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Abstract  This research aims to provide a design 
option with the lowest energy consumption in the two 
mentioned phases as the optimal solution. To this end, 
this study employs a combination of life cycle assess-
ment (LCA), multi-objective optimization algorithm, 
and building information modeling (BIM) to improve 
sustainability in operation and demolition phases 
for the facade of an open office building. First, the 
destructive environmental effects caused by the dem-
olition of 100 m2 of each material were calculated by 
the LCA. Then after parametric modeling, geometric 
parameters and material data were selected from the 
previous step, simulation and optimization of objec-
tives were performed, and the optimal solution was 
presented, which should be added to the BIM model 
by designing a plugin for data integration. Compared 
to the initial design options, selecting the appropri-
ate parameters and materials and thus producing the 

optimal solution led to a 53.48 and 66.23% reduc-
tion in operational and demolition energy consump-
tion, respectively. Applying this approach encourages 
architects to use innovative methods to take practical 
steps to improve the sustainability of their projects by 
choosing suitable design options.

Keywords  Operational energy · Demolition 
energy · Life cycle assessment · Multi-objective 
optimization · Genetic algorithm · Building 
information modeling

Nomenclature 
BIM	� Building information modeling
CEUI	� Cooling energy use intensity, kWh/m2

DE	� Demolition energy
E	� Illuminance, lux
ED	� Energy required for building demolition
ET	� Energy used to transport waste
EUi	� Hourly energy demand, kWh
GA	� Genetic algorithm
HEUI	� Heating energy use intensity, kWh/m2

i	� Point belonging to the calculation grid
IEA	� International Energy Agency
ISO	� International Organization for 

Standardization
LCA	� Life cycle assessment
LEUI	� Lighting energy use intensity, kWh/m2

M	� Conditioning area, m2

MOEA	� Multi-objective evolutionary algorithm
Nc	� Annual cooling hours
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Nh	� Annual heating hours
Nl	� Annual lighting hours
OE	� Operational energy
t	� Time (hour), h
TEUI	� Thermal energy use intensity, kWh/m2

UDI	� Useful daylight illuminance, %
wf	� Weighting factor
WWR​	� Window-to-wall ratio, %

Introduction

With about 40% of final energy consumption and nat-
ural resources, the construction industry has the high-
est energy consumption with adverse environmental 
effects (Noorzai, 2023). According to the Interna-
tional Energy Agency, global energy consumption 
will grow by 37% by 2040 (International Energy 
Agency, 2014). These statistics show that saving 
energy consumption at different building life cycle 
phases, especially office buildings, is an absolute 
necessity (Najjar et  al., 2019; Ding and Ying, 2019; 
Wu et al., 2012).

The increase in population and the expansion of 
urbanization have led to an increase in construc-
tion (Noorzai, 2021; Gharouni Jafari & Noorzai, 
2021) and, consequently, operational energy (OE) 
and the demolition of buildings. These issues prior-
itize energy reduction strategies in the operation and 
demolition phases, as the phases with the highest 
energy consumption and destructive environmental 
effects (Wu et  al., 2012; Amaral et  al., 2020; Ding 
and Ying, 2019).

Depending on the type of building, 40–95% of the 
total energy consumption of buildings is due to OE 
(heating, cooling, and lighting), and the rest is due 
to construction and demolition (Guan et  al., 2015). 
Since the operation phase accounts for a substantial 
portion of energy consumption in the building life 
cycle, in some studies, improvements in energy con-
sumption at this phase, especially in building facades, 
have been examined (Shahbazi et  al., 2019; Naj-
jar et  al., 2019; Touloupaki and Theodosiou, 2017; 
Carlucci et  al., 2015; Futrell et  al., 2015a). Since 
the building facade separates the interior from the 
outside, it plays an essential role in transferring heat 
loads. As a result, its suitable design can reduce the 
annual OE demand of the building from 7.81 kWh/
ft2 to 0.93 (heating) and from 5.41 to 3.94 kWh/ft2 

(cooling) (Khodakarami et al., 2009; Shahbazi et al., 
2019; Najjar et al., 2021).

In addition to the operation phase, the demolition 
of buildings has become an essential phase due to the 
increasing volume of construction and demolition 
waste, the lack of landfills, the adverse environmental 
effects of their landfill, and the annual production of 
more than 40 million tons of waste (Guan et al., 2015; 
Wu et  al., 2012; Amaral et  al., 2020). On the other 
hand, enacting laws such as Directive 2008/98/EC 
(Blengini, 2009) and studies that have emphasized the 
importance of maintaining natural resources in recent 
years have increased the importance of using waste 
reduction strategies at this phase (Blengini, 2009; 
Yeheyis et al., 2013). Nevertheless, a review of stud-
ies shows no sufficiently robust regulatory framework 
and enforcement mechanisms in this field (Yeheyis 
et al., 2013).

As a result of the increasing importance of using 
these strategies, materials with the least destruc-
tive environmental effects in the demolition phase 
should be selected (Giudice et  al., 2005). The life 
cycle assessment (LCA) method makes it possible to 
understand this issue by evaluating the value of each 
of the environmental indicators of standard EN 15978 
at each phase of the building life cycle (Najjar et al., 
2019; Soust-Verdaguer et al., 2017).

Despite the importance of these phases, the study 
and simultaneous optimization of energy consump-
tion in the phase of operation and especially demoli-
tion, in previous studies (Shahbazi et al., 2019; Naj-
jar et  al., 2019; Carlucci et  al., 2015; Futrell et  al., 
2015a), have been less studied. In studies that have 
used the integration of building information modeling 
(BIM) and LCA to improve sustainability in building 
design, less attention has been paid to multi-objective 
optimization techniques (Cavalliere et  al., 2019; Jal-
aei and Jrade, 2014a). Applying this technique in con-
junction with BIM and LCA requires further research 
to investigate the parameters and generate optimal 
design options.

In the study of Abbasi and Noorzai (2021) and 
Najjar et  al. (2019), the combination of BIM and 
LCA with optimization was proposed to develop 
previous research. However, they did not optimize 
essential phases of the building life cycle simultane-
ously. In addition, the parameters that define geom-
etry and material were not considered variables. 
Inappropriate selection of any of these parameters in 
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the early stages of design leads to the production of 
design options that account for a significant amount 
of energy consumption in the life cycle of projects 
(Futrell et al., 2015a).

Therefore, the purpose of this paper is to reduce 
OE and demolition energy (DE) consumption by 
developing a multi-objective optimization integration 
framework with LCA and BIM and by taking into 
account the parameters of the facade of an open office 
building.

In this approach, the destructive environmen-
tal effects of the studied material in the demolition 
phase were calculated by the LCA. Then, through 
office building modeling, building performance sim-
ulation, and multi-objective optimization, the objec-
tives were optimized. In this process, the relationship 
between the parameters, the geometry produced from 
the building model, and the objective values were 
investigated. Finally, to apply the results obtained in 
the executive projects, the information of the optimal 
options acquired was retrieved and merged through 
BIM.

In this process, geometric parameters include the 
height of each building floor, the building orientation, 
and the window-to-wall ratio (WWR), and non-geo-
metric parameters include the glazing material and 
the outer layer of the exterior walls. By changing the 
index of each of these parameters, a design option is 
generated with the different OE and DE consumption. 
Then the option that has the lowest energy consump-
tion in two phases is selected as the optimal solution.

Using this approach, architects can choose the 
most optimal option by having different choices 
available and take a useful step towards the sustain-
ability of their projects. To reduce the complexity, 
optimization time, and comparability of the results, 
this research was conducted on the facade of an open 
office building model. This approach can be extended 
to all building components and complex models with 
powerful computers and an expert team.

Literature review and background

The main stage of architectural design is the design 
phase when significant decisions are made (Golabchi 
& Noorzai, 2013), and the greatest effects on building 
performance are set. Simulation software programs 
that are used to study the environmental performance 

of buildings have become specialized tools in the pro-
fession. Using simulation design methods for deci-
sion-making, especially in countries like Iran where 
there is decision-making for sustainable design, ena-
bles architects to discover and design different and 
innovative solutions efficiently. As a result, they move 
towards optimal options in the early stages of design 
(Touloupaki and Theodosiou, 2017).

Parametric modeling, simulation, and optimization

The primary goal of this research is to simulate and 
optimize the performance of the building in terms of 
energy and harmful environmental effects. Then the 
synergy of the results was obtained in BIM software. 
Optimization includes steps such as modeling, iden-
tification, and control of parameters and limitations, 
selection of tools, determination of goals, selection of 
optimization algorithm, execution of the simulation, 
and presentation of final results.

Parametric modeling

All design aspects, such as location, orientation, 
shape, size of each building component, etcetera, 
can be considered parameters in architectural design. 
Parametric design, generator, or algorithmic connects 
parameters to geometry through visual programming 
and image codes (Eltaweel and Su, 2017).

In the conventional design method, when a proto-
type is created, a time-consuming and complex pro-
cess must be repeated if the designer wants to change 
any parameter to consider all possible design options. 
The larger the project, the more complex and unpre-
dictable these relationships become, to the extent that 
project data analysis is impossible without the help 
of parametric modeling software. It is only through 
parametric design that different design solutions can 
be found using algorithmic methods in response to 
architectural design problems (Noorzai et  al., 2023; 
Touloupaki and Theodosiou, 2017).

The parametric design uses tools and software that 
effectively change and develop its design and modifi-
cations. The parametric design software was first cre-
ated in 2008 and has been developed by many compa-
nies and software developers (Eltaweel and Su, 2017; 
Touloupaki and Theodosiou, 2017).
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Simulation

The steps considered in this section are divided into 
two main categories: the first group includes func-
tions related to daylight and the second deals with 
energy consumption.

Daylight performance  Many studies show that the 
natural use of daylight should be such that in addition 
to providing the amount of light in the space, it does 
not cause inconvenience to users and increase energy 
consumption (Carlucci et  al., 2015; Futrell et  al., 
2015a, b). With this in mind, the amount of light can 
be measured based on useful daylight illuminance 
(UDI), a parameter first introduced by Nabil and 
Mardaljevic in 2005. This indicator is the annual time 
fraction that indoor horizontal daylight illuminance at 
a given test point reaches in a given domain. Carlucci 
et al. (2015) define UDI as illuminances that is in the 
range 100 to 2000 lux.

UDI contains lower and upper thresholds and an 
acceptable range as UDIunderlit, UDIoverlit, and UDI‑
useful, respectively. The calculation of these values is 
shown in Eq. 1 (Nabil and Mardaljevic, 2005).

UDI =

∑
i

�
wf i. ti

�
∑

i ti
∈ [0, 1]

Thermal performance evaluation is based on the ther-
mal energy use intensity (TEUI), which is the sum of 
annual cooling energy use intensity (CEUI) and heat-
ing energy use intensity (HEUI). Similar to CEUI and 
HEUI, the lighting energy use intensity (LEUI) is also 
calculated. The calculation of these values is shown 
in Eq. 2 (Futrell et al., 2015a, b; Noorzai et al., 2023).

Eq. 2 Calculation of OE (heating, cooling, lighting).
where EUi is hourly energy demand, kWh; Nh is 

the annual heating hours; Nc is the annual cooling 
hours; Nl is the annual lighting hours; M is the level 
of conditioning, square meters.
- Demolition energy

Energy and destructive environmental effects of 
building demolition, storage, and transportation of 
waste from the building to the landfill are considered 

(2)HEUI =
∑i=Nh

i=1

EUhi

M

CEUI =
∑i=Nc

i=1

EUci

M

TEUI = HEUI + CEUI

LEUI =
∑i=Nl

i=1

EUli

M

(1)

⎧⎪⎪⎪⎨⎪⎪⎪⎩

UDIOverlit with wf i =

�
1 if EUpper Limit < EDaylight

0 if EUpper Limit ≥ EDaylight

UDIuseful with wf i =

�
1 if ELower Limit ≤ EDaylight ≤ EUpper Limit

0 if EDaylight < ELower Limit v EUpper Limit < EDaylight

UDIUnderlit with wf i =

�
1 if EDaylight < ELower Limit

0 if EDaylight ≥ ELower Limit

Eq. 1. Calculation of UDI.
where ti is each occupied hour in a year, h; EDaylight 

is the horizontal illuminance at a given point due 
to the sole daylight, lux; wfi is a weighting factor 
depending on values of EDaylight.

Energy performance 
- Operational energy

The Honeybee plugin simulates daylight and ther-
mal by linking its Radiance and EnergyPlus/Open-
Studio simulation engines to the Grasshopper visual 
programming interface (Futrell et  al., 2015a, b). 

the energy of the demolition phase (Guan et al., 2015; 
Blengini, 2009).

Dajadian and Koch (2014) noted that 33% of waste 
generation and its destructive effects in the demoli-
tion phase are due to the wrong decisions of design-
ers to select materials and design options. The design 
process is the primary source of errors and mistakes, 
and choosing appropriate materials at this phase 
requires the consideration of several environmentally 
friendly objectives that are often conflicting. There-
fore, designers must create a balance of these objec-
tives to find the best solution in the design phase 
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(Giudice et al., 2005). The calculation of DE is also 
shown in Eq. 3 (Blengini, 2009).

Eq. 3 Calculation of DE.
where DE is the demolition energy, ED is the 

energy required for building demolition, and ET is the 
energy used to transport waste.

Multi‑objective optimization

Optimal solutions are design options with the lowest 
energy consumption at different building life cycle 
phases. The multi-objective optimization approach 
creates an optimization model based on simulation 
between design parameters and objective functions to 
achieve these solutions (Bakmohammadi and Noor-
zai, 2022). In this approach, parameters are values 
that control geometry or design features, and objec-
tive functions are building performance criteria cal-
culated by simulation tools (Futrell et al., 2015a). To 
find optimal solutions in design problems, due to the 
complex physical functional relationships between 
parameters and building performance, optimization 
algorithms are proposed (Futrell et al., 2015b).

Genetic algorithms (GAs) are a particular category 
of evolutionary algorithms and the most common 
type of optimization algorithms that use evolution-
ary biology-inspired methods such as inheritance, 
mutation, selection, and crossover to solve problems 
(Bakmohammadi and Noorzai, 2022; Mortezaei 
Farizhendy et  al., 2020). These algorithms have 
proven valuable for addressing multi-objective design 
problems, calculating multiple performance metrics, 
and finding near-optimal solutions in many studies 
(Eltaweel and Su, 2017; Shahbazi et al., 2019).

The Grasshopper plugin in Rhino software can ena-
ble the user to evaluate different design options using 
evolutionary solutions such as Galapagos, Wallacei, 
and Octopus, based on GAs (Touloupaki and Theodo-
siou, 2017; Shahbazi et al., 2019; Ali et al., 2021).

Galapagos can only optimize one objective and 
cannot execute extreme energy data (Touloupaki and 
Theodosiou, 2017). Wallacei and Octopus are multi-
objective evolutionary algorithms (MOEAs) that use 
different GAs (Wallacei uses NSGA-II and Octopus 

(3)DE = ED + ET

uses SPEA-2). The Wallacei is faster, more accurate, 
and up-to-date and also has a neutral indicator that 
identifies the design problem. Finally, when imple-
menting the GA in this plugin, comprehensive results 
are provided by tracking the algorithm’s progress 
and examining the correlation between the objectives 
(Eltaweel and Su, 2017; Ali et al., 2021).

Previous studies related to integrate LCA, 
optimization, and BIM

- LCA
The LCA is an objective method and sustainable 

decision-making for assessing activities and materi-
als’ energy and environmental impacts. This approach 
includes the life cycle of buildings from extraction 
and processing of raw materials, transportation to the 
site, construction, operation, and maintenance, until 
demolition (Asgari and Noorzai, 2021).

In the second half of the 1990s, the International 
Organization for Standardization (ISO) published the 
well-known essential standard of the LCA method 
(ISO, 2006). In 2011, the European Committee for 
Standardization published a new standard called 
EN15978. This European standard for evaluating the 
environmental performance of a building performs 
calculations based on LCA (EN15978, 2011).

There are tools such as general and specific build-
ing LCA tools to evaluate the building life cycle. 
Quantifying building materials and performing calcu-
lations using general building LCA tools is time-con-
suming and requires a high level of experience, while 
the specific building LCA tools, such as the Athena 
Impact Estimator for Buildings, facilitate the use of 
LCA in the building sector and require a medium 
level of experience (Asgari and Noorzai, 2021).

Finally, after selecting the study scope of the LCA 
and the software, the information obtained from the 
LCA can be added to the BIM models by programming 
and upgrading the software capabilities. BIM-LCA inte-
gration can reduce the time to evaluate and improve the 
environmental performance of buildings in the early 
stages of design (Soust-Verdaguer et al., 2017).

 
- BIM

As an integrated digital process, BIM is a new 
approach to construction projects that manages pro-
ject data throughout the building life cycle and 
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provides an excellent opportunity to perform environ-
mental analysis (Najjar et  al., 2019; Golabchi et  al., 
2016). In addition, as a multi-dimensional modeling 
platform, it has been extended from a three-dimen-
sional geometric model to the fourth-dimension 
(time), the fifth-dimension (cost), the sixth-dimension 
(energy), the seventh-dimension (facility manage-
ment), and the eighth-dimension (safety) (Jalaei and 
Jrade, 2014a).

Using BIM as an information reference makes data 
analysis and input more efficient and reusable for exist-
ing data during model development. In addition, it 
allows a controllable digital model to be attached to the 
results of a simulation program that analyzes the energy 
performance of buildings. The best advantage is that 
the optimization results can be immediately applied and 
integrated into the design models, and eventually, the 
sustainability aims can be achieved (Abbasi and Noor-
zai, 2021; Soust-Verdaguer et al., 2017).

 
- Integrate LCA, optimization, and BIM

In research that has used BIM and LCA integra-
tion to improve sustainability in building design, less 
attention has been paid to combining this approach 
with multi-objective optimization techniques (Cav-
alliere et  al., 2019; Jalaei and Jrade, 2014a). Some 
studies have used Autodesk Revit to develop the BIM 
model, Such as the work of Jalaei and Jarde (2014b). 
Jalaei and Jarde (2014b) developed a plug-in for the 
BIM tool to measure the environmental and energy 
effects of building components. To investigate the 
parameters and thus produce optimal design options, 
the application and development of this approach 
require further research.

Research by Kiss and Szalay (2020) has been 
developed to integrate LCA and multi-objective 
optimization to reduce environmental impact. In this 
research, the importance of using the data and results 
obtained from the proposed framework in BIM tools 
and thus the development of design dimensions in 
executive projects has not been considered.

Abbasi and Noorzai (2021) used the combina-
tion of BIM and LCA with optimization for trad-
ing between embodied and OE. Moreover, Naj-
jar et  al. (2019) used the combination of BIM and 
LCA with optimization to increase the OE efficiency 
of construction projects. However, in both of these 
studies, the parameters defining geometry were not 

considered variables. The inappropriate selection of 
any of these parameters in the early stages of design 
leads to the generation of design options that allo-
cate a significant amount of energy consumption in 
the life cycle of projects (Futrell et al., 2015a).

Combining optimization algorithms with LCA is 
a promising approach to minimize the environmental 
effects of construction projects. In the early stages of 
design, many parameters are floating, so integrating LCA, 
BIM, and optimization can reduce the time to evaluate 
and improve the environmental performance of buildings 
(Kiss and Szalay, 2020; Abbasi and Noorzai, 2021).

In addition, low energy consumption in the demo-
lition phase, complexity of calculations, and lack of 
expertise has led researchers to not pay enough atten-
tion to the destructive effects on the environment at 
this phase. Also, the short duration of demolition and 
straightforward release of waste into the environment, 
compared to other phases, are issues that research-
ers have not addressed. With this in mind, architects 
can significantly reduce the environmental impact of 
building waste by spending a short time and choos-
ing suitable materials and parameters (Amaral et al., 
2020; Dajadian and Koch, 2014; Blengini, 2009). On 
the other hand, OE also accounts for a high percent-
age of energy consumption in all building life cycle 
phases (Futrell et al., 2015a).

Despite the necessity to simultaneously optimize 
energy consumption in these two phases, research-
ers have not sufficiently considered this issue (Shah-
bazi et al., 2019; Najjar et al., 2019; Carlucci et al., 
2015; Futrell et al., 2015a).

Therefore, this paper aims to reduce OE and DE 
consumption by developing a multi-objective opti-
mization integration framework with LCA and BIM, 
taking into account the parameters of the facade of an 
open office building.

Materials and methods

This study examines the LCA combination frame-
work, multi-objective optimization, and BIM to 
analyze the facade’s OE and DE performance, one 
of the essential factors in building design. Figure 1 
provides an overview of the research stages, which 
are discussed in detail below.
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Material life cycle assessment

This study used Athena Impact Estimator for Build-
ings version 5.4 software, developed by Athena Sus-
tainable Materials Institute, to perform LCA calcu-
lations. In these calculations, selecting a database is 
the first necessary step; Athena software has a com-
pliant database with the International Organization 
of Standardization (ISO) 14040 (2006) and 14044 
(1997) standards.

This software utilizes Athena’s life cycle inven-
tory and follows the four steps in a standard LCA as 

established by the ISO standards. The data developed 
by the Athena Institute includes life cycle inventories 
of specific industries, product groups, transportation, 
construction processes, and maintenance tasks.

The results of an LCA depend on the assumptions 
and the system’s boundary. The geographical area is 
very important in using LCA data and software. Consid-
ering that Iran has not provided any data and LCA soft-
ware related to its geographical area, therefore, using the 
ASHRAE standard, the study area in Iran was matched 
with the Atlanta in the USA. It is true that the lack of LCA 
data and related software in this field in Iran is one of the 

Fig. 1   General research method
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limitations of this study. But, because the focus of this 
study is on the analysis method, the estimated data will 
not compromise the credibility of the analytic procedure.

Another determining factor in the environmental 
impact of building materials is the lifespan of the build-
ing. For a given material with a given environmental 
impact and lifetime, the annual environmental impact 
will be greater when the lifetime of the building is 
shorter than the lifetime of the materials (Grant et  al. 
2014). Therefore, considering this point, in the next 
step, the building life expectancy was set to 60 years by 
default by selecting office application. In fact, for each 
type of building, simplified profiles can be made in the 
same way, and comparisons can be made for similar 
buildings in terms of performance and average lifespan.

Finally, a LCA was performed for 100 m2 of each 
of the 24 common building materials used in facade 
design. After performing the mentioned adjustments, 
calculations were performed. The amount of each of 
the environmental indicators of EN15978 standard for 
each material was determined, shown in Table 1. Then 
materials were selected that have the least amount of 
destructive environmental effects during demolition, 
transportation, and landfill. These values were consid-
ered inputs for the modeling, simulation, and optimi-
zation process. When optimizing objectives, the total 
energy of the demolition phase changes automatically 
by changing the type and amount of building facade 
material used in the design options produced.

Modeling, simulation, and optimization of goals

The steps taken in this section to produce optimal solu-
tions are divided into three main parts of modeling, 
simulation, and optimization, which are as follows.

Parametric modeling

One of the widely used software for parametric design 
is Grasshopper. This graphical algorithm editor links 
to Rhinoceros 3D as parametric modeling and helps 
designers quickly generate parametric forms with no 
formal programming background. Grasshopper can 
provide substantial performance in the design and 
optimization process by using various plugins (by 
developing an environmentally conscious architec-
tural design) (Eltaweel and Su, 2017).

Therefore, in this research, three-dimensional para-
metric modeling of an open office building prototype 

was developed in Rhinoceros software with the help of 
the Grasshopper plugin. Then Grasshopper plugin and 
Honeybee and Ladybug Tools (v 1.2.0) plugins were 
used for simulation, environmental and thermal analy-
sis, and energy consumption. The Wallacei plugin was 
then used to apply multi-objective GAs and find opti-
mal design solutions. It is effective to use these tools, 
and methodology, to combine modeling and simulation 
tools for helping design decisions based on different 
parameters (Abbasi and Noorzai, 2021).

Reference office design parameters and geome‑
try  For the study building located in Tehran, a geom-
etry suitable for office application and required interior 
spaces was selected and designed. The framework pre-
sented in this research was done by selecting the appro-
priate geometric and non-geometric parameters of the 
building facade to improve the performance of sustain-
ability in the operation and demolition phases.

Due to the limitations of multi-objective optimiza-
tion, time, and technical support required for optimiza-
tion, this research was conducted on a five-story module 
of this building, with dimensions of 30 by 30 m, which 
is part of the designed office building. Each floor of this 
module consists of nine smaller modules with dimen-
sions of 10 by 10 m. The middle module includes ser-
vice spaces and vertical communication. Evaluations 
were performed on eight perimeter modules that are 
an open office space (Fig. 2). To optimize the objective 
functions, parameters were selected as inputs, the cor-
rect choice of which in the early stages of design is the 
concern of sustainability architects. Table 2 presents the 
simulation parameters along with their values.

Simulation

To carry out the simulation, settings should be 
checked to enter data related to daylight, environmen-
tal, and climatic analysis of the project site, building 
schedules, and materials.

Useful daylight illuminance  UDI diversifies depend-
ing on the type of activity. Less than 100 lux is not suit-
able for computer work, 100–300 lux is suitable for office/
computer work, and 300–500 lux is suitable for office 
work/ideal for computer work. Finally, more than 500 lux 
is ideal for office/computer work (Ahmed, 2021).
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Therefore, it is suggested that any illuminance in 
the range of 100 to 2000 lux should be considered a 
potentially useful illuminance for the inhabitants of 
the space. Based on values set by reasonable interna-
tional standards such as IESNA, a minimum of 400 
lux is required to perform a simple task in an office 
environment. Hence, a brightness threshold of 400 
lux was considered for the calculations. At the end 
of the modeling phase, the Honeybee plugin per-
formed the annual daylight simulation at the calcula-
tion points in a 0.5 m by 0.5 m grid. Finally, the UDI 
values for each generated option were calculated; this 
was done only for the occupied hours of the year.

Building schedules  The Honeybee plugin has a library 
of default building applications, using the OpenStudio 
simulation engine. The Open Office, one of Honeybee’s 
default applications, was extracted and used as CSV files 
in this study. Table 3 shows the settings assigned for the 
Open Office application in the proposed model.

Environmental analysis and climatic data of project 
location  In addition, data related to environmental anal-
ysis and entering their information into the Ladybug and 
Honeybee plugins will be required. These data include 
environmental analysis data related to each application (in 
this study, an office application program was used) and 

Fig. 2   Steps of forming 
a five-story module of an 
open office building. (1) 
10×10 (meter) black mod-
ule, the middle core of the 
building, (2) 10×10 (meter) 
blue module, one of the 
eight peripheral modules on 
each floor of the building, 
(3) 30×30 (meter) blue 
module, a one-floor module 
of the building, (4) 30×30 
(meter) five-story module 
of the building on which 
research and investigations 
have been carried out, (5) 
Overview of the studied 
module in the whole of a 
high-rise office building

Table 2   Design parameters

*Scenarios “0, 1, 2, 3” and 
“0, 1, 2, 3, 4, 5, 6” detailed 
in Table 4

Parameters Attributes No. of values

Height of each floor 3.00, 3.10, 3.20, 3.30, 3.40, 3.50, 3.60, 
3.70, 3.80, 3.90, 4.00 (m)

11

Building orientation (−30), (−20), (−10), 0, 10, 20, 30 (°) 7
Window-wall ratio (North and South) 20, 30, 40, 50, 60, 70, 80 (%) 7
Window-wall ratio (East and West) 20, 30, 40, 50 (%) 4
Glazing material 0, 1, 2 3
Exterior wall cladding material 0, 1, 2, 3, 4, 5, 6 7
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Tehran’s weather data in the form of an epw file. The Teh-
ran-Mehrabad 407540 (ITMY) ZIP file was downloaded 
from the EnergyPlus website and imported into the Lady-
bug plugin to run the simulation. Adequate attention to 
such information at the design stage is essential to prevent 
thermal and lighting loads disturbances.

Materials  According to ASHRAE 169–2013 stand-
ard, the city of Tehran is located in the B3 climate zone. 
The material assigned to each component is selected by 
the material provided by ASHRAE for Climate Zone 
the B3. The materials selected from the first stage were 
made using the Honeybee plugin and assigned to the 
exterior walls of the 3D model. Three different types of 
glass were considered for the windows; a specific type 
of material was assigned to the ceilings and floors. Also, 
the thermal properties were calculated for each of the 
components mentioned in the Decompose EP Construc-
tion component of the Honeybee plugin.

Multi‑objective optimization process

The technique of genetic optimization algorithm, a set 
of evolutionary algorithms, was used to find optimal 
solutions and investigate the functional relationships 

between the parameters and functional objective of 
the building (Futrell et  al., 2015b; Touloupaki and 
Theodosiou, 2017). This technique can address multi-
objective design problems by analyzing hundreds of 
design options and ultimately producing near-optimal 
solutions considering energy performance.

Multi-objective optimization is implemented using 
GA (NSGA-II), and by developing the initial popu-
lation of size N in the first generation. This process 
includes the following steps, which are also indicated 
in Fig.  3: (1) the decision-maker sets the population 
size and the number of generations. (2) Then, the ini-
tial population is generated randomly. (3) The simu-
lation engine calculates the objective functions by 
connecting to the input parameters (geometric and 
non-geometric) for each solution. For each scenario, 
based on the selected values and running the simula-
tion, the values of all three objective functions (4), (5), 
and (6) are determined. (7) The integration of the sim-
ulation model and an optimization algorithm is done 
through a systematic approach that allows the exploita-
tion of the best features of these tools simultaneously. 
(8) The next step is to evaluate the fitness values of the 
scenarios in the generation. (9) Convergence condition 
is evaluated in this step. (10) Consequently, generation 
evolution operations are applied on the entire popula-
tion. (11) This procedure is iteratively repeated for all 
members in all generations until the convergence hap-
pens or a predefined number of generations is reached. 
(12) The results of the optimizations are formed in the 
Pareto front, which will be used to inform the decision-
makers about the different scenarios and the relation-
ships between them (Sharif and Hammad, 2019).

This research used the Wallacei plugin (v 2.65), 
a Grasshopper optimization plugin based on a GA. 
Wallacei is based on NSGA-II, an improved MOEA 
that is flexible enough to integrate with design opti-
mization processes (Ali et al., 2021).

One of the advantages of multi-objective optimiza-
tion is the definition of multiple objectives that can 
be evaluated simultaneously and ultimately balanced. 
This method can examine the correlation between 
different objectives, so it suggests more comprehen-
sive results than single-objective optimization. In 
this process, after several repetitions and elimination 
of inappropriate solutions, a set of optimal design 
alternatives is generated that meet the set of objec-
tive functions (Shahbazi et al., 2019; Touloupaki and 
Theodosiou, 2017).

Table 3   Office application and input parameters for simula-
tion

Attributes Values

Project type Office
Floor area 800 (m2)
Zones program Open Office
Climate zone B3
Occupants of each zone 90
Number of people per area 0.0565(people/m2)
Working hours 8 AM–4 PM
Equipment load per area 7.6424  (W/m2)

Infiltration rate per area 0.0002  (m3/s m2)
Lighting density per area 11.8404  (W/m2)
Ventilation per area 0.0003  (m3/s m2)
Ventilation per person 0.0024  (m3/s)
Internal heat gain rate (occupants) 12 (W/m2)
Internal heat gain rate (equipment) 15 (W/m2)
Artificial lighting power rate (at 320 Lx) 9 (W/m2)
Heating set point temperature 21°C
Cooling set point temperature 24°C
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The optimization problem can be formulated as 
follows.

Equation 4 shows three objective functions. To define 
the target functions, daylight and energy simulation out-
puts were used, which are UDI and annual OE consump-
tion (cooling, heating, and lighting) and total energy and 
destructive environmental effects caused by demolition.

(4)F1 ∶ min (OE = CEUI + HEUI + LEUI)

F2 ∶ min (DE)

F3 ∶ max (UDI100 − 2000 lux)

Eq. 4 Objective functions.
Therefore, after modeling, determining geometric 

parameters, entering the amount of DE for 100 m2 of 
each material as nongeometric parameters, and enter-
ing climatic and simulation characteristics, optimiza-
tion of objectives was performed. The defined param-
eters are changed using this method to minimize the 
annual thermal energy and light energy for the opti-
mal solutions produced. Also, the least destructive 
environmental effects occur during demolition.

The reason for including the UDI as a complement 
to the objective functions is to challenge the fact that 
reducing the consumption of lighting and heating 

Fig. 3   Multi-objective optimization based on GA (NSGA-II)
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energy does not reduce the thermal comfort of the 
employees and the lighting required for office work. 
Also, the main reason for considering the subsets of 
cooling, heating, and lighting energy consumption for 
the objective function of OE is to analyze the fluctua-
tions and changes of each of them accurately. In fact, 
with this action, the effects of each parameter on each 
of them can be examined and controlled separately.

Due to the model’s dimension, many parameters 
and indexes associated with each, and the number of 
objective functions, the optimization process was per-
formed on a server equipped with a 24-core processor 
and 40 GB of RAM and took approximately ten days.

Optimization settings 

The GA settings are as follows:
Population size: 40
Maximum generation: 60
Crossover rate: 0.8

Mutation probability: 0.05
Mutation rate: 0.05
Elitism: 0.5
The optimization was performed with the settings 

of the Wallacei plugin GA, taking into account the 
parameters introduced in Table  2 and the settings 
mentioned in Tables 3 and 4.

Results

Based on the three steps carried out in this research, 
the results obtained from each step have been 
described step by step until reaching the final results.

Material life cycle assessment results

Table  1 shows the amount of energy and destruc-
tive environmental effects caused by the demolition 

Table 4   Material specifications defined for building attributes

Attributes Index 
number

Materials U-value (W/
(m2.K))

DE for 100 m2

Exterior walls 0 Wood bevel siding-spruce—15 mm + M15 200 mm heavyweight concrete + 
I02 50 mm insulation board + G01a 19 mm gypsum board

0.19 1850.95

1 Metal wall cladding-commercial (26 GA)—31 mm + M15 200 mm heavy-
weight concrete + I02 50 mm insulation board + G01a 19 mm gypsum board

0.54 1759.48

2 IMP wall cladding (insulated metal panel)—76 mm + M15 200 mm heavy-
weight concrete + I02 50 mm insulation board + G01a 19 mm gypsum board

0.27 1554.07

3 brick-modular (metric)—76mm + M15 200 mm heavyweight concrete + I02 
50 mm insulation board + G01a 19 mm gypsum board

0.49 6076.82

4 Structural board: oriented strand board (OSB)—15 mm + M15 200 mm 
heavyweight concrete + I02 50 mm insulation board + G01a 19 mm gypsum 
board

0.15 2640.19

5 Fiber cement siding—15 mm + M15 200 mm heavyweight concrete + I02 50 
mm insulation board + G01a 19 mm gypsum board

0.51 1986.44

6 Natural stone—20 mm + M15 200 mm heavyweight concrete + I02 50 mm 
insulation board + G01a 19 mm gypsum board

0.52 3596.86

Glazing 0 Single clear—6 mm(SHGC:0.819)
Frame type: PVC window frame pane

5.78 6115.34

1 Double clear—6 mm/13 mm ARG (SHGC:0.704)
Frame type: PVC window frame double pane

2.51 6410.54

2 Triple clear—3 mm/13 mm ARG (SHGC:0.685)
Frame type: PVC window frame triple pane

1.62 6987.98

Interior Floor 0 Interior floor:
F 16 acoustic tile + F 05 ceiling air space resistance + M 11 100 mm light-

weight concrete

1.44 /-/

Exterior roof 0 ASHRAE 90.1-2010 EXTROOF IEAD CLIMATEZONE 2-8:
Roof membrane + IEAD roof insulation R-19.72 IP + metal decking

0.28 /-/
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of 100 m2 of each of the 24 types of facade mate-
rials calculated by the Athena Impact Estimator for 
Buildings software. The sum of the values obtained 
from this table for each material was considered DE 
(Table  4), which were selected as non-geometric 
inputs for the optimization step. In addition, Table 4 
introduces the specifications of each material and 
building components under the title Index number 
and values of thermal properties that are needed for 
the next steps.

Optimization results

The annual demand for thermal and lighting energy and 
environmental effects of building demolition was opti-
mized by writing an algorithm in the Grasshopper plugin. 
In this algorithm, the simulation loop was run for 60 gen-
erations and 40 genes per generation, and approximately 
2400 design options were generated; by eliminating simi-
lar solutions, 1300 options were generated. Due to the 
time-consuming calculation of OE, its values was exam-
ined on an annual basis in this study.

The optimal solution is gradually created by pro-
ducing generations and converging objectives in the 
optimization process. Before the optimization process 
is complete, when the objectives have not yet con-
verged, and the parameters have not been controlled, 
options are generated that are not close to goals of this 
research. From the solutions created by the optimiza-
tion, the most optimal and non-optimal options were 
selected, and the values related to the input parameters 
and their objective functions are specified in Fig. 4.

In Fig.  4, the parallel coordinate graph shows the 
relationship between the input parameters and the 
objective values for the generated solutions. This 
graph’s black and yellow dashed lines are the lowest 
and highest energy consumption options, respectively. 
In the Pareto three-dimensional plot, the x-axis shows 
the UDI, the y-axis, the DE, the z-axis, and the total OE 
(cooling, heating, and lighting). The closer these points 
are to the axes of the graph, the closer they are to the 
optimal solutions of that objective function. When all 
three functions are considered simultaneously, with 
these points getting closer to the center of the intersec-
tion of the three axes of the graph, they become more 
efficient solutions. In this diagram, the best and worst 
options produced are marked with yellow circles.

Based on the analysis of the values specified in 
Fig. 4, the DE for the worst option was about 6217.51 

kWh/m2, which for the most optimal option gener-
ated was reduced to 2099.57 kWh/m2. This 66.23% 
decrease is due to the appropriate choice of exterior 
wall cladding material, glazing material, WWR, and 
height of each floor. This reduction in this objective 
function leads to the preservation of the environment, 
reducing pollution, and the destructive effects of the 
environment in the phase of project demolition.

In addition, OE demand decreased from 166.42 
to 77.41 kWh/m2. This reduction of 53.48% can be 
very significant in reducing overall costs and energy 
resources. The percentage of UDI in the best option 
generated has increased by 32.05%, which means a 
reduction in energy consumption to meet the lighting 
needs of the employees of this office space.

By examining the parallel coordinate graph and the 
table in Fig. 4, in addition to the values of the objective 
functions, the geometric and non-geometric parameters of 
the options have also been determined. If the WWR for 
the north-south and east-west windows is 20%, the mate-
rial of the external walls and the type of windows is with 
an index of 1, the orientation of the building is 20 degrees 
to the southwest, and the height of each floor of the build-
ing is 3.2 m, an option is produced, which can be consid-
ered the best design option to improve the stability of the 
building. It can be said that the best material obtained for 
exterior wall cladding, based on the objective functions 
investigated in this research, is metal wall cladding and for 
glazing, double clear 6 mm/13 mm ARG.

Figure 5, which is one of the outputs of the Wallacei 
plugin, shows the values related to OE subsets, which 
are energy consumption for cooling, heating, and light-
ing, for the best and worst options produced. In the 
graphs on the right side of this figure, the output of 
each of these values has been compared according to 
office application, space occupancy hours, climate, and 
other considered parameters. In this diagram, the high-
est amount of OE for both options is related to cooling 
energy, and the lowest is related to heating energy.

In this figure, DE subcategories, which are nine 
harmful environmental effects related to the EN15978 
standard, are also compared in both cases of the best 
and worst solutions produced. In the best option, the 
number of harmful effects related to TPE, NR, and 
FFC is 2100.00 (MJ), which has decreased by 66.18% 
compared to their values in the worst option, which 
is 6210.00 (MJ). The least destructive effects in both 
cases are related to ODP, which is very small and 
negligible compared to the values of other effects.
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Evaluating and comparing the values between 
these two options, in addition to determining the 
effectiveness of optimization, shows that designers 
with each decision in the early stages of design have a 
significant impact on energy consumption at different 
phases of the project life cycle.

Synthesis of research data with building information 
modeling software

The final step of the research is to make the results of 
the optimization easy and reliable for the architects in 
the initial design phase and the development of their 
plans. Architects can also use this approach to use 
integrated data to design sustainable building facades 

and the next stages of developing their projects. To 
achieve this goal, the method of adding an applica-
tion programming interface (API) to NaviseWorks 
Autodesk software extensions was used.

API is a software interface that allows two pro-
grams to interact. This API is developed in Visual 
Studio Code using C# programming language to 
implement research results in construction projects. 
The programming steps are as follows: First, desired 
code was written in the Visual Studio Code software, 
and a plugin was created in the user interface of the 
Navisworks software. By running this program, the 
user automatically enters the software environment. 
By clicking on the plugin, the help page opens, which 
contains several options. The information file and 

Fig. 4   Input parameters and output data in the best and worst option as a result of optimization
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specifications related to all optimal solutions are dis-
played in Excel format by clicking on each option.

With the help of this method, the optimized results 
of the optimization process along with the informa-
tion related to each of the solutions, including the input 
parameters related to the percentage of windows in all 
facades of the building, the height of each floor of the 
building, the orientation of the building, and also the 
type of exterior material wall cladding and glazing, and 
the environmental effects of 100 m2 of them were recov-
ered and presented in the Navisworks environment.

At this phase, the initial BIM model, which was ini-
tially developed in Revit and only contained the general 
information of the geometric model, was included in 
Navisworks to improve and add information from the 
optimization (Fig. 6, steps 1 and 2). Then a feature was 
added to the model that can choose among the optimal 
solutions based on (1) energy and destructive environ-
mental effects caused by the demolition of each option; 
(2) the amount of cooling, heating, and lighting energy 
that is consumed in the building operation phase if any 
of the options are selected; and (3) UDI (Fig. 6, step 
3), and create a sustainable integrated model in BIM 
of project results and energy consumption information 
in optimal options. By choosing each of the optimal 
solutions, the information related to each of them can 
be applied to the model, and the results of this synergy 
can be seen in Fig. 6.

Discussion

In this section, the analysis of the objective func-
tions and the importance of multi-objective optimiza-
tion, tool validation tests, and simulations, as well as 
the detailed examination of the relationships between 
parameters and design objectives, have been discussed.

Analysis of objective functions

Figure  7 shows the range of optimal solutions for 
each objective function separately and all three func-
tions together. In standard deviation graphs, the 
closer the bases of the graphs are to each other, and 
their color tends to be blue, the closer the desired 
function is to its optimal value. The mean value 
trendline graphs also show the trend of changing 
the values of each objective function to create their 
optimal value. When the oscillation of this graph 
decreases and tends to a straight line, it indicates that 
it is close to the optimal solutions. It should be noted 
that since several conflicting objectives are consid-
ered simultaneously in multi-objective optimization, 
these graphs can be changed to a certain extent and 
approach the optimal state.

To analyze the objective functions and the impor-
tance of multi-objective optimization, Fig.  7 (the 
Wallacei plugin output) shows the range of optimal 

Fig. 5   Comparing OE consumption results and standard environmental impacts between the best and worst options
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solutions according to the objective of consider-
ing each function separately and all three functions 
together. In each section, three graphs of standard 
deviation, fitness values, and mean values trendline 
are specified in three columns. These diagrams show 
the process of changing the values of each of the 
objective functions to create their optimal value.

In the first column, which is standard deviation, 
the closer the bases of the graph are to each other and 
the bluer their color is, it is a sign that the desired 

function is closer to its optimal value. In the fit-
ness values diagram, the decrease in the fluctuation 
of the decrease lines and their tendency to a straight 
line indicates that it is close to the optimal solutions. 
Comparing the range of optimal solutions in the mean 
values trendline chart, when all three functions (sec-
tion 1) and when only one function (sections 2, 3, and 
4) are considered the objective function, shows the 
importance and score of multi-objective optimization 
compared to single-objective optimization.

Fig. 6   Results of plugin creation and data synergy in Navisworks software
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Fig. 7   Analysis of objec-
tive function values on 
mean value trendline, 
fitness value, and standard 
deviation charts (Wallacei 
plugin output)
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The rows in each section show the range of solu-
tions for each of the objective functions separately in 
all three graphs. As it is known, the range of options 
produced in the optimization process of each selected 
fitness objective has been placed in the most optimal 
possible state in comparison with the other two func-
tions. In Fig. 7, the range of all solutions is marked 
with red circles on each of the graphs. In addition to 
these diagrams, a coordinate diagram is specified in 
each section, the more symmetrical the red triangle 
that is in the center of this coordinate becomes, and 
the closer it is to the center of the coordinate, the gen-
erated solutions are in the range of optimal solutions.

Validation

Over the years, several articles have successfully per-
formed the validation of Honeybee and Ladybug plugins 
and Athena software. In this study, the new versions of 
Ladybug and Honeybee (Ladybug Tools 1.2.0) were 
used to simulate daylight and energy, and Athena soft-
ware was used to calculate energy from building demoli-
tion, transportation, and landfill/disposal of waste.

To test the validation of the tool and simulation, the 
first step was to select two close solutions in the Pareto 
front and calculate and compare their objective functions.

From the produced options, 89 designs were pro-
posed as optimal options. Two of the most optimal 
solutions were selected on the Pareto front to test the 
validation of the process. The values of their inputs 
and outputs are compared in Table  5. Because the 
input variables are close in both cases except for the 
orientation of the building, the results do not differ 
much. Comparison of these numbers proves that the 
results are logical and reliable.

Sensitivity analysis

To accurately evaluate the relationships between param-
eters and design objectives, by constantly considering 
other variables, the value of each variable changes indi-
vidually for the base case. Examining and comparing the 
values in Fig. 8 shows the effect of each parameter on 
the cooling, heating, and lighting energy and the envi-
ronmental indicators provided by EN15978. A summary 
of the results of these analyzes is as follows:

According to these results, when the building is 
located at 20 degrees to the southeast or southwest or Ta
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precisely to the south, it has the lowest lighting and cool-
ing energy consumption. Contrary to expectations, OE 
consumption varies with the height of the floors. The 
higher the height, the greater the amount of DE, but this 
does not mean that the lowest height is the most appro-
priate choice. The results of the optimal options show 
that under the influence of other variables and objec-
tives, the most suitable height can be different.

Compared to other materials, stone has the most, 
and insulated metal panel (IMP) wall cladding has the 
least destructive environmental effects. On the other 
hand, wood bevel siding and oriented strand board 
are the most suitable in terms of thermal energy and 
light, and IMP wall cladding and fiber cement are the 
most inappropriate choices.

Increasing the WWR (%) increases the heating energy 
demand and decreases the lighting energy demand. On 
the other hand, by changing the WWR, the consumption 
of glass and wall materials, and as a result, environmental 
effects in the demolition phase will be very diverse.

In general, the considered variables have the most 
significant impact on total primary energy, non-
renewable energy, fossil fuel consumption, and global 
warming potential, respectively. Comparisons of these 
values show that designers’ decisions in the very early 
stages of design are very influential on the destructive 
effects that occur when a building is demolished.

Conclusion

The present research proposes a process to reduce 
energy consumption and improve the performance of 
buildings using material LCA, parametric modeling, 
simulation, GA, and optimization. This method was 
tested in the design of a fictional open office build-
ing in Tehran. Applying this process allows designers 
to evaluate OE and DE for different designs based on 
parameters and objectives and finally find the options 
with optimal performance.

Fig. 8   Investigating the effect of parameters on the amount of OE consumption and destructive environmental effects according to 
the standard EN15978
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In different parts of the research, the need to 
improve the performance of buildings in operation and 
demolition phases was addressed. As a result, it was 
decided to simultaneously reduce energy consumption 
in these two phases by using multi-objective optimiza-
tion by changing the material and geometric charac-
teristics of the building facade as the component that 
plays the most role in energy loss.

The framework presented in this study is a com-
bination of LCA, multi-objective optimization, and 
BIM. In this approach, the initial selection of materi-
als is through LCA, objectives optimization, through 
the process of modeling, simulation, and optimiza-
tion, and finally, information retrieval and integration 
by BIM. The three objectives of OE, UDI, and DE 
were optimized, and optimal solutions were presented 
by changing the set parameters. In the optimal options 
offered, the most appropriate orientation of the build-
ing, floor height, WWR, exterior wall cladding mate-
rial, and glazing material were also determined.

Finally, BIM technology was used to integrate and 
manage the optimization data in the early stages of 
the project. Using the C# programming language in 
Visual Studio Code software, a plugin was created to 
transfer and integrate optimal options data into Navis-
works software automatically.

This plugin can be developed in future studies to 
examine the time and cost of optimal options and 
enhance BIM dimensions.

Also, to reduce the complexity, optimization time, 
and comparability of the results, this research was con-
ducted on two of the most important phases of the life 
cycle of the facade of a simple building model. In future 
work, if you have more powerful technical support and 
computers with higher processing power, with limited 
changes in the algorithm, architectures can develop the 
presented framework for other parameters, uses, loca-
tions, components, and phases of the life cycle.
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