environments is a topic of broad and current interest, where many
studies point to the benefits and potentials of integrating renewable energy generation through
decentralized energy systems and micro-grids [14,15]. The role of urban design and its effects on
the microclimate conditions and the energy performance of buildings can be considerable and
support the movement of societies towards climate change mitigation and adaptation as well as
100% renewable energy systems.

The consequences of urban growth and climate change may become more crucial in developing
countries such as Iran with rapid urbanization (urban population from 25.9 million in 1987 to 59.4
million in 2016 and up to 78.4 million in 2050) [13] and high energy consumption rate (five times
higher than the world average) [16]. For example, the average electricity consumption growth in
Iran (7.9%) is more than twice of the global average (3.3%) [17]. Annual energy demand for office
buildings in Iran is about 350 kWh/m?, which considering working hours (8 to 10 active hours per
day), is notably higher than the world’s average [18]. Heating and cooling are accounted for 55%
of total annual energy consumption of office buildings in Iran [19]. The minimum air temperature
in Iran has increased up to 0.34 °C in a forty-year period (from 1961-2010) and is expected to
increase at a higher rate in the following decades [20].Several other factors are worsening the
conditions such as inefficient building designs and constructions as well as the lack of effective
building codes and regulations for having low-energy and sustainable buildings. Although some
progress have been made (the most recent one is National Construction Regulation No.19 [21]),
results are not satisfying at the practical level.

There have been major attempts worldwide to establish practical efficient building codes such as
LEED in the US, CGBL in China, DGNB in Germany, Miljobyggnad and FEBY in Sweden [22],
HQE in France and BREEAM in UK [23,24]. However, as one might expect, a new trend of
optimized building regulations and codes for office buildings is required to face the complexities
of the growing energy and climate concerns, rather than confining to current building codes and
typical design approaches. Designing office buildings with respect to urban microclimate,
conceptual values of architects and future energy challenges at the same time, is a demanding task
and needs to take several parameters and constraints into account.

In the design firms, architects and urban designers are the key decision makers in the design
process. But, they usually tend to use invalidated passive design methods based on “trial-and-error.
Lately, optimization approaches have been applied by researchers during design process of
buildings and urban areas, combined with building energy simulations [25]. A common approach
in building design process is “simulation-based optimization”, combining numerical simulations
and optimization algorithms [26,27]. In design problems, always more than one objective is
engaged with the process; this pushes the assessment towards multi-objective optimization and
considering all the influencing parameters and constraints. Accordingly, several simulation-based
optimization algorithms have been developed for multi-objective problems such as evolutionary
algorithm (including genetic algorithm, Particle Swarm optimization [28,29], Ant Colony
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Optimization [30,31]), derivative-free search methods and hybrid algorithms or other Meta-
heuristic models like Artificial Neural Network combined with NSGA-II [32,33]. Three main
streams can be recognized in the available studies and platforms for multi-objective optimization
in building and energy studies, including (a) using generic programming platforms for linear or
non-linear optimization problems such as: Matlab [34-36], GenOpt [37,38], CAMOS [39,40] and
modeFRONTIER [41,42]; (b) combining tools for coupling BIM tools, EnergyPlus, TRANSYS,
DOE-2 as simulation stage with generic programming platforms for optimization phase [43-45];
(c) adopting graphical interfaces for modeling (e.g. Grasshopper in Rhinoceros and Dynamo in
Autodesk Revit), simulation (e.g. Diva/Archsim, RADIANCE, Honeybee and Ladybug, etc.) and
optimization (e.g. GA based plugins like Galapagos, Octopus, Optimo, etc.) [46-48].

By means of these platforms and tools, numerous research works focused on optimizing
parameters such as building envelope geometry [49,50] or materials [51,52], insulations [53,54],
openings and glazing [55,56], shading [57,58] for one or several reference case studies in terms of
energy efficiency and consumption (heating, cooling and lighting) [7,59,60], thermal comfort [61—
63], visual comfort [64-66], air temperature [67—69], ventilation and HVAC [70-72] as objectives
at different stages of the design process. However, these studies have focused on some certain
parameters and have not addressed the whole design process of a building; and their results are
still complicated and ambiguous for design teams which are usually led by architects and urban
designers. Thus, there have been some attempts to assign multi-objective optimization approaches
into the design process of buildings for designers. Zhang et al [73], adopted three typical school
layouts in China with different orientation, WWR, glazing, shading and corridor depth to find
optimal trade-off between heating and lighting energy, summer discomfort time and useful
daylight illuminance. Negendahl and Nielsen [74] introduced a method to optimize building
variables in terms of energy consumption and solar radiation at the early design stages which
confined to three set of main building layout variations. Yu et al. [75] used genetic algorithm for
optimization of several variables of one residential building to maximize energy efficiency and
indoor comfort. Wright et al [76] used genetic algorithm to optimize thermal comfort against
energy cost of a sample building and HVAC system. Most of these studies have used predefined
case studies with some unique solutions, only applicable for the introduced condition and design-
problem, or have developed analytical forecasting frameworks to predict and evaluate building
performances which are not based on real constraints and not applicable in practice for designers
[77-79]. Moreover, a comprehensive optimization framework with a back and forth loop to
consider all influencing parameters, objectives and constraints in the form-finding procedure is
still missing in the available literature.

To address this research gap, the current study introduces a novel design-based optimization
framework for reducing the annual energy demand (i.e. cooling and heating) and thermal
discomfort in high-rise office buildings while maintaining the operative temperature. The
framework emphasizes on the geometry, form and architectural aspects of the building/urban
design as well as detailed energy demand calculations. The introduced framework has the ultimate
aim of developing an easy-setup framework for newly-built design projects enabling to follow an
energy efficient form-finding process at the early design stage. Moreover, the acquired databases
of the results have the potential of being implemented in newly built high-rise buildings by
bridging the gap between designers and engineers. For the purpose of this work, a twelve-story
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office building was taken as the reference case in Tehran, the capital city of Iran with high urban
population, various urban densities and multiple long lasting hot and cold months [80,81].
Considering the big challenge of reducing energy consumption while attaining the thermal comfort
in office buildings (which are occupied at least one-third of a day [82]), five objective functions
are defined in this study. These functions are designed to minimize the cooling demand, heating
demand and thermal discomfort time as well as maintaining the operative temperature in the
defined comfort zone during both hot and cold seasons. The impacts of urban morphology on the
energy demand and thermal comfort calculations is also considered by defining five detailed urban
models for each optimization problem. This results in twenty-five independent optimization
problems.

The article is structured as follows: in the methodology section, the theoretical background, novel
approach and proposed framework are discussed extensively. Moreover, the simulation tools,
inputs, weather data and workflow are presented in four main steps including Form-generation,
Form- simulation, Form-optimization and Form-solutions. In the results and discussion section,
the major findings of the defined optimization problems are presented for each considered urban
area and high-rise building typology. Accordingly, a series of qualitative and quantitative design-
based recommendations are derived out of the acquired database. Finally, a summary of the main
findings as well as the probable applications of the introduced framework are discussed in the
conclusion section.

2. Methodology
2.1 The theoretical background

Optimization can be defined as the process of finding the best solutions through minimizing or
maximizing certain objectives considering certain constraints [83]. The performance and selection
of an optimization algorithm mainly depends on the nature and scale of the problem. Several
studies indicate that using genetic algorithm (GA) is very efficient, fast and accurate approach for
the whole building simulation [84-86]. There are several methods to find the best answers out of
a multi-objective optimization problem using GA [87]. Among them, Pareto-dominance approach
is generally accepted as the best way to optimize all objectives simultaneously [23]. It also provids
a set of non-dominated solutions which can be selected and used by designers. The applicability
of the provided solutions in practice depends on the defined constraints and objectives. Research
works with some predefined design constraints have a lower process-time due to limiting the
search space; while the flexible geometric constraints result in more realistic solutions that take
longer process time [74]. Thus, the optimization problem should be defined in an efficient way to
consider flexible design-based parameters and variables as well as other architectural values.

By using visual programming languages (VPL) and coupling a series of tools in a framework,
higher flexibility will be provided for designers to study a higher number of design-solutions while
maintaining the qualitative aspects of their design and concept [88]. Some research works have
attempted to develop such a framework based on the widely-available tools in the architectural
research and design firms [89,90]. Konis et al. [91] developed a framework to improve the
performance of daylighting, solar control and natural ventilation potential strategies of a site-
specific building according to simulation-base GA optimization approach. Aiming at maximizing
solar gains, Zhang et al [92] proposed a modeling-simulation-optimization framework for
designing free-form buildings based on two physical parameters: space efficiency and shape
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coefficient as the geometric constraints to optimize solar radiation gain. Yi and Malkawi [93]
presented an optimization process for building form based on geometry control points (flexible
geometric constraints) to achieve optimal heat gain and heat loss. Several other studies have
introduced optimization frameworks for buildings and urban models focusing on solar irradiation
[94,95] and heat gain [96,97]. The outcomes of these optimization frameworks are mostly limited
to non-geometrical variables, very complex multi-facades, non-constructible shapes or have
confined only to few cases and/or small buildings that cannot cover the form-finding process for
the designers. In this study, through adopting VPL, a series of modeling, simulation and
optimization tools are coupled with the aids of several flexible constraints and objective functions.
Instead of focusing on one element of a building or an architectural space, the overall form of the
building is optimized by introducing a comprehensive framework. Several parameters and design
variables are taken into account in this framework including the layout geometry, final height,
material, glazing and orientation in a multi-objective optimization algorithm.

2.2 Multi-objective Framework

The proposed multi-objective optimization framework, namely “Energy Efficient Form-finder”
(EEF), is a replicable framework based on a developed version of “Building Modular Cells”
(BMC) for the form-finding process of high-rise office buildings in urban areas. In an earlier work
of the authors [98], BMC technique was introduced and validated to evaluate the impacts of urban
morphology on cooling demand and ventilation potential. The developed version of BMC
technique is used in this study for initial form generation as the first step, a script that enables
generating thousands form combinations in five urban areas (check Section 2.2.2). The EEF
optimization framework consists of four main comprehensive steps including (1) Form-generation,
(2) Form-Simulation, (3) Form-Optimization and (4) Form-Solutions; where each step includes
several integrated phases (Figure 1). At Step (1), the urban morphology and BMC technique is
defined according to design problem characteristics and parameters such as building material,
glazing and orientation. The form combinations can be generated based on an innovative GH
algorithm; in which, BMC technique [98] was developed in detail for a cuboid building in the
context of five selected urban morphologies of Tehran (Section 2.2). The developed version is
used for initial Form-generation step with 30826 possible form configurations in each urban area;
resulting in 154130 unique possible form combinations (based on the mathematical combinations
of the forms in the defined grids in the layout). Moreover, several sensitivity analyses were
conducted for finding the most important influencing design-based parameters and constraints to
be considered in the optimization process for the reference building.

In Step (2), the urban microclimate and weather data of selected urban areas are assigned to the
generated form combinations and applied to simulation engines for cooling and heating demand,
thermal discomfort and operative temperature during both cold and warm seasons The thermal
comfort calculations are carried out based on the defined comfort zone according to ASHRAE 55.
Furthermore, a validation study is conducted as a key factor for verifying the accuracy of the
thermal discomfort time (TDT) calculations. At Step (3), objective functions, their constraints and
optimization problems are adjusted according to the design problem, aiming at extracting the best
design solutions out of Pareto-front graphs. Multi-objective optimization platforms for twenty-five
independent optimization problems were run to include all possible conditions into the framework
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and provide a database for design-based suggestions. At the final step, form-solutions which can
be adopted in different design problems are extracted and analyzed. Moreover, the design-based
suggestions are derived out of top optimal form combinations in each urban area (1998 best design
solutions). Figure 1 shows the schematic flowchart of the proposed framework.
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2.3 Step (1): Form Generation
2.3.1 The urban area

It is commonly accepted that urban morphology has a major impact on building performance [99]
and its role should be considered in building simulation procedure [100]. Thus, as the case study,
urban morphology and microclimate of Tehran was considered in the building performance
simulation process. Tehran is located at the latitude and longitude of 35.69°N and 51.42°E [101]
with a semi-arid climate [102], having cold winters (e.g. minimum of -10°C in January), hot-arid
summers (e.g. maximum of 40°C in July) [103], the annual relative humidity of 41% and rainfall
of 233 mm [80]. The city has experienced a rapid urbanization during last six decades (from 1.8
million populations and 100 km? total land coverage in 1956 to 8.37 million and 730 km? in 2016)
[81]. Tehran has evolved to a megacity with twenty-two municipal districts, each with a strong
tendency to accommodate high-rise office buildings. Thus, a high-rise building selected as the
reference building in this study and the urban area was modeled based on the typical surrounding
buildings around high-rise buildings in Tehran.

The physical characteristics of urban neighbourhoods in twenty-two municipal districts of Tehran
were recognized and categorized (See Figure A.1 in Appendix for a summary of the findings). A
hypothetical site with nine equal square blocks (a matrix with three rows and columns where one
of the blocks at the center of the site considered as the main high-rise building site) was defined
as the main urban platform and 1600 urban configurations were modelled based on three
introduced parameters (urban pattern, urban building form and urban density). The most
comprehensive parameter which was used for generating the layouts, plans and heights of
buildings in these urban platforms was urban density (UD) with five ranges from Min (35.8% site
coverage and thirty total number of floors™) to Max (85.6% site coverage and fifty-two total
number of floors). The height of the surrounding buildings were considered from two-story up to
twelve-story (two/four-story as low-rise, six/eight-story as mid-rise and ten/twelve-story as high-
rise buildings) according to each UD (the reader is referred to [98] for more details). To consider
the impacts of urban morphology and microclimate on the proposed framework, five urban areas
based on the UD ranges with distinct urban building forms were selected out of the best urban
configurations, representing the urban areas in Tehran. Figure 2 shows the selected urban areas
based on some of the considered indicators such as VAR, SC, PAR and BD, which is used to
define UD. Using these five selected urban areas, the BMC technique was developed for designing
and optimizing the form of central high-rise urban block.

2.3.2 Developed BMC technique and the reference building

The BMC technique is based on an 8x8 m rectangular module; these dimensions are selected
according to the typical reinforced concrete structures in Tehran, in which the height of each floor
is 4m. This modular grid can be assigned to a large part of typical office buildings in Tehran,
according to existing building codes, regulations and the mentioned survey study [98]. Based on a
sensitivity analysis and considering “speed” and “accuracy” as the key factors of a replicable
framework, 4x4 grid cells for each sub-site selected as the main modeling platform for the form-
generation step (Figure 3). By using this grid resolution with 30826 possible form combinations,
almost all the well-known building forms (L, U, CY, C, T etc.) and hundreds of new combinations

* The total number of floors of surrounding buildings in one urban case study with certain distributions
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can be covered with a 100 times faster runtime compared to higher grid resolutions (5x5 or 6x6).
The other design variable constraints are defined based on series of form combination rules (this

is discussed thoroughly in Section 2.3.3).

Urban areas
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Figure 2. Top: Selected urban areas based on UDs: (a) Urban area with MaxUD, (b) Urban area with MeanUD, (c)
Urban area with NormsUD, (d) Urban area with MiddleUD, (e) Urban area with MinUD.

Bottom: urban morphology parameters and indicators used in this study to define urban density: (f) the five ranges of
UD: site coverage and total sum of the floors, (g) six types of building’s height defined in this study, (h) urban plan area
density (Ap): the built area projected onto the ground surface divided by the site area in a horizontal section (AS), (i)
frontal area density (Af): is the area of frontal surface of fagade to the A4s, (j) volume area ratio (VAR): total volume of
surrounding buildings divided by the total site area of site (24000 m2), (k) site coverage (SC) the total area of the ground
floor of the building divided by 1600 (the area of each sub-site: 40x40m), () plot area ratio (PAR): total floor area of
the surrounding buildings divided by the total site area, (m) building density (BD): number of selected cells divided by
the total site area, (n) Relative compactness (Rc): V: final volume of combination, As area of external surface.

(The process of generating these five urban areas is thoroughly described and validated in a previous work of

authors[98].)
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Figure 3. (a): The hypothetical site with a sample twelve-story reference building based on 4x4 grid.
(b): the BMC module and its layouts for three different grid scales (3%3, 4x4 and 5x5)

2.3.3 Form combination rules

As stated, five urban density ranges were normalized to a site coverage indicator of the central
urban block according to the basic BMC module, resulting in five BMC ranges:

1) Max BMC: 87.5%, selecting 14 cells out of 16.
2) Mean BMC: 75%, selecting 12 cells out of 16.

3) Norms BMC: 60%, selecting 10 cells out of 16.
4) Middle BMC: 50%, selecting 8 cells out of 16.

5) Min BMC: 35.8%, selecting 6 cells out of 16.

According to these ranges, in each UD, five form configuration platforms from Max to Min BMC
can be generated (twenty-five distinct situations), which can result in 154310 possible form
combinations (based on mathematical combinations to select five BMC ranges out of sixteen cell-
grid). Since the form-finding process of this study is based on discrete BMC ranges (defined as
fixed integers in the algorithm), a series of geometric constraint on the design variables are required
to limit the number of unnecessary iterations. a large part of the possible combinations can be
excluded from the process due to their non-logical forms and non-significant differences in their
thermal loads. Thus, a series of flexible geometric constraints were introduced as “form
combination rules” in the modeling-optimization process. Figure 4 shows two basic design
variable constraints s: 1) selected cells must be connected from their sides and not through their
corners (based on structural and architectural logics: as each module can be considered as a simple
room, there should be a connection from one of their sides to placing at least an entrance door),
and 2) in all selections, only one integrated form must be chosen (configurations with two separate
forms are not allowed); showing some true and false form combinations based on UDs.

Analysis showed that the most frequent false form combinations are non-integrated (unified)
forms. The parametric process of generating cases is adjusted automatically using an innovative
GH algorithm with the aid of Python script to handle the constraints. Thus, several built-in
components and functions in GH are developed in the defined algorithm. Through this algorithm,
eligible cases which have satisfied all the imposed constraints are selected out of the form-finding
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process before getting to the simulation step. This results in lower process time while maintain the
highest possible accuracy of search domain. According to the official building codes of Iran, a
high-rise structure is a building with twelve or higher floors [104-106]. Thus, in this paper, each
generated layout of the reference building based on the introduced form combination rules is
extruded to 48m or twelve floors in the GH algorithm. The final height of the reference building
in EEF framework can be varied based on the requirement of each design project.
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Figure 4. Top: Form combination rules as geometric constraints: (a): the 8x8 module cell, (b) and (d): selected cells must be
connected from their sides, (c): connection from edges are not acceptable, (e): unacceptable cell connection from edges, (f)
detached selected cell and edge connection. Bottom: some examples of True and False of form combinations based on the
introduced form combination rules

2.3.4 Influencing parameters and sensitivity analysis

In addition to the main parameters considered in BMC technique, there are several other
parameters that affect the energy performance of buildings due to the inherent uncertainties of the
input data. By running hundreds of simulations and considering the influencing parameters, six
parameters (glazing, shading, orientation, insulation, internal thermal mass and glass type) were
selected, analyzed and ranked by their impact on the five objectives of the study (See Table B.1 in
Appendix B), using a sensitivity index:

I =Yws=V8s » 100% Eq (1)

Vws
The objectives of the study were sensitive to the variations of orientation and glazing ratio.
Although insulation has a high sensitivity index, it is usually selected by engineers and not
architects or urban designers, thus it was not considered as a main genome for the optimization
function. Parameters such as shading and internal thermal mass induced a lower cooling and
heating demand and TDT during summer and winter, while their impact on the simulation results
was not considerable. Thus, in addition to the five ranges of the BMC, a several orientation angles
are considered as genome (0, 15, 30, 45, 60, 75 and 90 degree). Furthermore, six glazing ratios
(16%, 25%, 36%, 42%, 49% and 64%) are also assigned to the GA solver as genome. Other
influencing parameters adjusted to the optimal value based on existing building codes and
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regulations (Check Table B.1 in Appendix B for more detail about sensitivity index results). To
limit the data uncertainties in the simulation stage, other uncertain variables such as user behavior
and infiltration were also assumed as constant values due to comparative purposes of the study
(See Table B.2 in Appendix B). The other data with possible uncertainties such as weather data or
geometric constraints can be manually adjusted by the users in real applications. Moreover, due to
comparative approach of the study, similar settings are applied to the modeling, simulation and
optimization stages of each problem to minimizes the impacts of data uncertainty on the results.
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Figure 5. The influencing parameters with their assigned values in the simulation process
2.4 Step (2): Form-Simulation
2.4.1 Tools, inputs and weather data

Several design-based tools which are familiar for designers such as Rhinoceros/Grasshopper
plugins (Diva-for-Rhino-Archsim, Ladybug tools and Octopus) and EnergyPlus are adopted in this
study. At the first phase BMC technique was defined, modeled and prepared for simulations by
the aid of an innovative GH algorithm. The geometry of eligible combinations out of the defined
constraints are converted and exported into EnergyPlus by means of Archsim in the GH algorithm
for energy simulations. The simulations are conducted according to the adjusted influencing
parameters which were discussed in the former sections (Table B.1 and B.2 in Appendix B). At
the final phase, a modeling-simulation-optimization loop is defined in the GH algorithm to ensure
a back-and-forth process. In this process, hundreds of geometries are generated and simulated to
optimize the final form of the reference building. The weather data of Tehran (based on EPW file
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for Mehrabad Airport) with the hourly temporal resolution are used for simulating the hourly
cooling and heating demand, TDT, T, and T, . .The adopted weather data was validated for the
urban microclimate of Tehran in the earlier work of the authors [98].

2.4.2 Objective functions

2.4.2.1 Cooling and Heating demand

The annual cooling and heating demand were defined as the sum of the latent and sensible cooling
and heating energy. Each generated form combination is consisting of twelve floors and each floor
has two zones: private office rooms and shared spaces. The calculated cooling and heating demand
is affected by the heat transfer through building external surfaces (walls, roof, floors, windows,
ceilings etc.) — known as building envelope — as well as the internal heat sources (people,
appliances, equipment, lighting etc.) and infiltration through the building envelope and openings
[108]. The annual cooling and heating energy demand are set for Tehran weather conditions;
summer from April1" to September 30"; winter from January 1™ to March 31" and October 1" to
December 31". A number of inputs and other energy demand sources such as lighting, office
equipment, hot water, infiltrations, residents etc. assigned to the models based on optimal values
in national codes and regulations according to sensitivity analysis. To evaluate the impacts of
building form on both cooling and heating demand and derive design-based suggestions
considering all the influencing parameters, two objective functions were defined separately for
energy demand in [KWh/m?].

_ 2?:1 QCi

qC - Z?:lAi Eq (2)
_ Zln=1 QHi

qn = Z?:lAi Eq (3)

Here, Q.; and Qy;are cooling demand and heating demand of each floor respectively. They are
simulated using EnergyPlus engine. Two main constraints were imposed on the performance of
the scheduled ventilation system during working hours to control operative temperature (the
setting of the system is defined based on National Construction Regulation No.19 [21]). The
maximum load limit of 100 w/m? with temperature set point boundary of 18 in winter and 27 in
summer were considered in the calculations. The other parameters and constraints used in the
simulations are presented in Table B.2 in Appendix. In the GH algorithm, cases with the minimize
cooling and heating demand are selected as the best design solutions while maintain thermal
comfort and operative temperature via minimizing the other defined functions.

2.4.2.2 Operative Temperature (T,)

The operative temperature is defined according to ASHRAE 1995 which is the temperature of a
uniform isothermal black enclosure in which the occupant exchanges the same amount of heat by
radiation and convection as in the actual non-uniform environment [107]; or perceived
environment temperature by the occupants considering convection and radiations. However, later
ASHRAE proposed another method for calculating operative temperature considering air velocity
rate for a better indication of the local thermal comfort which is used in this study. Here a weighted

[13]



mixture of radiant and air temperatures considering hourly air velocity range was used for
calculating T, by using “Object Zone control” in EnergyPlus:

T, =yTy + (1 - y)Tdb Eq (4)

Here y is radiative fraction — a non-dimension value — which is based on air velocity range [m/s]
(from 0.3 to 0.9 according to hourly air velocity range from considered HVAC system and ACH
in each generated case). In this work, T, [::C] was calculated in each zone and the mean T, [:C]
for each floor was extracted and applied in Eq. (5) as objective function:

TOSi

Tos = Z?:lT Eq (5)
TOW,:

Tow = Xic1 n Eq (6)

T,,and T,  are the mean operative temperature in each floor for each generated case based on Eq
(4) in summer and winter respectively. Where “n” is the number of floors which is twelve in this
study. The operative temperature of the optimized solutions should not exceed the defined thermal
comfort zone (Figure 12) as constraint. Thus, by defining a built-in component in the GH
algorithm; the operative temperature in summer and winter were setto 7, < 27and 18 < T, to
ensure the minimum and maximum boundaries of thermal comfort in the generated combinations
with lowest energy demand. Due to the limitation of the applied GA algorithm; all defined
objectives can only be minimized. Since, T, , should be maximized in the winter, another function

was defined (T, ..) and connected to the GH algorithm in Eq. (7):
T,

Owin

2.4.2.3 Thermal Discomfort Time (TDT)

= (D x Tow Edq (7)

Several methods have been introduced and applied in different research works for calculating and
evaluating thermal comfort in the buildings; the most popular is Predicted Mean Vote (PMV)
according to Fanger’s theory from ASHRAE 55 Adaptive model which is based on a correlation
between indoor neutrality temperature and outdoor monthly mean temperature for air-conditioned
buildings [23]. In this study, Thermal Discomfort Time (TDT) introduced as an easy-to-understand
indicator which is the number of hours when the combination of humidity ratio and temperature is
not in the comfort zone during summer (0.5 Clo.) and winter (1 Clo.). The comfort zone was
defined according to the results of an extensive experimental and mathematical thermal comfort
zone in Tehran by Heidari [108] based on Mclintyre [109] and Humphreys [115,116] methods;
where neutrality temperature T,, [:C] have the direct relation with T,, (monthly average
temperature [::C]) in Eq (8):

T, = 12.8 + 0.555T,, Eq (8)

The psychometric chart and thermal comfort zone were generated using Ladybug tools (Figure 6)
and its results were used for calculating temperature based on TMY weather file of Tehran and
EnergyPlus engine in each floor and zone of the generated form combinations. The boundary of
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relative humidity was defined from 38% to 66% according to thermal comfort measurements
conducted by Heidari [110], as the humidity constraint. The optimization function for TDT is
presented in a daily time step for easier comparisons as follow:

TDT = YL, =+ B, = Eq (9)
In this equation, the number of points which are not in the boundary of defined constraints based
on the comfort zone are summed up during summer and winter (MS and MW respectively) and
divided by N which is equal to 24 [h]. In a parallel process, the calculations are verified using the
operative temperature functions and their constraints for summer and winters using Archsim to
ensure maintaining thermal comfort while the annual energy demand is minimized.
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Figure 6. Psychometric chart for Tehran, showing conditions for thermal comfort in summer and winter. The dots represent the
number of hours inside and outside the comfort zone

2.4.3 Validation study of the simulation tools

A simplified cube sample room as one cell of BMC was constructed in real-scale to investigate the
accuracy of adopted simulation tools for calculating thermal comfort (thermal discomfort time)
and temperature. For this purpose, three 240x200%300 cm cuboid sample rooms were designed
and constructed with polystyrene panels (U=0.5 w/m?K) and placed on the roof top of two adjacent
four-story building with no obstacles at a distance of 15 meters from each side to avoid shading.
Each sample room had a different doubled-glazed window (25%, 36% and 49% WWR ratio) at
the south facade (check Table B.3 in Appendix B). A simple LSF (Lightweight Steel Frame)
structure used for stabling the double polystyrene panels (240x100x10 cm each panel) as walls,
floor and roof. Moreover, a combination of cored bricks with dry construction used at the floor of
the sample room as thermal mass to control fast temperature fluctuations. A HOBO UX100_003
data logger installed in the center of the sample room at the H=110cm to avoid direct solar radiation
from the window, and another data logger was placed outside the sample room to measure outside
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temperature and relative humidity on an hourly time-step (an umbrella used to avoid direct solar
radiation for the outside data logger). Summer and winter solstices (21 June and 21 January)
selected to measure the most critical extreme temperature and thermal discomfort time in the all
three sample rooms in 2016. On a parallel process, three sample rooms were modeled and
simulated using the introduced framework (GH, Archsim, Ladybug, Energyplus) for the same date
using EnergyPlus weather data to compare and verify the trends and the absolute results of both
processes. Furthermore, the thermal discomfort time calculated based on measured temperature
and relative humidity and calculated comfort zone in the psychometric chart (Figure 7) used for
optimizing TDT in the study.

. —

!

j

I

k

3.00

,HOBO UX 100-003 -

00T

Y ¥ “Thermal Mass +

138
3.00

() (U] (2)

Figure 7. The characteristics of the sample room built for the validation study

Results showed that the variations of temperature were quite similar for both measured and
simulated data; where sample room with higher WWR has a higher temperature and more TDT in
both measured and simulated cases. The temperature difference between measured and simulated
cases was from 4.7 <:C for 25% WWR, 7 ::C for 36% WWR and 10.61 ::C for 49% WWR, and
for 49% WWR and 25% WWR cases is 8.21 ::C for measured data and 2.3 :C for simulated results
(Figure 8). This notable temperature difference between measured and simulated results is due to
higher UHI, greenhouse effect and heat flux in real case versus simulation model. The measured
and simulated TDT (based on the defined thermal comfort zone in Figure7) for the sample room
with different WWR are shown in Table 1. According to the results, there is a good agreement
between measured and simulated results, and TDT difference in all calculations is lower than 50

minutes. Thus, the adopted simulation tools to calculate TDT and temperature are accurate enough
to be applied to the framework.
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Table 1. Measured and simulated TDT for the sample room with different WWR

WWR | Season | Date Hours | Measured TDT (h) | Simulated TDT | Differences

2504 Su_mmer 21 July | 24 15:25 14:46 00:39
Winter | 21Jan | 24 18:05 17:34 00:31

36% Su_mmer 21 July | 24 15:56 14:08 00:12
Winter | 21Jan | 24 17:14 16:49 00:25

49% Summer | 21 July | 24 16:21 15:43 00:38
Winter | 21Jan | 24 17:48 16:03 00:15

2.5 Step (3): Form-optimization
2.5.1 Defining optimization problems

The third step of the EEF framework, is the multi-objective optimization of possible form
combinations. According to the survey on urban areas in Tehran [98], there is a correlation between
the urban density of an area and the coverage of a newly-built building; the higher urban density,
the higher site coverage. Thus, five distinct optimization problems can be defined based on five
selected urban areas with the introduced UD. However, in order to consider all the possible
conditions in the real design projects, the five defined ranges of BMC are considered in each urban
area (five optimization problem in each UD). For instance, in MaxUD, five building optimization
problems with Max, Mean, Norms, Middle and Min BMC (based on the site coverage) are defined.
Optimization problems with similar UD and BMC are the main problems namely from 1 to 5 and
the other problems are recognized from number 6 to 25 (Figure 9). In real applications only one
UD can be selected by the design team as the main platform of the optimization study to reduce
the optimization runtime and number of the unnecessary iterations. In the GH algorithm, five main
loops (UDs) were connected to GA solver to explore the trade-offs between generated forms in
each loop and the objectives to find best design solutions. Table B.4 in Appendix B shows the
number of the non-dominated solutions found in each UD and BMC for all twenty-five
optimization problems.
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Figure 9. Top: Descriptive work flow of the EEF framework for a single loop
Bottom: Twenty-five defined optimization problems based on UDs and BMCs (the results of optimization problems 1 to 5 are
discussed in more detail while the main findings of 6 to 25 are presented in brief for deriving design-based solutions).

The multi-objective optimization with 100 populations, maximum 40 generations, mutation rate
of 0.5 and crossover rate of 0.8 with SPEA-2 reduction was performed for all twenty-five problems
separately to get convergence through hundreds of iterations (average calculation time for each
optimization problem was 7.6 h). The average runtime for each iteration for five introduced
objectives was about 40s which is quite fast considering the calculation load; influencing
parameters in the form generation; number of objectives; and the comprehensiveness of the study
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for the early stage design. The optimizations are conducted using Octopus plugin (GA solver) in
Grasshopper as discussed earlier. The main genomes connected to the Octopus component are
BMC combination, orientation and glazing. For each optimization problem, a 3D-visual Pareto
front is generated and analyzed. Figure 10 illustrates 3D and 2D examples on how the Pareto fronts
are interpreted. Here, the red and green colors represent the highest and lowest T,,_ and small and
large grey color represents the lowest and highest 7, .. The X axis is cooling load in warm
months, Y axis is heating load in cold months and Z axis is sum of TDT in both summer and
winter. The most optimum solutions should occur near coordinate origin (0,0,0) or inside the
region is marked with red dashed-line in Figure 10-a. Figure 10-b shows a 2D trade-off Pareto
front between the cooling and heating loads and possible best solutions (hon-dominated solutions),
dominated solutions and single objective optimal solutions.
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Figure 10. (a) 3D Pareto front interpretation: Possible results for: (1) and (2) Minimum cooling load solutions, (3)
Origin (0,0,0) with best design solutions considering all objectives, (4) Nearly optimal solutions considering all
objectives, (5) Maximum TDT solutions, (6) and (7) Minimum heating load solutions.

(b) 2D trade-off between cooling and heating load, non-dominated solutions and Pareto-Front

3. Results and discussions

The Pareto-Fronts of five main optimization problems for similar BMC and UD are illustrated in
Figure 11 and results for other optimization problems are discussed in six main sub-sections based
on UDs, BMCs and five introduced objectives (q¢ , qu, TDT, T, and T, . ). Moreover, the
layouts of best non-dominated solutions in each urban area are extracted out of the optimization
process. In the other words, 1998 non-dominated solutions were ranked based on the results of
introduced functions and top hundred form combinations with minimum energy demand and TDT
while maintain 7, . and T, . in the defined comfort zone (Figure 12). Here, only the layouts of
twenty best design solutions are selected to represent all optimal solutions in order to limit the size
of the paper. Thus, eight solutions with similar BMC and UD (for example Max BMC in Max UD)
and three solutions for other four BMCs in the same UD (best cooling demand, best heating
demand and best annual energy demand) are presented. Figure A.2 in Appendix A show the

[19]



boxplots and annual hourly energy demand of eight solutions with similar BMC and UD. At the
final step (Section 3.6) the main design-aid recommendations based on the analysis of the layout
and the form of all the best combinations are discussed. At the end, a summary of characteristics
for the best design solutions is presented in Table 2, which can be used by designers as a form-
finding role of thumbs.

3.1 Urban area with MaxUD

Twenty-best design solutions out of 207 non-dominated solutions in MaxUD are illustrated in
Figure 12-a. Results of MaxUD showed that variations of cooling and heating demand (Figure 13-
a and 14-a), TDT and T, (Figure 15-a) are up to 6.2 kWh/m?, 22.4 KWh/m?, 12.2% and 1.6°C
respectively. These variations can indicate the importance of introduced form indicators on thermal
performance of buildings. Generated forms with Min BMC had the highest cooling and heating
demand (5.1 kWh/m? and 25.9 kWh/m? respectively) compared to cases with Mean BMC (with
about 20% lower energy demand); the higher BMC results in lower energy demand. A deeper look
into the best design solutions shows that 68% of them have at least one or two empty cells on north
/south elevation. Moreover,54% of the best design solutions have at least two or more adjacent
empty cells on western elevation; where induce higher thermal circulation by working as openings
in building sides located in dense areas and increase the natural convection of air in the northern
and southern canopies. About 64% of solutions have set-backs toward the northern side of the site
which enables more efficient solar gain in cold seasons and facilitating scheduled ventilation
through openings and higher wind speed at the hatches of air-conditioner systems in warm seasons.
Furthermore, courtyard/semi-courtyard forms (CY) with 59% of the solutions are the most
frequent building form. Finally, 61% of the solutions in MaxUD have 75-degree clockwise site
rotation with 345-255 horizontal axis which enables a larger part of the target building to face
northern elevation with no surrounding buildings and obstacles (Figure 15-g).
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Figure 12. 100 best design solutions based on each UD: (a) MaxUD, (b) MeanUD, (c) NormsUD, (d) MiddleUD, (e) MinUD

3.2 Urban area with MeanUD

Figure 12-b shows twenty-best design solutions with all BMCs in MeanUD; where form
combinations with Mean BMC have 35% (2.2 kWh/m?) lower cooling and 17% (4.2 kWh/m?)
lower heating demand. Moreover, cooling and heating demand (Figure 13-b and 14-b), TDT and
To (Figure 15-b) variations among all eligible combinations can vary up to 8.2 kWh/m?, 11.3
kWh/m?, 8.2% and 1.1 °C respectively. An overview of 210 best design solutions with five BMCs
in MeanUD shows that about 48% of them have at least one empty cell (semi-courtyard form) in
a part of an integrated layout, and 23% have L forms and 18% U forms. In terms of lower heating
demand, more than 78% of the solutions have CY or semi-CY forms. Interestingly, about 77% of
the best design solutions in terms of heating demand have set-backs to the northern side of the site.
Furthermore, 40% of the best solutions in MaxUD urban area had 75-degree clockwise site rotation
and 29% had 90-degree clockwise site rotation which enables a larger part of the target building

to face northern elevation with no surrounding buildings (Figure 15-h).

3.3 Urban area with NormsUD
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The layouts of twenty-best design solutions in NormsUD are rendered in Figure 12-c. Here, the
combinations with Max BMC have about 33% and 17% lower cooling and heating demand (1.6
kWh/m? and 4.3 kWh/m?) compared to cases with Min BMC. The Cooling and heating demand
(Figure 13-c and 14-c), TDT and T, (Figure 15-c) variations among eligible combinations are up
to 11.1 kWh/m2, 26.2 KWh/m?, 7% and 1.2°C respectively. Considering 210 best design solutions
with five BMCs, 61% of them have at least one empty cell in a part of a uniform layout (semi-
courtyard form). However, in terms of optimal heating demand design solutions more than 86%
of the best solutions have CY or semi-CY forms. Moreover, 91% of the best solutions have at least
two or more empty cells in western and northern sides. In terms of heating demand, about 84% of
them have set-backs to the northern side of the site. Furthermore, 78% of them in NormsUD urban
area have 75-degree clockwise site rotation, enabling a larger part of the target building to face
northern elevation with no surrounding buildings (Figure 15-i).

3.4 Urban area with MiddleUD

Figure 12-d illustrates twenty-best design solutions in MiddleUD; in which cases with Max BMC
with the lowest energy demand have about 27% (1.6 kWh/m?) and 10% (2.7 KWh/m?) lower
cooling and heating demand compared to Min BMC. In MiddleUD, up to 7.1 kWh/m? and 24.3
kWh/m? cooling and heating demand (Figure 13-d and 14-d)'5.2% TDT and 0.93°C T, (Figure 15-
d) variations noticed among eligible combinations. About 41% of the solutions have at least one
empty cell as a courtyard form in an integrated plan. In terms of optimal heating demand, more
than 65% of the best solutions have CY or semi-CY form; where 68% of those formshave set-
backs to the northern side of the site. About 74% of non-dominated solutions have at least two or
more empty cells in the western and northern sides. Finally, 60% of the best solutions in MiddleUD
urban area have 75-degree clockwise site rotation and 20% have 90-degree clockwise site rotation,
which enables a larger part of the target building to face northern elevation with no surrounding
buildings (Figure 15-j).

3.5 MIN Urban Density

Twenty-best design solutions of BMCs in MinUD are presented in Figure 12-e. Results showed
that cooling and heating demand (Figure 13-e and 15-e), TDT and T, (Figure 15-¢) variations are
up to 10.8 kWh/m?, 24.2 kWh/m?, 5.1% and 0.76°C respectively. Similar to the Middle UD and
NormsUD, combinations with Max BMC in MinUD have about 26% (1.7 kwWh/m?) cooling and
8% (2 kwWh/m?) heating demand compared to Min BMC’s cases. Here, 60% have at least one
empty cell (semi-courtyard form) in a part of integrated layout and 18% have L or U forms. In
terms of optimal heating demand design solutions more than 72% of the best solutions have semi-
CY form and 48% have set-backs to the northern side of the site. Around 74% of the best solutions
have 90-degree clockwise site rotation and 18% had 75-degree clockwise site rotation (Figure 15-
k).
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3.6. Step 4: Form-Solutions

In the final step of the EEF framework, a series of design-based suggestions for architects and
urban designers out of 1998 best design solutions are presented for real applications as optimal
solutions for having the minimum possible energy demand, TDT and T,. These suggestions can
be adopted by designers in similar contexts and climates; however, it is recommended to assign
EEF framework for each design problem by the design team. According to the results of twenty-
five optimization studies, in terms of optimal cooling and heating demand, 62% of the generated
form combinations have courtyard or semi-courtyard forms, 21% have L or U forms and the rest
or particular single forms from T form to distinct subtractive forms; while for the optimal heating
demand more than 73% of combinations have CY or semi-CY forms in all UDs with any type of

BMC.
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In terms of TDT and T,,, semi-CY forms are also the most frequent solutions with more than 60%.
Considering all objectives, semi-CY and U forms are the most frequent optimal form
combinations. A reason for the high number of CY or semi-CY forms in the best solutions is the
higher temperature in the courtyard in winters (0.9 to 1.4 C) and respectively lower temperature in
summers (2.9 to 3.8 C) compare to calculated temperature of the surrounding spaces. Among the
solutions, 66% have entire or at least one joint-part with a cuboid geometry and 71% are recessed
to the northern side of the site. Cuboid geometry with set-backs to the north enable higher solar
radiation in the northern side of the building in the cold months. Another interesting fact is the
frequency of empty cells in the western and southern sides of optimal solutions in almost all BMCs
in every UD. Empty cells have a considerable impact on temperature variation around and inside
adjacent building cells; a reason is higher external surface to gain solar heat. Furthermore, a clear
trend was noticed in the relation of UDs and BMCs; where in denser urban areas, the variation of
BMC has a considerable higher impact on cooling and heating demand and thermal comfort
indicators. For example, in MaxUD and MeanUD areas, combinations with Mean and Max BMC
have the most optimal solutions.
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In other urban areas with lower UD (under 60%), form combinations with Max BMC have the
most frequent optimal solutions. It can be concluded that higher BMC results in lower energy
demand per square meter and more optimal thermal comfort indicators accordingly; particularly
in dense urban areas. In addition to the role of BMC, the layout and geometry of generated
combinations are other important parameters. Thus, it is important to consider all building’s design
techniques such as mass and void in layout and form, set-backs, height variations and orientations
according to the values of the investigated objectives. For instance, in terms of site orientation,
about 46% and 31% of all 1998 solutions had 75 and 90-degree clock-wise orientation
respectively. The most frequent site orientation in MaxUD, NormsUD, MiddleUD and MinUD
was 75-degree. However, in Mean BMC 45% optimal solutions had 90-degree orientation angle.
The summary of design-aid suggestions based on UD and BMC are presented in Table 2 and some
notable design-aid suggestions can be categorized based on the defined urban morphology and site
boundaries as follows:

It is recommended to:

= Design overall form of buildings based on a semi-U or semi-CY layout with Rc (Figure 2-
n) higher than 0.75-0.89 (the Rc of a cube is 1) in areas with Norms, Mean and MaxUD
(dense urban areas). Design overall form of buildings based on a semi-CY and semi-L
layout with Rc between 0.85 to 0.98 in areas with Middle and MinUD (urban areas with
low density).

= Rotate the form of the building up to 15-degree clock-wise on the northern-southern axis
(placing the form on NW/SE axis) in areas with Norms, Mean and MaxUD. In other words,
in dense urban areas the main axis of the building’s layout should face Northwest. This will
provide higher solar radiation in winter and higher ventilation in summer.

= Considering a high angle of rotation for building in areas with Middle and MinUD (in some
cases between 15 to 60-degree clock-wise on the northern-southern axis). In these urban
areas further investigation is required to determine the form orientation due to higher
accessibility to solar radiation and wind flow.

= Design overall form of buildings close to semi-CY layout to have the highest heating
demand reduction almost in all form combinations. The semi-CY layout design is
traditionally one of the most frequent building forms in the regions with hot-arid climate in
Iran. A high number of semi-CY forms showed cooling demand reduction as well. The
final form can include a non-closed courtyard.

= Consider set-backs toward northern boundaries of the site in order to gain more solar
radiation through openings for almost all forms in different urban areas. Although in the
case of set-backs separate analysis is suggested for each project, moving the overall form
of the building to the northern boundaries of the site showed a significant energy demand
reduction, particularly during cold season (heating demand).

= Split the western side of the building’s form and consider mass pull and push in the layout
(step-like design) to reduce surfaces with openings facing west. With this envelope fold-
strategy a higher total area of the building can face North/South which results in lower
energy demand in almost all urban areas.

It is not recommended to:
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= Design unified forms with built density lower than 50% (Middle BMC) in almost all urban
areas. It may result in higher energy demand in most cases with some exceptions, however
for non-unified and detached forms in a site, the results may differ.

= Considering set-back of the forms to the southern side of the site (with few exceptions,
none of the best design solutions have this kind of situation). In these cases, a large part of
the southern elevation of the buildings were blocked by the adjacent buildings, particularly
in the dense urban areas.

= Design central courtyards or open spaces on the northern boundary of the site. These spaces
should be placed with at least one cell distance from the ultimate northern boundary of site
to gain higher solar radiation in cold months. This can provide higher solar radiation for
the remaining cell. Otherwise, the overall form of the building will be semi-U facing the
north; which a limited number of the best solutions have such a condition.

= Design building forms with Rc lower than 0.7 in urban areas (it is important to design forms
with similar total area with high Rc close to 1). In other words, the overall form of the
building should be close to cube/cuboid while according to results, a high number of best
solutions had cuboid forms.

= Exclude small open spaces in the southern and eastern boundaries of the site in urban areas
with high urban density. In the dense urban areas, small open spaces in the southern and
eastern sides of the site provide higher shading in the warm seasons which results in lower
cooling demand and higher thermal comfort. Consider high angles of rotation for the overall
form of buildings in almost all urban areas with typical urban density. However, for cases
placed in areas with low urban density, buildings can have up to 75-degree rotation in some
particular conditions (further investigations is required for such situations).

Several variables in this study were considered as constant values based on dozens of sensitivity
analyses and the national construction codes of Tehran to focus on the overall form of buildings.
These parameters and variables can be manually remodified based on the constraints of each
real design projects. This also helped to limit the calculation loads and consequently lower
process time. This study adopted five detailed urban models to include the impacts of urban
morphology of Tehran in the energy demand and thermal comfort calculations. The considered
urban areas in this research (each with 24000 m? total area) only represent microscale
neighbourhoods of Tehran with simplified geometries. However, several influencing
parameters have been taken into account to consider the design-based aspects of each urban
model by evaluating 1600 urban morphologies according to an earlier work [98] . Moreover,
the form combinations were defined based on a rectangular grid. This means that more complex
forms and circular geometries cannot be included in the Form-Generation step. To minimize the
impact of this limitation, several flexible geometric constraints were defined to control the form
of the building a wide range of frequent forms were considered in the optimization process. The
generated forms cover the majority of frequent office building forms in Tehran based on
building codes and construction trends. However, further investigation is still required to
include more complex forms (forms with circular spaces in the layout) or more variations in the
final height.
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4. Conclusions

A multi-objective optimization framework was introduced for form finding process in early stage
design in this study, namely Energy Efficient Form-finder (EEF) for high-rise office buildings.
The procedure contained four steps, including Form-Generation, Form-Simulation, Form-
Optimization and Form-Solutions based on a Grasshopper algorithm platform. A novel approach
adopted developing a new technique namely “Building Modular Cell” (BMC) to generate accurate
and realistic urban and building models in GH algorithm with a series of geometric constraints.
Then, simulation engines were defined in the algorithm to calculate cooling and heating demand,
Thermal Discomfort Time (TDT) and Operative Temperature (T,) of each form combination. In
the next step, twenty-five optimization problems were studied based on UD of urban areas and
BMC of the reference buildings. After thousands of iterations, 1998 non-dominated solutions
selected as the “best design solutions” out of 85740 eligible combinations (eligible generated forms
are based on the mathematical combinations of the cells according to a series of form generation
rules as design constraints). Finally, the qualitative and quantitative results of twenty-five
optimization problems were discussed and presented in a comprehensive table. According to the
result, by adopting EEF, the energy demand of generated forms can be reduced notably while
maintaining thermal comfort.

By adopting EEF framework, cooling and heating demand and TDT of high-rise office buildings
can be reduced for more than 35% (2.2 kWh/m2), 17% (5 kWh/m2) and 12.2% respectively while
maintaining T, in both warm and cold months in the defined comfort zone based on ASHRAE 55.
Considering all eligible combinations, this reduction is considerably higher (11.1 kWh/m? cooling
and 26.2 kwh/m? heating demand) which indicates the impact of EEF in the form-finding process.
Moreover, courtyard and semi-courtyard forms were the most frequent forms in optimal solutions
in all the urban areas; particularly in terms of heating demand. The majority of the best solutions
had set-backs toward northern side of the sub-site of reference building; while the highest number
of empty cells occurred in western side of generated combinations. The most frequent site
orientation’s angles were 75 and 90 degrees (15-degree clock-wise rotation or design according to
northern-southern axis for the main building. Finally, based on the main findings of the study, a
series of unique design-aid recommendations and a summary table (Table 2) were derived out of
the layouts and geometry of all non-dominated solutions, which can be adopted in real practice by
engineers, architects and urban designers in Form-Solution step as role of thumb.
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Table 2. Design-based suggestions derived out of 1998 non-dominated solutions from all BMCs and UDs

Best combination forms

Urban areas | BMC Re Energy Demand Frequent cD HD Set-back Empty cell Bmlc_ilng So_lar gain
reduction rotation axis
Max 0.89 9% U CvY,L |Uu,.cY cY - \“ NW/SE
15
' NW/SE
Mean 0.80 30% CY,U, L U, CY CY B
7 NW/SE
MaxUD Norms 0.89 28% CcvY,L,C ) CYy st
R 154 L
] “ NW/SE
Middle | 0.77 21% cYy,uw |LC CcYy b
_ = NW/SE
Min 0.85 5% L,UT L CcYy A o0
A ks
“ NW/SE
Max 0.89 33% cv,L,C U, CY CYy - e
7 - NW/SE
Mean 0.73 30% L,CY,U U, CY CYy : 2%
NW/SE
MeanUD Norms | 0.71 23% cy,y,C U CYy p B
Z 15\
] 7| ' NW/SE
Middle | 0.68 18% cv,L,C L CYy B
NWI/SE
Min 0.72 9% L, T,U L, T CY ¢+ B
/ 15
' NW/SE
Max 0.98 30% CY,U,L U, CY CY -
NormsUD Mean 0.91 24% U, CY,L U, CY CYy ! NE/Sw
[ NW/SE
Norms 0.79 20% CY,L, U uU,C CYy
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NWI/SE

Middle | 0.80 16% L,UC L CY
. NW/SE
Min 0.72 12% L,C,U L CY
NW/SE
Max 0.97 26% L,C,CY U, CY CY
NW/SE
Mean 0.83 22% CY,C,U U, CY CY
. NW/SE
MiddleUD Norms 0.71 17% CY,L, U u,C CY
] NW/SE
Middle | 0.69 13% CcY,u,C L, CY CY
. NW/SE
Min 0.72 8% L,U,C L CY
NW/SE
Max 0.89 25% CY,C U, CY CY
NW/SE
Mean 0.73 21% CY,U,C U, CY CY
NW/SE
MinUD Norms 0.65 16% CY,Uu,C u,C CcY
NW/SE
Middle 0.70 11% CY,L,C L CY
NW/SE
Min 0.73 7% L,U,C L CcY
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This study provided further evidence on the importance of adopting multi-objective optimization
framework in the early design stages for form finding process, which results in taking low-cost
design-solutions. The introduced framework and unique techniques in this work, has shorten the
form finding process time for simulation and optimization while enhance the accuracy of the
assessment by considering several parameters and indicators for defining the overall form of
buildings. The design-based origin of EEF enables designers to follow the form finding process of
an energy efficient building; in parallel with their architectural concepts and thoughts of their
design problem at early stages. Moreover, developed Grasshopper (GH) algorithm is user-friendly
and easily can be adopted for new design projects by changing the properties of considered
parameters and constraints (such as urban areas, construction materials, building height, etc.), grid
resolution and climatic data. On the other hand, by the same workflow and structure, other visual
parametric tools such as Dynamo can be used to run the EEF. Finally, the database of results is
applicable for developing new building codes and regulations in Tehran or any other dense cities
with similar conditions. As future research, further investigations to develop the EEF into an easy-
to-setup plugin in Grasshopper is targeted which can provide more detailed urban areas and
microclimate. Moreover, developing an adjustable triangular grid to consider more complex forms
with non-rectangular geometry into the EEF can be another step to enable more freedom for
designers.
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