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Abstract: Architects face the challenge of exploring various design solutions in the early design stage,
often with conflicting optimization goals. To tackle this complexity, they need to rely on tools and
methodologies during the conceptual phase to assess and optimize designs, considering multiple
aspects of building performance. Parametric Design, Generative Design, and automation in Building
Information Modelling (BIM) offer architects new opportunities to work on complex buildings. These
advancements empower designers to enhance their designs, increase project efficiency, improve
performance, and reduce project time and costs. Multi-Objective Optimization algorithms are
employed to address conflicting objectives in the design process. The GENIUS project introduces an
Algorithm-Aided Design workflow that optimizes the building shape and Window-to-Wall Ratio of
an office building, considering energy and daylight performance. The integration of BIM software,
visual programming tools, and Artificial Intelligence techniques (Genetic Algorithms and RBFOpt
model-based optimization) allows architects to identify optimal solutions aligning with design
objectives. The workflow was validated through a case study of a large office building, focusing
on maximizing daylight performance using the Spatial Daylight Autonomy metric and minimizing
energy consumption using the Energy Use Intensity metric. The GENIUS project equips architects
with a methodology and toolset to improve their designs and identify optimal solutions for complex
design challenges.

Keywords: RBFOpt model-based optimization; Genetic algorithms; Multi-Objective Optimization;
Energy Use Intensity optimization; spatial Daylight Autonomy optimization; office building;
layout optimization

1. Introduction

Architects face numerous challenges when creating a concept project, including the
need to address complex problems and identify the most suitable solution from the very
beginning. They must evaluate various design considerations, such as functional require-
ments, aesthetic preferences, sustainability targets, performance, indoor comfort, and
budget constraints. It is important to note that sometimes the goals of improving building
performance may conflict with each other [1]. Making critical decisions at the conceptual
stage is crucial, as it lays the foundation for the entire design process and significantly
impacts the project’s success. Therefore, architects require effective tools, methodologies,
and processes to evaluate and optimize different design options at the beginning of the
design process.

Building Information Modelling (BIM) has been consistently used in large-scale
projects (e.g., office buildings) in many countries for many years. BIM adoption is in-
creasing, and in some public projects, it is even mandatory. As architects tackle complex
problems and strive to identify the most suitable solution that satisfies design, performance,
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and comfort objectives, BIM software must support efficiently the design workflow. How-
ever, there is an important gap in the BIM adoption theory when it comes to considering the
key measures of compatibility and interoperability in a systematic way [2]. To promote in-
creased adoption of BIM in the Architecture, Engineering, and Construction (AEC) sector, it
is necessary to focus on investigating and enhancing the compatibility and interoperability
of BIM software and processes in various contexts [2,3]. BIM software is continually improv-
ing its interoperability with other software environments like Rhinoceros and Grasshopper
through the use of specific plugins. This offers new possibilities for accessing advanced
analysis tools such as Honeybee for energy and daylight simulation or Multi-Objective
Optimization (MOO) tools. In our opinion, the current tools that enable architects to design
well-performing buildings have already reached a good level of development. However,
it is crucial to provide architects with efficient workflows that include these tools in one
integrated software environment during the design process.

The integration of Parametric Design, Generative Design, as well as automation
in BIM software, represents a new development that provides architects and engineers
with novel opportunities when working on complex buildings, such as office buildings.
These advancements enable designers to optimize their designs, increase project efficiency,
improve performance, and reduce project time and costs.

This interoperability can be represented by the Algorithm-Aided Design (AAD)
paradigm, which uses algorithms to generate models. AAD describes the complexity
of the physical world through numerical and mathematical functions and enables it to
explore uncharted solutions. By analyzing the factors influencing the design project, AAD
translates them into data and employs them to inform the design process, optimizing the
output based on predefined fitness criteria [4]. The AAD paradigm is based on techniques
such as Parametric Design [5], which generates complex geometries using a set of relatively
straightforward rules and relationships. Additionally, Generative Design with optimization
methods is used in AAD as well, which employs fitness functions to evaluate various
performance criteria and guide the research process [6]. This approach allows designers
to achieve automation in the design process and can be integrated with BIM software like
Autodesk Revit and visual algorithm editors like Grasshopper or Dynamo.

The AAD process can be applied during the conceptual stage of a project to enhance
the building’s performance. In the case of office buildings, energy efficiency, and daylight
are the most significant components that need to be considered to create sustainable and
energy-efficient architecture. Due to the special need for daylighting in workspaces, it is
crucial to emphasize the importance of natural light in promoting a healthy, comfortable,
and productive workplace [7,8]. Furthermore, natural daylight has a beneficial impact
on people’s activities that require concentration [9]. Most countries have implemented
regulations that emphasize the significance of ensuring that building interiors receive
enough natural light, such as European Standard EN 17037:2022—Daylight in buildings. In
addition, access to sunlight and natural light has a notable impact on various aspects of
how a building operates, such as temperature regulation, air conditioning, and the use of
artificial lighting [10]. To design buildings that achieve appropriate daylight levels while
limiting energy consumption, it is necessary to implement efficient analysis methods and
tools from the beginning of the design process.

During the design process of buildings, conflicting objectives often arise, such as bal-
ancing between minimizing energy demand and maximizing daylight. Genetic algorithms
with MOO have been frequently employed in architectural design to solve such problems
these algorithms are computational models rooted in evolutionary theory and begin with
a population of potential solutions based on randomly selected parameters. With the
use of Parametric Design, it is now possible to simulate numerous potential outcomes
more efficiently than before [11]. MOO integrated with energy and daylight simulations
is a promising method to study trade-offs. As competing objectives prevent a single best
solution, MOO instead seeks to find a group of Pareto-optimal solutions that offer the most
favorable trade-offs between the competing objectives. One promising method for MOO
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with time-consuming evaluations is the use of model-based algorithms. These algorithms
approximate the shape of fitness landscapes [12], which is a metaphor for the relationships
between variables and an objective function. For instance, in the context of building design,
fitness landscapes would represent the relationships between a parametric model and
its simulated performance in terms of daylighting or energy use. By utilizing statistical
and machine learning techniques, model-based algorithms construct increasingly accurate
approximations of the fitness landscape during the optimization process, which in turn
are employed by MOO algorithms to expedite convergence [13]. Radial Basis Function
Multi-Objective Optimization (RBFOpt), a model-based algorithm that utilizes Radial Basis
Functions, has been demonstrated to be efficient and effective in MOO of structural, en-
ergy, daylight, and glare simulations. It has surpassed traditional metaheuristics such as
genetic algorithms and simulated annealing in terms of performance [12,14]. Additionally,
it has also outperformed a hypervolume estimation algorithm for MOO, in a problem with
competing and costly-to-simulate objectives of annual daylight and glare [15]. RBFOpt has
demonstrated remarkable performance on mathematical test functions when compared to
other algorithms such as Nondominated Sorting Genetic Algorithm-II (NSGA-II) [16] and
Multi-Objective Evolutionary Algorithm based on Decomposition (MOEA /D) [17,18].

The presented study introduces the GENIUS project, which adopts the AAD paradigm
for BIM projects. The project aims to systematically address the BIM interoperability
gap. Within the project, an algorithm and workflow were developed for an integrated
software environment. The algorithm performs Multi-Objective Optimization to optimize
the building shape, apertures, and shading systems in the early design phase. The objective
is to minimize energy demand and maximize natural daylight. Additionally, the project
establishes a workflow for an integrated software environment that architects can use
to develop optimized building designs. The optimization algorithm identifies the most
suitable solution, which can then be further refined. This includes determining optimal
desk layouts in well-lit areas and creating office spaces with rooms in areas that receive less
daylight. The goal is to create an office workspace that maximizes the utilization of natural
light while minimizing energy consumption, resulting in a sustainable and comfortable
environment for occupants.

The authors identified several types of research that apply the AAD paradigm and
MOQO to solve complex design problems in architecture in the early design stage. Recent
studies have focused on the parametric optimization approach to daylight and energy
performance in different non-residential building types [19-23]. These studies indicate that
optimization algorithms and simulation can be adopted to find the best building designs
by modifying design variables. Toutou [19] used MOO to define the most appropriate
shape of the plane and building configurations that optimize daylight performance and
reduce energy consumption in office tower buildings. A case study of a hospital building in
Algeria [20] demonstrated how the implementation of Parametric Design with evolutionary
algorithms can be considered a reliable strategy to reach optimum solutions for building
performance problems in the early design stage. Zhang et al. [21] conducted a study
in a school building in China, where they used a MOO approach to find the optimal
trade-off between minimizing energy use for heating and lighting, reducing summer
discomfort time, and maximizing the Useful Daylight Illuminance (UDI). Hinkle et al. [22]
conducted research using a parametric approach and optimization studies on building
facade design aimed at improving energy efficiency. Elghandour et al. [23] proposed
a parametric approach for a facade’s skin design to enhance the indoor distribution of
daylight by achieving the requirements of daylight metrics of both LEED V4 and IES metrics.
Sun et al. [24] investigated the MOO approach integrated with an Artificial Neural Network
(ANN) to optimize the EUI (Energy Use Intensity), sDA (spatial Daylight Autonomy), UDI,
and Building Envelope Cost of a public library building. Through the integration of ANN,
the optimization time was notably reduced. De Luca and Wortmann [13] performed a
MOO to analyze the balance between maximizing natural daylight and minimizing overall
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energy consumption in the TalTech hall building. They assessed the effectiveness of various
MOO algorithms.

Furthermore, building shape and space planning should be also considered for the
optimization of daylight and energy performance. Many researchers have shown that space
layouts can have a significant impact on the improvement of energy performance [25-27].
The combination of the automatic generation of space layout and the optimization of
energy performance is expected to be a powerful approach for the development of an
energy-efficient design in the early design phase. A comprehensive historical overview
of the evolution of automated methods for space planning in architecture, with a partic-
ular focus on the utilization of genetic algorithms, is presented in [28]. Nagy et al. [29]
presented a flexible workflow for Generative Design applied to architectural space plan-
ning. They presented six objectives (adjacency preference, work style preference, buzz,
productivity, daylight, and views-to-outside) to evaluate office layout designs based on
architectural performance and worker preferences. A multi-objective genetic algorithm
was used to search for optimal designs, aided by visualization tools for design selection.
Cheng et al. [30] proposed a design loop for optimizing building sustainability through
a parametric virtual design approach. The methodology involves the automated linkage
of architectural models with sustainability assessment tools and optimization through a
genetic algorithm, demonstrating a fully automated design-through-analysis-optimization
workflow. Autodesk University presented the project [31] that demonstrates the utilization
of algorithms to perform parametric studies on the generative space plan and optimize the
automatic generation of a 3D BIM model.

Many researchers in the AEC sector have adopted MOO to address complex design
problems, particularly those concerning, building shape, energy efficiency, and daylight
performance. However, the proposed workflows in these studies often neglect the utiliza-
tion of BIM models and fail to incorporate the optimized solution for automated office
layout generation. If optimization is performed within the BIM software, it is typically
conducted without switching to other software environments. However, when using Au-
todesk Revit software, certain analyses, such as daylight analysis, can be expensive in
terms of cost when a commercial license is required. Furthermore, the impact of building
shape and shading systems on office buildings has not been extensively studied. In this
article, the GENIUS project presents a BIM-to-BIM workflow that identifies the optimal
building solution considering energy and daylight performance. This workflow utilizes the
BIM model, transfers it to Grasshopper to access Honeybee and Ladybug tools, performs
the MOO using the Opossum plugin, and automatically generates a BIM model of the
optimized solution. The optimized solution can be adopted for further design of the office
layouts that ensure sufficient natural light according to the EN 17037:2022 standard. The
authors believe that this approach and workflow can enhance BIM interoperability with
other software applications.

2. Methodology
2.1. The GENIUS Project

The GENIUS project aims to identify the most appropriate solution for optimizing
office building design in BIM projects while considering both daylight and energy per-
formance. The project developed the AAD workflow and algorithm to evaluate multiple
variables and criteria, generate effective solutions for energy and daylight performance, and
optimize office space. By employing this workflow, the resulting design aims to provide an
environmentally sustainable and comfortable workspace for building occupants.

The main objective of this study was to maximize daylight and minimize energy
consumption through the incorporation of the MOO approach. To enable optimization
outside of BIM software, a BIM-to-BIM workflow was created, which analyses the initial
model from the BIM software and automatically generates a new, optimized BIM model.
The optimization is performed in the Grasshopper platform using the RBFOpt model-
based optimization tool (Opossum plugin). The optimized solutions are analyzed by a
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designer using the Power BI tool. The best solution is then recreated by the algorithm and
automatically transferred back to the BIM software (Autodesk Revit). Further optimization
of the office layout can be performed using Dynamo and Generative Design tools.

The GENIUS algorithm can support designers in the following areas:

e Building design to create and explore parametrically different building shapes by
varying their dimensions and configurations while keeping the area fixed.

e  Energy and daylight simulations and optimization with a focus on Energy Use Inten-
sity (EUI), Daylight Autonomy (DA), and spatial Daylight Autonomy (sDA).
Data analytics to analyze data from optimization studies directly in Power BL.
Automated generation of the optimized BIM model.
Office design to optimize room layouts in areas with poor daylight and desk layouts
in areas with optimal illuminance levels.

The GENIUS algorithm can be applied in both the concept and design phases. In the
concept phase, it can be used to:

Optimize building layouts while considering energy and daylight performance.
Optimize window and shading design as well as Window-to-Wall Ratio (WWR) while
considering energy and daylight performance.

e  Define the best room and/or desk layout configuration in the office based on day-
light simulations.

In the design phase, it can be used by designers to:

Validate the energy and daylight performance of the office arrangement.
Define the best workstation layout configuration in areas with good illuminance,
considering the surrounding office space (existing rooms).

2.2. Design Process

The GENIUS project presents a two-phase AAD process for BIM projects in the inte-
grated software environment, aiming to design sustainable buildings at the early design
stage. In the first phase (as shown in Figure 1), this approach involves extracting in-
formation from an architectural BIM model, automating the optimization of building
sustainability in terms of daylight and energy performance, evaluating data using inter-
active data visualization, and generating the optimized solution as a new BIM model.

Rhino.Inside ® Revit

T‘ ........... g | ’7{

Single-& Multi-

@ ~ i objective optimization i Data Visualization e

Automated building

Simulations and data Optimization Post-processing creation

analysis

Figure 1. The AAD design process in the integrated software environment for defining the optimized
solution in terms of energy and daylight performance.

In the second phase (as shown in Figure 2), the process utilizes the Dynamo platform
to streamline generative design workflows for space planning. Space planning considers
the creation of office rooms and open spaces with workstations. The rooms are created in
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department areas using a 2D-packing algorithm. In the open space area, desks are created
automatically according to predefined parameters. The maximum number of desks is
verified according to fire safety standards using a pathfinding algorithm. The Generative
Design tool is employed to optimize the office space. The generated solutions are then
evaluated through interactive data visualization, and the selected solution automatically
updates the BIM model. This phase aims to optimize space utilization while ensuring
compliance with safety regulations and maximizing access to daylight.

ey
\ —_— —_— o0oOd —_—

R

The fittest solution

Power BI

; Space planning and analysis H
BIM Model { toolkitin Refinery Project : i Generative Design

Parametric Modelling Analysis Optimization Post-processing Automated building
creation

Figure 2. The AAD design process in the integrated software environment for defining the optimized
solution of the office building layout.

By implementing this two-phase AAD process, we aim to establish a more efficient
and sustainable building design process for BIM projects. This process empowers architects
to make conscious decisions and quickly incorporate changes to the building design based
on simulation and optimization results.

2.3. Design Workflow

The proposed AAD approach with the MOO optimization process includes ten sub-
processes which are presented in the workflow in Figure 3.

1. Optimization Design Problem Determination 2. Parametric Modelling 4. Multi-objective optimization 9. Post-processing
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Figure 3. Design workflow of generation, optimization, and automated creation of a building office
based on defined energy and daylight objectives.

1. Optimization Design Problem Determination: The designer must establish the goals for
optimization, variables for decision-making, and constraints based on the specific con-
ditions and requirements of the building design project. Two objectives are considered
to improve energy and daylight performance: minimize EUI and maximize sDA.

2. Parametric modelling: The parametric model of an office building was created in
Grasshopper based on the decision variables and objectives. The base model, imported
from BIM software, has an L-shape with two core blocks containing lifts, stairs, and
technical rooms. To enable the parametric representation and shape flexibility of the
building (e.g., cross-shape, T-shape, etc.), two rectangular cuboids with core blocks
were created that can move in relation to each other. Figure 4 illustrates the possible
shape configurations. The model can also incorporate surrounding buildings (context)
and be placed on a specific lot. The building’s position on the lot can be an additional
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variable to determine the optimal location relative to the context and enhance energy
and daylight performance.

Simulations: The energy and daylight simulations are conducted using Honeybee and
Ladybug plugins within the Grasshopper platform. The OpenStudio component with
the EnergyPlus engine is used for energy simulations, which provids outputs such as
total heating and cooling loads, energy balance, and EUI. Annual daylight simulations
are performed using the Daysim component, with outputs including DA and sDA.
For the optimization process, EUI and sDA metrics are considered.

Multi-Objective Optimization: MOO is performed considering two objectives: minimize
EUI and maximize sDA. The Opossum plugin is used on the Grasshopper platform
to run the optimization. This plugin is chosen since it uses RBFOpt model-based
optimization. According to [13,15], RBFOpt is considered the fastest optimization
algorithm with satisfactory results, especially if applied to problems that involve time-
intensive simulations like daylight and energy simulations. The optimization process
comprises three primary steps: (1) scanning the model to identify a promising solution
for evaluation, (2) executing simulations on the selected solution, and (3) refining
the model based on the outcome of the simulations. Consequently, model-based
approaches constantly boost the accuracy of the model [15].

Post-processing: Design variables and simulation output data are recorded for each
optimization run in two ways: directly in the Opossum plugin and through the data
recorder component linked to each variable and simulation output. These data are
automatically transferred to an Excel file using a Grasshopper script. Using Power
BI, an interactive data visualization tool (dashboard) is created to allow designers to
evaluate different solutions easily. Two ranking metrics are considered to identify the
most performing solutions: hypervolume, which measures the volume of the trade-off
space covered by a Pareto front, and the average of normalized data for EUI and sDA,
ranging from 0 to 1.

Automated Creation of the BIM model: After identifying the most performing solution,
the designer can automatically create a new BIM model in the original file that
includes the base model. This is achieved using a Grasshopper script with Revit-
aware components capable of creating native Revit elements. It is important to note
that the new BIM model must be manually saved under a new name and the base
model deleted. The new model can then be used for further building design.

Office layout design: This subprocess is conducted in Autodesk Revit, a BIM software,
and the Dynamo platform. The script consists of two parts: (1) placing rooms in
departments with DA values below 50%, and (2) placing desks in an open space
area with DA values of 50% or higher. This rule ensures a comfortable workspace
with adequate natural light according to the EN 17037:2022 standard. The standard
specifies that an illuminance level of at least 300 lux should cover at least 50% of the
building for at least half of the daylight hours in a year. The Refinery Toolkit package’s
2D packing algorithm is adopted for room placement. Rooms are packed using a
rectangular packer that offers three distinct strategies: packing based on rectangle
area, long side, or short side. Each strategy results in a unique layout. Desk placement
is based on grid object placement methods, allowing the designer to set parameters
such as the number of desks in a cluster and the distance between rows and desks. A
pathfinding algorithm is used to evaluate the distance between each desk and exits to
comply with fire safety standards and determine the maximum number of approved
desks.

Multi-Objective Optimization: The office space can be optimized using the Generative
Design tool in the Dynamo platform. Optimization can be conducted at two levels:
room and desk placement. In the first case, the optimization goals are:

o Compactness ratio, indicating the percentage of the department’s area that is
occupied by rooms.
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e DPacking ratio, indicating the percentage of packed rooms versus rooms that are
supposed to be packed.

o Column-room collision ratio is a metric that shows the impact of collisions between
columns and rooms in the department.

Figure 4. Building shape configuration by changing the position of rectangular cuboids.

For the first two metrics, higher percentage yields better results, while the third metric
should be minimized.
In the second case, the optimization goals are:

e A number of desks with an approved distance for the fire evacuation path.
e  The average distance from a desk to an exit.

The first metric can be maximized or minimized based on the design goal, and the
second metric should be minimized.

9.  Post-processing: This subprocess is analogous to point (5). Since the optimization
process is performed for five objectives, a radar chart is used to display the scores for
each objective. A larger filled area on the chart indicates a better solution.

10.  Automated BIM model update: After identifying the most effective solution, the designer
can set up initial parameters in the script for the selected solution and automatically
create objects in the Autodesk Revit software. The script enables the designer to gen-
erate a desk layout automatically. While the rooms can also be created automatically,
we believe that the architect should always review the room layout and treat the
automated solution as a concept that needs further elaboration.

Given the extensive scope of the GENIUS project, the authors made the decision
to prioritize the presentation of work and results related to the subprocesses outlined
in points 1-6. These subprocesses were chosen as they are crucial components of AAD
workflow and provide valuable insights into the methodology and outcomes. By focusing
on these specific areas, the authors aim to provide a comprehensive understanding of the
key processes involved and the corresponding results achieved.

2.4. Energy and Daylight Optimization Algorithm

The energy and daylight optimization algorithm is developed in Rhinoceros/Grasshopper
with the integration of Honeybee/Ladybug plugins as well as other plugins needed to fulfil
the objectives of the study. The algorithm used in the case study is a combination of existing
components of the following plugins: Grasshopper, Rhino.Inside.Revit, Honeybee, and
Ladybug. While these components were utilized as-is, the overall process, methodology,
and logic are developed by the authors of the study. The algorithm is composed of eight
main parts, as shown in Figure 5.
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Figure 5. Algorithmic workflow design with Grasshopper for energy and daylight optimization.

1.

Import of BIM geometry to Rhinoceros/Grasshopper: the base geometry of the office
building is performed in Autodesk Revit. With the Rhino.Inside.Revit plugin for
Autodesk Revit, it is easy to directly access the Rhinoceros/Grasshopper platform.
This plugin guarantees full integration between two platforms. Revit-aware compo-
nents can be used to import Autodesk Revit elements and data, such as rooms, floor
height, window dimensions, number of windows, topography (building lot), and
surrounding buildings.

Building geometry: The geometry and data from point 1 are used to create paramet-
rically the building model composed of two rectangular cuboids and core blocks.
Additional surrounding buildings can be added to the model. The building model
can be also placed on a specific lot for further analysis.

Building model for energy and daylight simulations: In this part of the script, programs,
loads, and schedules are assigned to building zones. As a building program, a
large office is utilized with two room programs: open office and stair, which are
default settings provided by Honeybee based on ASHRAE 90.1 standards. To define
the indoor walls of core blocks, the adjacency problem of different rooms is solved.
Subsequent parts of the script focus on defining WWR, HVAC system, building
components, and creating windows and shading systems to produce the final building
model for simulations.

Energqy simulation: This part of the script conducts annual energy simulation using the
OpenStudio component, which can calculate EUI, cooling loads, heating loads, and
balance charts as output data. The EUI values are utilized for optimization purposes.
Daylight simulation: This part of the script conducts annual daylight simulations using
the Daysim component, following procedures outlined in the EN 17037:2022 standard.
The simulations are conducted for an illuminance level of 300 lux with low-quality
Radiance parameters. Although there may be some differences in output values when
using different quality parameters, we opted for lower quality to maintain a fast and
acceptable computation time. As output data, sDA and DA values are calculated. The
DA values are necessary for defining building areas with values greater than or equal
to 50% (acceptable for workstations) and values less than 50%.

Multi-Objective Optimization: The MOO is performed using the Opossum plugin,
which utilizes the RBFOpt model-based optimization method. The optimization
component is linked to the input variables and fitness functions, which, in the case
study, involve the maximization of sDA and the minimization of EUI

Data export to Excel: In this section, the script records data, including variables and
output data, from the simulations conducted during the optimization process. The
data is then sorted and scored. For EUI and sDA values, scores are calculated by
taking the average of the normalized data, which ranges from 0 to 1. The data are
properly prepared and exported to an Excel file, to which the rank (hypervolume)
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from the optimization run in the Opossum plugin is manually added at the end.
The Excel file can then be utilized in Power BI to analyze various design solutions
generated by the optimization process.

8. Automated generation of the BIM model: The final part of the script transfers the
geometry of the optimized solution from Grasshopper to Autodesk Revit using
Rhino.Inside.Revit plugin, along with the geometry data related to the daylight simu-
lation (DA). This is accomplished using Revit-aware components. Figure 6 illustrates
the optimized BIM model (on the right) that has been transferred from the parametric
model in Grasshopper (on the left). The transferred solution must be saved manually
in Autodesk Revit as a new file and the initial model should be deleted.

9.6830,009480806300CH AT

Rhinoceros
RReS b e eont

& : AUTODESK'
V £2 % REVIT
grasshopper

Figure 6. The automated generation of the geometry in Autodesk Revit using Rhino.Inside.Revit
plugin in Grasshopper.

2.5. Validation Process

Validation is crucial for assessing the accuracy and precision of simulation results,
especially in daylight and energy performance simulations. The daylight model followed
the EN 17037:2022 standard prescriptions. Moreover, validation included checking for
adjacency and geometry issues, as well as verifying the extension attributes for EnergyPlus
and Radiance to ensure accurate simulation in these engines. Comparative validation was
conducted by simulating the same model using EnergyPlus and OpenStudio plugins.

In this study, the focus was on validating the overall workflow rather than specific
analytical or empirical validation of simulations. The study aimed to test the entire pro-
cess, including the BIM model, energy, and daylight simulations within the Grasshopper
environment, Multi-Objective Optimization, the definition of the final solution, and the au-
tomated generation of the optimized BIM model. The methodology was validated through
a case study of a conceptual office building, aiming to establish the accuracy and reliability
of the proposed methodology as a whole.

3. Case Study
3.1. Referenced Building

This case study focuses on a conceptual (virtual) office building situated in Bolzano
City (Italy) and considers the first six subprocesses of the AAD workflow, shown in Figure 3.
For the simulation goal, a single floor with an area of 5669.80 m? was chosen as a base
model. The building is L-shaped and consists of two core blocks, as shown in Figure 7.
The building features a total of 40 evenly distributed windows, each measuring 1.8 by 2.7
m. With a WWR of 0.308, the windows create a considerable proportion of the facade and
allow ample natural light to enter the interior. The Grasshopper platform is used to create a
parametric model based on the Autodesk Revit geometry. The floor and roof are considered
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adiabatic surfaces as only one floor is being simulated. The model parameters allow
the designer to alter the building’s dimensions while maintaining the same area, change
the building’s shape, modify the percentage of WWR on each fagade, and add shading
systems (such as overhangs, horizontal and vertical louvers, and extruded borders) to each
window on each fagade. The window dimensions and sill height can also be adjusted. The
parametric model incorporates variations in the window and shading systems into the
daylight and energy models. In the case study, the building shape and WWR were only
considered as variables for energy and daylight optimization.

584 m

292 m

58.4 m

[ Office space
[] Core Block1
[ Core Block 2

292 m

R Rhino.Inside ® Revit
Rhino

Figure 7. The case study building was designed in Autodesk Revit and automatically transferred to
Grasshopper through Rhino.Inside.Revit plugin.

3.2. Energy Model

The parametric model incorporates energy simulations using the Honeybee plugin,
which utilizes the EnergyPlus simulation engine through the OpenStudio component.
Weather data from ASHRAE Climatic Design Conditions 2009 for Bolzano City are used for
the energy simulation. The building is divided into two zones for simulation purposes, each
with corresponding programs, loads, and schedules. Based on ASHRAE 90.1 standards, the
building is classified as a large office and consists of two-zone programs: the open office
for the office space and the stair for the core blocks (refer to Tables 1 and 2 for details).

Table 1. Thermal zone settings for the open office zone in a large office program.

Thermal Zone Settings: Open Office

People 0.057 people/m?
Lighting 6.6 W/m?
Electric Equipment 7.6 W/m?
Infiltration 0.000227 m?/s-m?
Ventilation 0.0024 m3/ s-person

Setpoint H:21°C,C:24°C
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Table 2. Thermal zone settings for the stair zone in a large office program.

Thermal Zone Settings: Stair

People -
Lighting 53 W/m?
Electric Equipment -
Infiltration 0.000227 m3/s-m?
Ventilation -
Setpoint H:21°C,C:24°C

The building’s walls and windows are designed to meet the high thermal transmit-
tance standards of the Passive House Institute. Details on the wall’s layers and thermal
properties can be found in Tables 3 and 4. The external wall’s thermal transmittance is
U = 0.13 W/(m?K), as calculated according to ISO 6946. Additionally, the window trans-
mittance has been assumed to be U = 0.85 W/ (m?K).

Table 3. Thermal properties of the external wall.

. Thermal Conductivity
Wall 01 Layers Thickness [mm] [(W/m-K)]
Interior finishing 10 0.8
(plaster)
Gypsum fibreboard 25 0.36
- C Insulation (Rockwool) 50 0.033
Int. B Concrete wall 250 2.3
) Adhesive 10 0.16
Insulation (Rockwool) 200 0.035
Basecoat 6 0.16
Exterior finishing 10 0.8
(plaster)
Table 4. Thermal properties of the internal wall.
. Thermal Conductivity
Wall 02 Layers Thickness [mm] W/
Interior finishing 10 0.8
(plaster)
Concrete wall 250 2.3
Int. int.
Exterior finishing 10 0.8
— — (plaster)

3.3. Daylight Model

The daylight model is created using the Daysim plugin for Grasshopper, which utilizes
Radiance as its engine and allows for sDA and DA calculations. The daylight model follows
the procedures outlined in the EN 17037:2022 standard. The analysis grid is located 0.85 m
from the floor, presents a cell size of 1.5 m, and is offset from the wall by 0.5 m. Interior
material properties and Radiance parameters are presented in Tables 5 and 6. No external
obstructions (e.g., surrounding buildings) are considered. The simulations and MOO are
conducted for an illuminance level of 300 lux with low-quality Radiance parameters.
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Table 5. Interior material properties.

Materials Int. Wall Ext. Wall Floor Ceiling Ground Plane Shading System  Windows
Reflectance [%] 50 20 20 70 20 70 -
Transmissivity [%] - - - - - - 70

Table 6. Low-quality Radiance parameters.

Radiance Parameters -aa -ab -ad -ar -as
Low 0.25 3 5000 16 128

3.4. Parameters and Variables of the Case Study

Parameters and variables presented in Tables 7 and 8 are used to perform the optimiza-
tion. Once programs, loads, schedules, HVAC, and building components are configured in
the energy model, input variables and parameters are established in both the parametric
and energy models of the building to initiate the MOO process. Input parameters introduce
data into the model that does not affect optimization and remains fixed. Variables, on
the other hand, are used in the optimization process as input data that can vary within a
specific range during the search for the optimal solution. In the case study, we focused
on optimizing the building model without varying its dimensions and considering the
shading system.

Table 7. Parameters used for defining the building model in the optimization process of the case study.

Model Parameters Settings
p . Length and width of the Rectangle 1 23 x 60.5m *
arametric Width and length of the Rectangle 2 60.5 x 23 m **
Ener Window height 27m
&Y Sill height 0.15m

* It corresponds to real dimensions of 20 x 52.5 m. ** It corresponds to real dimensions of 52.5 x 20 m.

Table 8. Variables used for the optimization process of the case study.

Model Variables Range
. Moving point of the Rectangle 1
Parametric Moving point of the Rectangle 2 0-16
WWR north
WWR east
Energy WWR south 0.2-0.8
WWR west
4. Results

The office building in the case study was optimized using the Opossum plugin with
the objective of minimizing EUI and maximizing sDA. The computation time for energy
simulation was around 1 min, and for daylight simulation around 2 min, based on the
following computer specifications: processor CPU 11th Gen Intel(R) Core (TM) i7-11850H
@ 2.50 GHz, RAM 64 GB, memory DDR4 3200 MHz. Considering this, we decided to set
up the optimization for 200 iterations with the RBFOpt algorithm.

From the Opossum optimization, we obtained a ranking of the fittest solutions, rep-
resented by hypervolume and values for each goal (Figure 8). Simultaneously, for each
iteration, variables, and output data (goals) were recorded using a recording component.
EUI and sDA values were scored by calculating the average of the normalized data, which
ranges from 0O to 1. The recorded data were exported to an Excel file, as shown in Figure 9,
and used to display optimization results in Power BI.
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Multi-objective optimization
(Opossum)

(M)opossum

Optimize! Settings Expert Results

Rank Volume Obj1

216.076
214.357
214.085
212,686
209.755

Ane Fas

0
0
0
1
0
0
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73.207
71.968
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Parameters
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Figure 8. MOO Opossum component (left) and the optimization results (right).

Building | Buidling
WWR - WWR - WWR - WWR -

. X Total Total

X X MOO EUI [kWh/m2 Moving | Moving North East South West X X
Simulations Hypervolume sDA [%] X X R X R X Heating | Cooling
Score year] point 1 [-]|point 2 [-]| glazing | glazing | glazing | glazing Loads Loads

[%] [%] [%] [%] [kWh] (kWh]
200_Solution| 0.750882 473.943 71.186 90.81 16 8 0.46 0.35 0.35 0.38| 4606.732| 35847.27
197_Solution| 0.746825 471.492 71.074 90.12 16 9 0.42 0.36 0.42 0.3| 4446.664 35814
189_Solution| 0.719823 470.554 71.446 88.67 0 2 0.47 0.37 0.39 0.34| 4592.204| 36303.97
182_Solution| 0.71443 465.06 71.289 87.73 1 2 0.47 0.38 0.37 0.34| 4621.207| 36005.97
196_Solution| 0.744487 462.531 72.303 93.36 16 9 0.55 0.35 0.38 0.44| 4795.299( 37555.93
179_Solution| 0.709131 460.06 71.769 88.59 15 16 0.66 0.47 0.3 0.26| 4930.096| 36513.17
194_Solution| 0.738972 459.343 71.926 91.79 0 0 0.45 0.41 0.34 0.43| 4703.822| 37008.01
193_Solution| 0.735954 446.827 72.996 94.52 16 8 0.59 0.34 0.38 0.52| 4944.427| 38585.58
190_Solution| 0.721677 442.113 71.033 87.68 2 0 0.51 0.47 0.27 0.29| 4746.348| 35444.35
192_Solution| 0.72308 442.093 71.915 90.29 15 16 0.56 0.57 0.21 0.35| 5017.884| 36673.97
08_Solution | 0.527404 439.832 71.381 70.7 8 9 0.24 0.21 0.25 0.65| 4175.616| 34548.18
178_Solution| 0.70636 437.496 71.252 86.88 14 1 0.46 0.24 0.39 0.47| 4591.439( 35973.61
186_Solution| 0.717645 433.799 71.258 87.94 15 6 0.51 0.28 0.25 0.57| 4862.679| 35712.49
187_Solution| 0.717744 433.43 72.446 91.29 16 8 0.5 0.2 0.46 0.56| 4664.577| 37931.46
188_Solution| 0.719463 432.363 72.802 92.45 0 0 0.55 0.42 0.32 0.5| 4965.037| 38236.5
184_Solution 0.716 431.588 72.45 91.14 16 4 0.59 0.47 0.44 0.24| 4759.614| 37844.17
180_Solution| 0.712953 430.206 72.127 89.95 16 6 0.59 0.2 0.6 0.29| 4476.523| 37575.65
183_Solution| 0.714584 429.378 72.557 91.31 16 13 0.66 0.5 0.2 0.45| 5198.888| 37583.71
52_Solution | 0.600225 427.285 71.608 78.07 6 5 0.29 0.64 0.32 0.23| 4398.845| 35709.09
123_Solution| 0.650902 424.511 71.201 81.61 8 2 0.48 0.23 0.61 0.21| 4277.382| 36198.88
185_Solution| 0.716062 421.527 73.497 94.09 0 16 0.48 0.48 0.5 0.36| 4710.951| 39671.2

Figure 9. Excel file with data recorded during the optimization run in Grasshopper.

intuitive tool for architects to identify the best solution.

Using the Power BI tool, a comprehensive dashboard was created (Figure 10) to show-
case all the obtained results from the optimization process. For each generated solution, the
following data are displayed: EUI, sDA, hypervolume, normalized score, geometry image,
variables, bar charts representing EUI, sDA, hypervolume, and normalized score for all
solutions. The user can select the desired solution by clicking on the solution number or
the corresponding bar chart. Architects have the flexibility to choose the ranking metric
based on the optimized building solution. The hypervolume and normalized data of EUI
and sDA offer different solutions. Depending on the design criteria the architect wishes to
follow, they can identify the most suitable solution. The dashboard serves as a quick and
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Figure 10. The interactive dashboard in Power BI to analyze the optimized solutions.

Using this dashboard, we identified the optimized solution for both ranking types:
hypervolume, and normalized EUI and sDA scores. Figure 11 displays the optimized
building geometry and Table 9 reports output data and ranking values for these three best
solutions, identified in each ranking type.

The 15t solution with the
normalized score of 0.750882

N

The 18t solution with the
hypervolume of 473,943

The 2nd solution with the
normalized score of 0.749151

N

The 2nd solution with the
hypervolume of 471,492

The 3@ solution with the
normalized score of 0.74707

N

The 3rd solution with the
hypervolume of 470,554

Figure 11. Optimized building shape using two types of ranking: hypervolume and normalized score.
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Table 9. Optimization output data for the three best solutions for each ranking type.
Rankin Solution Ranking EUI SDA WWR WWR— WWR— WWR—
8 Value [kWh/m?/year] [%] North East South West
1 473.943 71.186 90.81 0.46 0.35 0.35 0.38
Hypervolume 2 471.492 71.074 90.12 0.42 0.36 0.42 0.3
3 470.554 71.446 88.67 0.47 0.37 0.39 0.34
N lized 1 0.750882 71.186 90.81 0.46 0.35 0.35 0.38
Elﬁrmi‘ilzg A 2 0.749151 71.186 90.65 0.46 0.35 0.35 0.38
anas 3 0.74707 71.482 91.29 0.5 0.34 0.33 0.43
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The non-dominated solutions from all 200 optimization iterations produced EUI and
sDA results ranging from 66.265 kWh/m? /year to 82.701 kWh/m? /year for EUI values
and 53.78% to 100% for sDA, with a median value of 74.7115 kWh/m?2/ year and 90.83%,
respectively. The base building model, imported from the BIM software, reported a EUI of
69.297 kWh/m?/year and an sDA of 81.28%, indicating already good energy and daylight
performance similar to the optimized solutions calculated by the RBFOpt algorithm. It
is important to note that the base model served as a starting point to explore different
building shapes and WWR percentages to minimize EUI and maximize sDA.

The best solution identified by both rankings shows that the distribution of EUI over
the year requires the highest energy consumption for cooling from June to August due to
the highest outdoor temperature. The highest energy consumption for heating occurs from
November to February. The energy consumption is shown in Figure 12.

36,34
3270
2907
2543
2180
1817
14.53
10.90
727

Mar Apr May Jun Jul Aug Sep oct Nov Dec

1/1 to 12/31 between 0 and 23 @1

type: Heating

Jan

Energy (kWh)
1/110 12/31 between 0 and 23 @1
type: Cooling

Feb

Mar Apr May Jun Jul Aug Sep oct Nov Dec

Figure 12. Annual Energy Use Intensity consumption for cooling and heating.

Regarding the building shape, the T-shaped and L-shaped buildings were identified
as achieving the best results. For the three best solutions for each ranking type, the
WWR varied for the northern fagade between 0.42 and 0.5, for the eastern facade between
0.34 and 0.37, for the southern facade between 0.33 and 0.42, and for the western facade
between 0.3 and 0.43.

The main results achieved through the case study are highlighted below:

e  The entire BIM-to-BIM workflow using the AAD approach was successfully tested.
Data was smoothly transferred from the BIM model to the Grasshopper platform,
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where the energy and daylight model was created for simulation and Multi-Objective
Optimization. Further, the data recorded from the optimization run were automatically
transferred to Excel, serving as input for the interactive dashboard in Power BL. Once
the fittest solution was selected, the model’s variables were set up in Grasshopper, and
the final model was automatically generated in the BIM software (Autodesk Revit).
The BIM model was then used for further optimization of the office space.

e  Using the RBFOpt optimization algorithm, 200 iterations were simulated. Both day-
light and energy simulations took around 3 min, resulting in a total computing time of
10 h.

e Data was transferred to Excel for comprehensive visualization and selection of the
fittest solution. The process of creating data was automated, with only the need to
insert manually hypervolume data into an Excel file and upload manually data to
Power BI. Once the dashboard template was prepared, it could be used for inputting
data following the same Excel structure.

e By applying ranking based on hypervolume and normalized EUI and sDA scores, the
three best solutions were identified in each ranking type from the 200 optimization
results. The interactive dashboard facilitated the identification and analysis of each
solution, enabling the selection of the most appropriate option. Among the top six
solutions, T-shaped and L-shaped buildings were identified as the most performing
solutions, with an average EUI of 71.26 kWh/ m2/ year and an sDA value of 90.39%.

e  The selected most performing solution was transferred to the BIM software, where the
walls, ceilings, and windows with their respective families were automatically created
in the model.

5. Discussion

This article highlights the novelty of our study, focusing on the AAD workflow
developed for BIM projects. Our main objective was to optimize the daylight and energy
performance of an office building by implementing a systematic workflow that integrates
simulation and optimization processes within the Grasshopper platform. Additionally, we
aimed to facilitate the automated generation of the optimized building solution directly in
the BIM software. This study presents a methodology that architects can adopt for their
BIM projects, integrating advanced energy and daylight simulation tools from non-BIM
platforms in a systematic and efficient manner.

By testing this methodology, we introduce a new approach that empowers architects
to evaluate various design solutions at the conceptual level. This early evaluation enables
them to identify the most suitable design option from the outset, leading to reduced time
and costs in subsequent stages of the design process. This aspect of our research carries
practical implications for architectural practices and decision-making in building design.

However, it is important to acknowledge certain technical limitations within our
study. The algorithm we developed specifically evaluates building shapes composed of
two rectangles, such as L-shaped, T-shaped, and cross-shaped buildings. Other complex
building shapes are excluded from the evaluation process.

6. Conclusions

In this article, the testing results of the AAD workflow and algorithm with a multi-
objective approach were presented. The authors create a BIM-to-BIM workflow that opti-
mizes the building shape and WWR of the office building considering energy and daylight
performance. The MOO is conducted to optimize the building model by minimizing EUI
and maximizing sDA using the RBFOpt model-based optimization tool in the Grasshopper
platform. The optimized solutions are analyzed by a designer using the Power BI dash-
board. The best solution is recreated by the algorithm and then automatically transferred
to the BIM software, where the office layout can be further optimized using Dynamo and
Generative Design tools. These optimizations allow designers to identify the most efficient
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solutions that provide an environmentally sustainable and comfortable workspace for
building occupants.

The GENIUS project offers two level optimization. The first level of optimization
focuses on the building, considering parameters such as its shape, WWR, and shading
system and it optimizes a building by finding a good balance between energy and day-
light performance. Once the optimal building design is determined, the second level of
optimization focuses on creating an efficient office layout that includes individual rooms
and workstations.

We specifically selected the first level of office building optimization as our primary
focus in the conceptual case study. This choice enabled us to evaluate the workflow and
provide a comprehensive description of the achieved results. The optimization process
primarily involved enhancing the building’s shape and windows to maximize sDA and
minimize EUI Although the case study had already achieved a good balance between
energy and daylight performance, our objective was to explore various building shapes and
WWR values to uncover potential solutions that could be considered during the project’s
conceptual phase.

The optimization process revealed that the sDA could be improved compared to
the base model. The base model had an sDA of 81.28%, while the optimized solutions
ranged between 88.67% and 91.29%, indicating an improvement of 7.39% to 10.01%. This
improvement was achieved by increasing the WWR, which increased by an average of
0.154 for the northern facade, 0.045 for the eastern facade, 0.057 for the southern facade,
and 0.06 for the western facade. By improving the sDA, the EUI remained at a balanced
level, ensuring good energy performance. The RBFOpt algorithm used for MOO gradually
improved daylight and energy performance over 200 iterations. From the non-dominated
solutions, the selected optimum solutions were identified by hypervolume and EUI and
sDA normalized score ranking.

This study demonstrates the reliability of the GENIUS approach as a workflow that
architects can adopt to achieve optimal building environmental performance during the
conceptual phase of the design process. Finally, the limitations include the fact that the
office building was optimized considering variables such as building shape and WWR.
Although the shading system was not presented in this paper, it can still be optimized
using the same algorithm. Additionally, it would be interesting to conduct studies on
minimizing EUI and maximizing sDA for different window and shading system designs.
Moreover, the optimization process can be further improved. Currently, the second level of
the optimization process is performed using the Dynamo platform. However, the process
could potentially be more efficient if it were executed using the Grasshopper platform
instead. In future research, the building model algorithm will also be extended to analyze
other building shapes, such as H-shape, U-shape, courtyard, etc.
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Abbreviations

AAD Algorithm-Aided Design

AEC Architecture, Engineering, and Construction
ANN Artificial Neural Network

BIM Building Information Modelling

EUI Energy Use Intensity

GENIUS  Genetic Algorithms for Optimizing Architectural Layouts for Energy Efficiency
HVAC Heating, Ventilation, Air Conditioning

MOO Multi-Objective Optimization

RBFOpt  Radial Basis Function Multi-Objective Optimization

sDA Spatial Daylight Autonomy

UDI Useful Daylight Illuminance

WWR Window-to-Wall Ratio

References

1.  Wang, W.; Zmeureanu, R.; Rivard, H. Applying multi-objective genetic algorithms in green building design optimization. Build.
Environ. 2005, 40, 1512-1525. [CrossRef]

2. Shirowzhan, S.; Sepasgozar, S.M.; Edwards, D.J.; Li, H.; Wang, C. BIM compatibility and its differentiation with interoperability
challenges as an innovation factor. Autom. Constr. 2020, 112, 103086. [CrossRef]

3.  Wang, T,; Feng, J. Linking BIM Definition, BIM Capability Maturity, and Integrated Project Delivery in the AECO Industry: The
Influences of BIM Diffusion and Moral Hazard. . Urban Plan. Dev. 2022, 148, 04022025. [CrossRef]

4.  Tedesch, A.; Lombardi, D. The algorithms-aided design (AAD). In Book Informed Architecture; Hemmerling, M., Cocchiarella, L., Eds.;
Springer: Cham, Switzerland, 2017; pp. 33-38.

5. Zboinska, M.A. Hybrid CAD/E platform supporting exploratory architectural design. Comput. Des. 2015, 59, 64-84. [CrossRef]

6.  Bukhari, FA. Hierarchical Evolutionary Algorithmic Design (HEAD) System for Generating and Evolving Building Design
Models. Ph.D. Thesis, Queensland University of Technology, Brisbane, QLD, Australia, 2011.

7. Leder, S.; Newsham, G.R.; Veitch, ].A.; Mancini, S.; Charles, K.E. Effects of office environment on employee satisfaction: A new
analysis. Build. Res. Inf. 2016, 44, 34-50. [CrossRef]

8.  AlHorr, Y,; Arif, M.; Kaushik, A.; Mazroei, A.; Katafygiotou, M.; Elsarrag, E. Occupant productivity and office indoor environment
quality: A review of the literature. Build. Environ. 2016, 105, 369-389. [CrossRef]

9. Andersen, M.; Mardaljevic, J.; Lockley, S.W. A framework for predicting the non-visual effects of daylight-Part I: Photobiology-
based model. Light. Res. Technol. 2012, 44, 37-53. [CrossRef]

10. De Luca, F; Voll, H.; Thalfeldt, M. Comparison of static and dynamic shading systems for office building energy consumption
and cooling load assessment. Manag. Environ. Qual. Int. |. 2018, 29, 978-998. [CrossRef]

11.  Niclas, N.R. Using Genetic Algorithms in Parametric Building Facade Design to Create Different Atmospheres. Ph.D. Thesis,
Aalborg University, Aalborg, Denmark, 28 May 2019.

12. Wortmann, T. Genetic evolution vs. function approximation: Benchmarking algorithms for architectural design optimization.
J. Comput. Des. Eng. 2019, 6, 414-428. [CrossRef]

13.  De Luca, F; Wortmann, T. Multi-Objective Optimization for Daylight Retrofit. In Proceedings of the 38th Conference on Education
and Research in Computer Aided Architectural Design in Europe, Berlin, Germany, 16-18 September 2020.

14. Waibel, C.; Wortmann, T.; Evins, R.; Carmeliet, J. Building energy optimization: An extensive benchmark of global search
algorithms. Energy Build. 2019, 187, 218-240. [CrossRef]

15.  Wortmann, T. Opossum-introducing and evaluating a model-based optimization tool for grasshopper. In Proceedings of the 22nd
International Conference of the Association for Computer-Aided Architectural Design Research in Asia (CAADRIA), Hong Kong,
China, 5-8 April 2017; pp. 283-293.

16. Deb, K; Pratap, A.; Agarwal, S.; Meyarivan, T. A fast and elitist multiobjective genetic algorithm: NSGA-II. IEEE Trans. Evol.
Comput. 2002, 6, 182-197. [CrossRef]

17.  Zhang, Q.; Li, H. MOEA/D: A Multiobjective Evolutionary Algorithm Based on Decomposition. IEEE Trans. Evol. Comput. 2007,
11, 712-731. [CrossRef]

18. Ko, R. Tuning and Benchmarking a Blackbox Optimization Algorithm. Master’s Thesis, Yale University, New Haven, CT, USA, 2019.

19. Toutou, A.M.Y. Parametric approach for multi-objective optimization for daylighting and energy consumption in early stage
design of office tower in new administrative capital city of Egypt. In Academic Research Community Publication; IEREK: London,
UK, 2019; Volume 3, pp. 1-13.

20. Besbas, S.; Nocera, F; Zemmouri, N.; Khadraoui, M.A.; Besbas, A. Parametric-Based Multi-Objective Optimization Workflow:
Daylight and Energy Performance Study of Hospital Building in Algeria. Sustainability 2022, 14, 12652. [CrossRef]

21. Zhang, A.; Bokel, R,; van den Dobbelsteen, A.; Sun, Y.; Huang, Q.; Zhang, Q. Optimization of thermal and daylight performance

of school buildings based on a multi-objective genetic algorithm in the cold climate of China. Energy Build. 2017, 139, 371-384.
[CrossRef]


https://doi.org/10.1016/j.buildenv.2004.11.017
https://doi.org/10.1016/j.autcon.2020.103086
https://doi.org/10.1061/(ASCE)UP.1943-5444.0000839
https://doi.org/10.1016/j.cad.2014.08.029
https://doi.org/10.1080/09613218.2014.1003176
https://doi.org/10.1016/j.buildenv.2016.06.001
https://doi.org/10.1177/1477153511435961
https://doi.org/10.1108/MEQ-01-2018-0008
https://doi.org/10.1016/j.jcde.2018.09.001
https://doi.org/10.1016/j.enbuild.2019.01.048
https://doi.org/10.1109/4235.996017
https://doi.org/10.1109/TEVC.2007.892759
https://doi.org/10.3390/su141912652
https://doi.org/10.1016/j.enbuild.2017.01.048

Buildings 2023, 13, 1790 20 0f 20

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Hinkle, L.E.; Wang, ]J.; Brown, N.C. Quantifying potential dynamic facade energy savings in early design using constrained
optimization. Build. Environ. 2022, 221, 109265. [CrossRef]

Elghandour, A.; Saleh, A.; Aboeineen, O.; Elmokadem, A. Using Parametric Design to Optimize Building’s Fagade Skin to
Improve Indoor Daylighting Performance. In Proceedings of the 3rd IBPSA-England Conference BSO 2016, Great North Museum,
Newcastle, UK, 12-14 September 2016.

Sun, C.; Liu, Q.; Han, Y. Many-Objective Optimization Design of a Public Building for Energy, Daylighting and Cost Performance
Improvement. Appl. Sci. 2020, 10, 2435. [CrossRef]

Musau, F,; Steemers, K. Space Planning and Energy Efficiency in Office Buildings: The Role of Spatial and Temporal Diversity.
Arch. Sci. Rev. 2008, 51, 133-145. [CrossRef]

Yi, H. User-driven automation for optimal thermal-zone layout during space programming phases. Arch. Sci. Rev. 2016,
59, 279-306. [CrossRef]

Rodrigues, E.; Adélio, R.G.; Alvaro, G. An Approach to the Multi-Level Space Allocation Problem in Architecture Using a Hybrid
Evolutionary Technique. Autom. Constr. 2013, 35, 482-498. [CrossRef]

Liggett, R.S. Automated facilities layout: Past, present and future. Autom. Constr. 2000, 9, 197-215. [CrossRef]

Nagy, D.; Lau, D.; Locke, J.; Stoddart, J.; Villaggi, L.; Wang, R.; Zhao, D.; Benjamin, D. Project Discover: An Application of
Generative Design for Architectural Space Planning. In Proceedings of the Symposium on Simulation for Architecture and Urban
Design; Society for Modeling and Simulation International (SCS): New York, NY, USA, 2017; p. 7.

Cheng, C.; Nini¢, J.; Tizani, W. Parametric Virtual Design-Based Multi-Objective Optimization for Sustainable Building Design.
In Proceedings of the 26th International Workshop on Intelligent Computing in Engineering, EG-ICE 2019, Leuven, Belgium,
30 June-3 July 2019.

Autodesk University. Generative Design for Complex Buildings: Optimizing Spaces and Flows with Dynamo and Refinery.
Available online: https://medium.com/autodesk-university / generative-design-for-complex-buildings-optimizing-spaces-and-
flows-with-dynamo-and-refinery-98881be34fa7 (accessed on 11 April 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.buildenv.2022.109265
https://doi.org/10.3390/app10072435
https://doi.org/10.3763/asre.2008.5117
https://doi.org/10.1080/00038628.2015.1021747
https://doi.org/10.1016/j.autcon.2013.06.005
https://doi.org/10.1016/S0926-5805(99)00005-9
https://medium.com/autodesk-university/generative-design-for-complex-buildings-optimizing-spaces-and-flows-with-dynamo-and-refinery-98881be34fa7
https://medium.com/autodesk-university/generative-design-for-complex-buildings-optimizing-spaces-and-flows-with-dynamo-and-refinery-98881be34fa7

	Introduction 
	Methodology 
	The GENIUS Project 
	Design Process 
	Design Workflow 
	Energy and Daylight Optimization Algorithm 
	Validation Process 

	Case Study 
	Referenced Building 
	Energy Model 
	Daylight Model 
	Parameters and Variables of the Case Study 

	Results 
	Discussion 
	Conclusions 
	References

