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The main considerations in the early stage of architectural design are usually related to form and function. At the
same time, with the growing concern regarding energy saving and carbon emission reduction, the parameters for
the construction and physical quality of buildings are receiving more attention at the conceptual and schematic
design stages. Diverse design options can emerge with the large number of variables to be considered in these
stages. Moreover, the combined efforts to reduce buildings’ life cycle environmental impacts and cost, as well as
the non-linear and often tradeoff relationship between the two objectives, make finding optimal design solutions for
buildings’ life cycle performance complicated. Previous studies have established workflows to optimize buildings’
life cycle energy consumption, GWP and/or cost; however, architectural design diversity has not been sufficiently
discussed at the same time. A parametric optimization design process is established, aiming at minimizing the
building’s operational energy consumption, life cycle environmental impacts, and life cycle cost here. The setting of
variables, as well as the workflows of the optimization process, is discussed from the perspective of both life cycle

performance and architectural design diversity.

simulation-based multi-objective optimization life cycle assessment life cycle cost

design process diversity

| 1. Introduction

Currently, CO, emissions from the worldwide operation and construction of buildings account for around 37% of the
total CO, emissions . In a highly dynamic built environment, as in China, the proportion of the building-related
greenhouse gas emissions in all of the life cycle processes to the national total is even higher (up to 51% in 2018
[2)), with the ever stricter standards for energy conservation and emissions reduction in the building sector, the
relative proportion of the embodied energy and environmental impacts of buildings’ components and materials has
also increased [Bl. At the same time, technical measures for green buildings may increase the cost of initial
construction. The economic benefits of building construction should be examined from a long-term perspective.
The application of the life cycle assessment (LCA) and life cycle cost (LCC) methods in the built environment have
gained significant traction as essential methods for building sustainability assessment following the publication of
ISO 14040 [ and 1ISO 21929 Bl.

There are often differences between a green building’s life cycle environmental and economic benefits [8l. Previous
studies have shown that there is a tradeoff relationship between a building’s operational and embodied energy [,

and between its investment cost and LCC. Therefore, an optimization subjected to LCA and LCC, taking the life
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cycle environmental impacts and cost as the coupling objectives, can improve a green building’s overall

performance by maintaining balance between the objectives.

Decisions in the early stage of the architectural design process are crucial to reducing a building's life cycle
impacts, because 70% of the decisions related to the project’s sustainability are made at this stage 8. Traditional
building performance simulation lags behind this stage, and it is not easy to perform comprehensive simulations on
various parameter combinations. Meanwhile, the integrated LCA method is generally not applied to help architects
to select design solutions at the early design stage because it is time and information consuming . The
information integration function of building information modelling (BIM) software helps to conduct LCA and LCC
analysis, such as One Click LCA 19 for the early comparison and selection of the design schemes, and the Revit
Plugin program Tally (111 which can assist in the selection of building material solutions in a BIM model, and
conduct a complete building LCA. However, due to the limitation of manual variable settings, it is difficult to support
the automatic feedback of calculation results and the screening of a large number of design parameter
combinations. The parametric design platform can support the automatic generation of design variables and the
linkage to the life cycle inventory (LCI) data and to the energy simulation program 22, It can significantly improve

the efficiency and accuracy of performance optimization through the combination with the optimization algorithm.

| 2. Optimizing Buildings’ Life Cycle Performance

Decisions in the early design stage are essential to reducing buildings’ life cycle environmental impacts and cost
(131 The studies reviewed are all concerned with multi-objective optimization processes that target building
performance in the early design stage. In terms of summarizing the variables, the varieties of the material variables
are not analyzed because building performance design based on LCA/LCC methods necessarily involves material
selection. In this stage, geometric design parameters are the most intuitive elements to consider, and it is found
through the review that studies with life cycle impacts or cost as targets tend to consider the geometric variables in
a simple way, while studies that consider building form diversity as an innovative point often do not include the
target of calculating life cycle performance (Table 1). The studies reviewed are grouped into two categories. The
first category focuses on the generation of geometric forms. The second category focuses on the design process of

the project.

Table 1. Review of the literature on classification based on design diversity and LCA relevance.

Geometric Variables Life Cycle Objectives
Category Year Authors Basics . .. _Operational Embodied
OrientationPlanww I,Characterlstlcs Energy Energy Economy Others
Geometry: ) predicted
Sietal. Eave depth by A
free-form 2019 [14] 10 variables v pfercerjte}ge
dissatisfied
Negendahl Amplitude of c
2015 ot al. 28] facade fold v cost daylight
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Energy
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Embodied
Energy

primary
energy

embodied
energy

CO2 emission

CO> emission

embodied
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renewable
energy

primary
energy,
CO> emission

primary
energy

primary
energy

non-
renewable

Economy Others

envelope
construction
cost

net present
value of the
investment

comfort
level

operation
cost,

embodied
cost

global cost

global cost,
investment
cost

LCC

2 to the

ot these studies do not Include lite cycle objectives. In Section 2.1.2, the

form generation logic is weaker than that described in Section 2.1.1. The geometric models are based on

operational energy consumption calculation zones (mass-box). Life cycle performance is considered in all of the

studies in the second part.

2.1.1. Free-Form Geometry

The geometric design parameters of a building have a significant effect on its appearance and performance. To

support the diversity of architectural design, while considering the concision of the model required for the energy
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Geometric Variables Life Cycle Objectives

eometric
Category Year Authors Basics . .. _Operational Embodied
OrientationplanerCharacterlstlcs Energy Energy Economy Others
primary
energy

Jin et al. (18] gennea the snape or the building as a polygon, controlling the shape by changing the polygonal shape
and twisting angle of the upper and lower bottom surfaces; Si et al. 14 controlled the generation of the roof using
the degree of deviation of ten paintBAigaIRs ihagther GealRIBrialinelIdReNn e s8wtlr coordinates, in order to affect
the indoor environment objectives. Negendahl et al. 13 investigated the relationship between the number and
amplitude variables of facade folds and building energy consumption. Yi et al. 17 controlled building forms by
defining the hierarchical relationship between geometry points to explore the building geometry without being

restricted to a box or simple form.

2.1.2. Mass-Box Geometry

The above studies used specific geometric variables to study specific building models without LCA- or LCC-related
objectives. In studies involving LCA, the formulation of geometric variables is often simplified from “free-form” to

“mass-box”.

Basbaygill et al. & took an H-shaped plane as a prototype and generated building plans with different proportions
and shapes by adjusting each side’s parameters. The geometric parameters of this plan’s outer contour and the
envelope structure’s construction layers and their thickness were used as variables that were subjected to a
sensitivity study. Shadram et al. 12! classified the plan shapes of typical residential buildings into six types (“0", “U”,
“H”, “L”, “T”, “x”), the geometric variables of the outer contour and the inner contour were set for each basic shape,
and optimization was carried out with the objectives of building’s operational and embodied energy consumption.
Harter et al. 18 investigated the uncertainty of variables regarding the life cycle total energy under seven plan
shapes (“007, “+”, “L”, “U”, “H”, “T”, “O with basement”). Yang et al. 29 set the windows’ number, unit width, unit
length and sunshade board length as geometric variables to optimize the envelope construction cost and thermal
energy demand. Brunelli et al. [2 studied a case with alternative building footprints to optimize thermal energy

demand, and net present value of the investment and CO, emissions.

The above studies set the building plan’s geometric variables, elevation, or spatial position relationship based on
the “mass-box” model and obtained a more diverse early design stage simplified model. This way of defining
geometric variables appears in a large number of studies involving building performance. Some of them also added
variables such as the shape of shading components and the verandas that do not change the main form of the
building. Because the “mass-box” modelling approach is commonly used, this entry only exemplifies studies that

involve life-cycle impacts or cost in the objective.

2.2. Design Process Focused Life Cycle Performance Optimization

Due to the large decision space formed by the variables and objectives, searching for the best solution is inefficient

and complicated for architects. Because of the complexity of the LCA and LCC methods, improvement of the
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design process is a more important part of the optimization. Geometric forms are not the focus in these following

studies.

Hollberg and Ruth 12 designed a single-objective optimization process with the objective of non-renewable primary
energy consumption by using the parametric platform Grasshopper (GH) and the optimization plug-in Goat.
Several plans pre-set by the architects were analyzed and compared, and then insulation material, thickness, and
external window alternatives were set as variables to be automatically optimized. The authors pointed out that the
current LCA calculation is a time-consuming task, and architects usually did not have relevant knowledge and
experience. Meanwhile, the information about the materials, the structures, and the service system required for

LCA is often not available in the early design stages.

Shadram et al. ! combined the comprehensive advantages of building information in the BIM platform with the
mature energy analysis tool and the optimization capabilities of the parametric platform to study a small apartment
building in one country under four different climate zones. This process used gbxml format files to transfer
geometric information, using the MySQL database to transfer material information, linking BIM software and the
multi-objective optimization module in GH to achieve a fully automatic optimization process. This method required
a higher level of development (LOD) of the model, and the geometric parameters such as building shapes were not

set as variables. It was more suitable for the later stages of the design process.

Abbasi et al. 22 also combined BIM and parametric platforms. The building was originally developed in Revit,
containing geometric component information. The geometrical data and amount of materials were extracted as
input data in the Athena software to calculate embodied energy, renewable energy consumption, and other LCA
indicators such as GWP. The three-dimensional model was introduced into GH to regenerate the model for
operational energy optimization of the building, using Ladybug and Honeybee plugins. The optimized results were
then added to Navisworks, another BIM platform, in the format of database information to create a higher LOD
model. In the above-mentioned workflows, the geometric parameters were defined in the original Revit model. The
overall design process enhanced the model’'s information, but the method was unidirectional and could not reverse

the early concept of the project. The optimization focused on materials and equipment rather than aesthetic design.

The studies mentioned above adopted the idea of optimizing building performance in one step. Ascione et al. (22
performed the optimization in stages. In the first stage, the objectives of optimization were the minimization of
thermal energy needs for space heating and cooling. In the second stage, an intelligent search strategy was
carried out to identify the robust cost-optimal retrofit solutions of the whole building system. Finally, a careful
decision-making process was performed to find a recommended retrofit package among the 12 cost-optimal
solutions found in stage two. This approach was applied to the design of a building energy retrofit. The variables

were limited to material and equipment.

Another study from Ascione et al. [23] presented a three-phase framework for multi-objective optimization. Phase
One was a three-objective (annual thermal energy demand for space conditioning, annual electrical energy

demand for artificial lighting, annual percentage of discomfort hours) Pareto optimization of building geometry,
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HVAC operation, and the envelope. Phase Two was a smart exhaustive sampling running within Pareto solutions
provided by Phase One with another three objectives (primary energy consumption, global cost, investment cost).
Phase Three selected the design solutions provided by decision-makers according to the optimal solution sets as
well as the other performance indicators. Due to the calculation of objectives in phases, the optimal solutions in
each phase were not global. The building geometric variables considered in the study were not as detailed as the
HVAC or material ones.

Li et al. 24 proposed a coordinated optimal design method. An iterative approach was adopted to coordinate multi-
stage optimizations of the building envelope and the energy systems. The envelope design and the energy system
design were optimized iteratively using the updated design of each other until the coordinating design variables
converged. A zero-carbon building was tested and the objectives’ results were better compared with existing multi-
stage design methods. The premise of this method was that there existed a clear trade-off relationship between the

objectives in the different steps of the optimization process.
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