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Information Modeling, and Life Cycle Assessment to enhance the operating energy efficiency of the resulting
building designs adopted, along with reducing the difficulties associated with the construction of the building, in
terms of cost of construction, is developed. The framework accommodates various parameters, via integrating
mathematical optimization programming, Building Information Modeling, and Life Cycle Assessment to improve
the building performance, identify alternative sustainable designs, and empower the decision-making process
and sustainability in the construction sector. Through the developed optimization model, the examination of
various alternatives for building components that make up the envelope of a residential building is undertaken.
Insights gained from the results show that all components of building envelopes influence the energy con-
sumption in buildings, particularly, exterior walls and windows. Impacts in terms of annual energy use intensity
can be reduced by about 45%, life cycle energy use and cost can be enhanced by more than 50%, and en-
vironmental impacts such as acidification and global warming potential can be reduced by more than 30%, due
to use of the proposed framework. This work indicates that sustainable building decisions can be achieved by
optimizing the material selection and assessment of environmental impact via Building Information Modeling
and life cycle assessment.
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Nomenclature

Indices

c component

m material

tr transmission (heat transfer)

ve ventilation (heat transfer)

gn gains

Is loss

DHW domestic hot water

Sets

c set of components in the building

M set of materials options to be used in the building
Parameters

FU" fuel unit cost per material m belonging to the component ¢

EUM electricity unit cost per material m belonging to the
component ¢
Incmz  ease of instalment matrix of material m in component ¢
and material /7 in the component ¢
Qffeat.c quantity of heat in heating modes caused by material m to
the component ¢
QCoolc quantity of heat in cooling modes caused by material m to
the component ¢
Qpuw,.  quantity of heat for domestic hot water caused by material
m to the component ¢
6w.0 temperature of inlet water
O, temperature of the water at the tapping point
W monthly domestic hot water volume need
SHeat,c efficiency utilisation factor for heating
Y05, efficiency utilisation factor for cooling
Variable
m _ |1, if material m is used for component c
e _{0, otherwise

. Introduction

The construction industry is known for its significant consumption
of high levels of energy and natural resources [1] along with its adverse
impacts on the environment [2]. Energy consumption in the building
sector accounts for around 40% of global CO, emissions and 40% of
natural resources consumption [3]. The United States Energy In-
formation Administration estimated that energy consumption in the
residential sector in Brazil, between 2012 and 2040, would increase by
1.6% per year. Electricity remains the leading source of energy
worldwide, with a forecasted increase from 61% in 2012 to 75% in
2040 [4]. Thus, it is essential to apply new strategies such as green
building, sustainable materials usage, and integrated renewable energy
systems to reduce energy consumption and enhance energy efficiency
towards more energy efficient buildings.

Energy consumption in buildings results in direct and indirect im-
pacts over the entire lifespan of the building. Increasing energy effi-
ciency in the construction sector is becoming a priority in energy pro-
cedures and strategies [5]. Factors that influence the pattern of energy
consumption in a building, include the building type, climate zone in
which the building is located, level of economic development and
modern technologies that explore the different properties and cap-
abilities of construction materials [6]. The determination of building
envelopes, including exterior walls, windows, and roof, along with the
doors and ground floor can impact the energy consumption over the
entire lifespan of a building [7]. This, in turn, would reflect on both the
embodied energy and the operational energy of the building. Studies
indicate that the use phase in conventional buildings represents ap-
proximately 80-90% of the life-cycle energy consumption [8], while
embodied energy accounts for around 10-20% [9]. In energy efficient
buildings, the aim is to reduce the dominant operational energy com-
ponent [10]. The contribution of the embodied energy is however on
the rise [11]. Designing energy-efficient buildings requires a multi-
disciplinary study over the entire life cycle phases [10], namely the
prebuilding phase, building phase, and post-building phase. The
building phase is often the one with the highest energy consumption
period during the life cycle of buildings [8]. It encompasses all activities
related to the use and maintenance of the building, such as maintaining
comfortable conditions inside the building, water use and powering
appliances. Hence, the proposed framework of this work only analyses
the operational phase of the energy life cycle of the building to increase
energy efficiency.
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The operational phase of buildings deserves due attention, parti-
cularly at the early designing phase, which demands less energy [9],
and highly influences the sustainability and life cycle energy and cost of
buildings [12]. One method that can be utilized in order to enhance the
effectiveness of energy consumption in buildings is the life cycle as-
sessment (LCA). LCA permits the evaluation of the environmental im-
pacts and energy consumption patterns that are associated with the
building [13]. The construction components have been previously
evaluated at the operational and embodied energy levels to achieve
sustainability standards and reduce energy consumption in building
[14]. Its use can be further extended when combined with building
assessment and evaluation tools such as building information modeling
(BIM) [15]. Previous attempts in the literature have integrated BIM
with Building Energy Modeling at an early designing stage to increase
the operating energy efficiency and empower the decision-making
process in buildings [16]. The potential BIM-LCA integration in con-
struction projects can result in an effective measure for addressing the
aspects of sustainability [17]. In literature, there is significant potential
for use of LCA integrated with BIM, however, past attempts have been
limited to optimize the energy performance and environmental impacts
in buildings via BIM-LCA integration. In addition, the decision-making
process when it comes to efficient building design still lacks the use of
mathematical optimization modeling [18]. Studies have attempted to
optimize the structural framework for buildings, based on cost [19] and
more recently environmental considerations [20], in addition to opti-
mizing the orientation of buildings, for enhancing sustainability [21].
Yet focus on building envelope optimization for integration with BIM
and LCA has not been attempted.

This paper proposes an automated framework for integrating
mathematical optimization, BIM, and LCA to enhance the operating
energy efficiency of the resulting building designs adopted, along with
reducing the difficulties associated with the construction of the
building, in terms of cost of construction. LCA is revised from a build-
ing’s perspective to increase the sustainability of the building designs
that are generated. A general view of the proposed framework of this
study is given in Fig. 1. As can be seen, BIM is utilized as the modeling
platform for the building, where, material and climate databases se-
lection is made. Data from the BIM model is then passed on to an LCA
approach that is used with two main aims: (i) increasing the operational
energy efficiency; and (ii) reducing the environmental impacts of the
building. The operational phase of the building is analyzed from a gate-
to-gate LCA perspective, and BIM is applied to enable simulations of
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Fig. 1. A general stream of this work.

alternative construction components of envelopes towards more energy
efficient buildings. A Binary Integer Programming (BIP) model is de-
veloped to optimize the choice of materials for the building envelope,
both exterior and interior (i.e. external walls, ceilings, floors, doors, and
windows). The optimization model is formulated as a multi-objective
optimization problem, where three main objective functions are opti-
mized, namely the monetary cost of the building, the ease of con-
struction of the building and the operating energy of the building. The
main variable that is modeled in the formulated optimization problem
is the choice of material made for each component of the building, as
material choice highly impacts operational energy and construction
cost of the building [22]. The solution of the optimization model is
contrasted with the initial solution for the building. The results are then
passed on to an integrated BIM-LCA system to quantify the operational
energy use and evaluate the potential environmental impacts of the
building. The proposed framework to reduce the environmental impacts
will focus on the entire lifespan of the building, disregarding the con-
struction phase. This is because the focus of this study is the analysis of
alternative building materials in order to reduce the environmental
impacts generated, hence not focusing on the construction methods
used throughout the construction phase of the building. A simulation is
conducted in BIM to measure the environmental impacts in two dif-
ferent digital models: the optimized model found as a result of the
applications of the mathematical optimization in the first part of the
analysis; and the initial model (standard design), as presented in Fig. 1.
The environmental impact analysis in this study is conducted to vali-
date the optimization model and hence reveal that the most energy
efficient building is also the one that generates the least environmental
impacts.

In this paper, the proposed mathematical optimization model, in-
cluding the objective functions, constraints, and solution approach are
described first. The method of integrating the optimization of BIM with
LCA is discussed later, followed by presenting a flowchart of decision
support analysis. A realistic case study that validates the methodolo-
gical framework of this work is examined. Finally, the paper is con-
cluded with remarks of the main findings, recommendations, and lim-
itations.

2. Materials and methods

The novelty of this work is to enhance the effectiveness of the se-
lection of energy efficient building envelopes that also generate less
environmental impacts based on integrating mathematical optimization
models, BIM and LCA. This gives the opportunity to estimate the energy
consumption of construction projects, evaluate the environmental im-
pacts of building components, and therefore empower the decision-
making process in the construction sector. In this section, an in-depth

1368

explanation of the mathematical optimization model, decision support
analysis and the methodology of linking the framework components are
presented.

2.1. Decision support system

A flowchart of the decision support analysis involving the optimi-
zation-BIM-LCA integration at an early stage of the design phase of a
construction project is presented in Fig. 2. The optimization model is
developed to ensure the determination of the objective functions that
address operational energy and ease of installment consideration.
Moreover, a Binary Integer Programming Model is developed to gen-
erate an optimum solution. Then, the LCA-BIM integration is utilized to
build up the 3D modeling, building modification, simulation, and im-
pact analysis in order to achieve the objectives of this work by in-
creasing energy efficiency and reduce environmental impacts of
building materials.

2.2. Mathematical optimization model

An optimization model is formulated, where the main decision
variable is the choice of material for various components involved in
the building. The optimization model is formulated in order to increase
the operating energy efficiency of building envelopes and enhance the
constructability of the building as presented in Fig. 1. Three objective
functions are formulated, which renders the problem a multi-objective
optimization one. Once the model is formulated, an approach that in-
tegrates BIM with LCA is adopted.

2.2.1. Objective functions

The first objective function, Eq. (1) minimizes the cost of fuel and
electricity expended in the operation of the building. It is formulated as
follows:

D DL FUMXx" + EU xx!"

m

@

The first term, FU" xx" computes the fuel cost associated with
material m selected for the componentcof the building, while the
second terms, EU" xx/", computes the total electricity cost associated
with material m selected for the component ¢ of the building.

The second objective function, Eq. (2) maximizes the construct-
ability of the building, by looking at the time and skill required to in-
stall a particular component in the building, and is given as:

Z z Im,c,ﬁ,? XxL)‘ﬂ szr?f

¢, mm
c#C m#M

c

(2)
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Fig. 2. Flowchart of decision support analysis.

In particular, the interaction between two components linked to-
gether in the building, namely ¢ and € is assessed, in terms of the ea-
siness of installing the components together via the ease of installment
matrix, Iy 7. The matrix is a rating provided by construction per-
sonnel working on site to determine how easy it is to install two com-
ponents together, ¢ and¢, where material m and material /i is adopted
for each respectively. To determine the value of this matrix for each of
the possible combinations of the building components, weights are as-
signed for each of the following factors: (i) material cost, (ii) qualifi-
cation of construction workers needed to install the components, (iii)
the extent of training required for construction technicians, and (iv)
how available the material is on the market.

The third objective function, Eq. (3), minimizes the operational
energy of the building, and is given as:

m m m m m m
Z Z QHeat.cxc + QCool,cxc + QDHW,cxc

m c

3

The first term, QX" computes the total energy expended on
heating the building, as influenced by the choice of material m for
component ¢. The second term Q¢ X" computes the total energy as-
sociated with cooling the building, as influenced by the choice of ma-
terialmfor componentc, and finally the third component of Eq. (3),
Qprw X", computes the total operating energy associated with do-
mestic water provision due to the utilization of materialmfor the
component c.

2.2.2. Constraints

A number of constraints are formulated in order to delineate the
feasible region of the optimization problem considered. The first of the
constraints, Eq. (4), ensures that a single material is chosen of each
building component in the building. It is formulated as:

Zxc"’:l, VeceC

meM

€]
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The second formulated constraint, Eq. (5), excludes certain selec-
tions of materials that can be impossible due to building restrictions;
the use of these constraints relies on the set Exclusion List, which maps
the non-permitted combination of materials and building components
for a project. It is formulated as:

x* =0, V (c, m) € Exclusion_List

(5)

The third formulated constraint, Eq. (6), represents the condition
where two building components cannot be directly linked together in
the structure (e.g. roof and foundations); these constraints are required
to ensure the continuity in the structure via the selection of materials
made to all components of the building. It is formulated as:

x"xx® =0, ¥ [(c, m), (C, )] € Forbidden_Instalment

(6)

The fourth formulated constraint type, Egs. (7)-(9), computes the
energy demand of the building based in heating, cooling and water
requirements respectively [23]. They are formulated as follows:

leleat,c = (Q;Ineat.tr,c + ngneat,ve,c)_”sﬁeat,c X Qltlnea[,gnvc @)
Qgéol,c = QCr‘rtl)ol,gn,c - 19gool,ls,c X (QCr‘r:)ol,[r,c + QCy‘rtl)ol,ve,L‘) (8)
Qpw,e = 4182 X Vi . X (By,r — Bi0) 9

In particular, Eq. (7) calculates the continuous heating generated
monthly, while Eq. (8) considers the continuous cooling generated
monthly. Eq. (9) refers to the energy needs for domestic hot water
production, which is influenced by the type of building, its floor area
and the temperature difference between the inlet water and the one
desired at the tapping point.

The final set of constraints, Eq. (10), define the domain of the in-
teger variable, as follows:

x"ef{0,1}, VmeM,VceC 10)
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2.2.3. Solution approach

To determine the Pareto optimal solutions for the multi-objective
optimization problem Egs. (1)-(10), the e-constraint method is adopted.
This method reformulates the given set of objective functions so that
one is optimized whilst the rest are executed as constraints [24]. The
trade-off matrix representing the best values for each objective function
is obtained. This requires the application of lexicographic optimization
[25]. After obtaining the trade-off table, the right-hand side of the
functions converted into constraints can be varied between its corre-
sponding nadir values and optimum values, allowing for the non-
dominated solutions on the Pareto frontier to be yielded. For more in-
formation on the solution method utilized, the reader is referred to
[24].

2.3. BIM-LCA integration

BIM-LCA integration is a vital process that could achieve the sus-
tainability standards in the construction project and protect the built
environment [26]. On the first hand, BIM tools give the opportunity to
collaborate and integrate the work between the different stakeholders
throughout the entire lifespan of buildings [17], in order to provide
several design alternatives within various parameters at an early stage
of designing construction projects [27]. On the second hand, LCA
methodology helps to evaluate the environmental impacts and estimate
the energy performance in the construction sector [28]. Such an in-
tegration procedure empowers the decision-making process towards
very low energy buildings and protects the built environment [29]. This
work applies the methodological framework of LCA based on ISO 14040
and 14044 guidelines [30]: Goal and Scope, Life Cycle Inventory (LCI),
Life Cycle Impact Assessment (LCIA), and Interpretation.

The initial step in LCA is the Goal and Scope, as shown in Fig. 2. In
this step, it is necessary to determine the functional equivalent, system
boundary, the scope of the work and the set of building materials. As
this study is divided into two different analyses, these assumptions must
be made separately in each one of them. In the first part of the study,
the goal is to increase the energy efficiency of the building, focusing on
the operational phase. This decision is made due to the potential of the
operational phase to consume up to 90% of all building energy [8].
Therefore, the system boundary of this analysis is the operational phase
of the building, making it a gate-to-gate LCA. At this level of the ana-
lysis, the functional equivalent takes into consideration the technical
and functional requirements of the building and forms a basis for
comparisons of the results of the assessment [31]. In the second part of
the study, the goal is to reduce the environmental impacts of the
building, focusing on the analysis of alternative building materials,
hence not focusing on the construction methods used throughout the
construction phase of the building. For this reason, the system
boundary accounts for the entire lifespan of the building, disregarding
the construction phase.

The 3-D model of the building is developed based on the BIM
methodology. A set of alternative design and building materials is de-
fined in order to be used in the database. First, the whole analysis is
made to increase the energy efficiency of the building. Based on ma-
terial and climate databases applicable to the region in which the
analysis is conducted, building modifications are proposed. The math-
ematical optimization model generates an optimum solution, and this
result is then contrasted with the initial solution of the building.

Based on the results of the first part of the study, two different BIM
models are used in the second part of the analysis, with the aim to
reduce the environmental impacts of the building: the model based on
the initial solution, and the optimum building based on the energy
analysis. Defining the impact categories to be evaluated, a simulation is
made to measure the impacts in these two models. In these terms, LCIA
provides an evaluation of the significance of impacts within the ele-
mentary flows. The last step of the methodological framework of this
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study is to analyze, evaluate and compare the collected results from LCI
and LCIA steps, classify sources and propose recommendations in order
to achieve the objectives of this work. Finally, it is important to high-
light the interconnected relationship between energy and the impact
analyses. The results of both steps should be taken into account and,
consequently, it will facilitate the best proposal that serves the objec-
tives of the construction project.

2.4. Linking framework components

BIM models can implement several modifications and simulations;
in this work, BIM is utilized to examine the building envelope in order
to achieve the sustainability standards of construction projects. It uses
the construction of a multi-story residential building in Brazil as a case
study to analyze the validity and usability of BIM-LCA integration in
estimating the energy performance and evaluating the environmental
impacts in the construction sector. Accordingly, the chosen case study
for this work is the plan of a typical multi-story residential building.
The building components of the models are structured and dimensioned
according to the regulation of the Brazilian Standard ABNT NBR
12721:2007 presented and developed as an actual building design in
Minas Gerais SINDUSCON MG publication [32]. The methodology of
this research, which is presented in Fig. 3, clarifies that the first step is
to design the model of the building typology using a BIM software in
order to define the parameters and quantify the construction materials
of the building.

The scope of this research is to reduce the consumption of operating
energy and protect the built environment. Thus, it investigates the
operating energy needs and consumption for the building, considering
the building envelope and the designed construction materials.
Recently, the building energy simulations and tools such as BLAST,
Energy Plus, QUEST, TRACE, DOE2, Ecotect, and Integrated
Environmental Solution have been developed and applied widely in the
construction industry [33]. In this work, Tally application is used,
considered as an intelligent energy setting that evaluates the environ-
mental impacts of building materials and optimizes in the entire life-
span of buildings [34]. Autodesk Green Building Studio is also used as
an intelligent energy setting that facilitates the performance of building
simulations and optimizes energy efficiency in buildings [35]. It uses
DOE2 as a proven and validated simulation engine to provide results
related to energy use, water use, and carbon emissions [36]. The results
at this level of the analysis are evaluated under ANSI/ASHRAE Standard
140 [37]. The results help to assemble the Life Cycle Energy Assessment
at the operation phase of buildings[38]. A reliable database of local
weather data for both site studies and energy analysis for construction
projects is used, taking into account a 30-year life of building use
(operation phase) within 6.1% discount rate for costs, using the annual
energy cost and consumption information that are estimated as an
average utility rates for a country or territory [39]. Besides, it considers
several parameters that are essential to be filled-in precisely to get
realistic results, which are associated with building type, location,
thermal properties, project phase, building envelope, analysis mode,
conceptual of construction, building operating schedule, HVAC system
(Heating, Ventilation, and Air Conditioning), and outdoor air in-
formation. In this discipline, the focus is on the operation phase of
construction projects, while the thermal properties consider the thermal
zoning for energy analysis.

Moreover, the study modifies alternative options for construction
materials that are assembling the building envelope of the building
based on the local materials in the construction market in Brazil [32].
The measures suggested for this work include mainly an increase in
insulation thickness of walls, floors and ceilings, and the installation of
energy efficient doors and windows. The idea is to achieve more effi-
cient and high-performance building envelope. In this term, alternative
options of construction materials are applied individually to the
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Fig. 3. The methodology of this work.

standard design proposal as a way to conduct a conceptual energy
consumption analysis for this building typology.

The next step is to calculate the impact assessment and conduct
interpretation [30] in order to recommend a set of construction mate-
rials that are forming the envelope of the assessed building. This re-
search compares the LCA of the applied case study based on the stan-
dard design on the one hand, with the recommended proposal, based on
a database that combines material attributes, assembly details, and
architectural specifications with environmental impact data, as shown
in Fig. 3. This step compares the environmental impacts of construction
materials in these two models of the building. The system boundary at
this level of the study considers the entire lifecycle stages of the
building, excluding the construction stage. The inventory of data at this
step is constructed based on the number of construction materials and
the application of Tally plug-in that is powered by the GaBi database
[40]. Tally links the LCA dataset of building materials, based on the
GaBi 6 using GaBi database, with the elements of BIM in a way to
evaluate the environmental impacts of construction materials [41]. This
plug-in delivers operative feedback at the designing phase of the total
LCA of construction projects [42].

3. Case study: Validating the methodological framework

In this section, the proposed optimization model is examined on a
realistic case example in the city of Rio de Janeiro, Brazil. A residential
building is used, comprising of 36 units, distributed over 10 levels
(ground floor, 8 floors, and a roof), with a total floor area of 1558 m2.
Each apartment consists of two bedrooms, a living room, kitchen,
bathroom, and service area, as seen in Fig. 4.

Autodesk Green Building Studio application in Autodesk Revit
software is used to define the climate data of the case study using the
virtual weather stations “Green Building Studio Weather Stations”, which
includes about 1.6 million virtual weather stations [43]. Additionally,
this application is used to estimate the annual operating energy con-
sumption of the case study building, where the graphs of energy con-
sumption and environmental impacts are generated via DOE 2.2 si-
mulation engine [39]. CPLEX, a highly efficient integer programming
linear solving, is deployed as the optimality solver, with an optimality
tolerance of 1% [44]. The time take for the optimization model to
converge into an optimal solution lies between 10 and 2463 s.

The first building components utilized were based on the regulation
of the Brazilian Standard ABNT NBR 12721:2007, presented in Minas
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Fig. 4. 2D and 3D plan of the multi-story residential building used as a case study.
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Table 1

Applied Energy 250 (2019) 1366-1382

Standard design and alternative materials for the building components in the case study.

Exterior walls Floors

Windows Doors

Standard Design Ceramic masonry block

9cm X 19cm X 19cm

Concrete floor with mixed of Wooden friezes and
ceramic tiles

Waxed solid wood
U-value: 3.00 W/

Sliding window
1.20m x 1.20m

ceramic tiles / wooden friezes Aluminum frame, brass m?K
\\ concrete color, with glass 4 mm
o U-Value: 3.58 W/m>K
plaster and painting \ mortar + painting
normal brick s g \
U-Value: inside U-Value:
plaster and painting
2 \d
\
outside \
2.64 W/m>K
Material Alternative  Concrete block wall Suspended concrete floor Sliding Birchwood Wood with
1 ceramic tiles window 1.20m X 1.20m  stainless steel
U-Value: 3.67 W/m?K U-Value: 3.12W/
concrete 2
m~K
plaster and painting air gap
concrete cinder block U-Value: i plaster board
laster and painting e
E U-Value:
3 o
ot bl
3 Z . 3 2
=l - a
2.22W/m*K ;
outside
2.37 W/m*K
Material Alternative  Double brick cavity wall Precast concrete platform slab Double casement Wood and EPS
2 vinyl composition aluminum window door
light concrete 1.20m x 1.20m N U—2Va1ue: 3.27W/
U-Value: 2.02W/m“K m“K
plaster and painting precast concrete
\ al brick morlar + painting
it U-Value: \ = inside
air gap i 7 "¢ o0 U-Value:

normal brick

outside
inside

plaster and painting

outside

1.98 W/m*K
Material Alternative Insulated brick and light plaster wall X Sliding Pinewood window  PVC with glazing
3 1.20m x 1.20m beads door
U-Value: 1.78 W/m?K U-Value: 2.20 W/
m?K
J’E“im,‘md painting
light concrete
-~ U-Value:
insulated brick
plaster and painting
1.20 W/m*K
Material Alternative Insulated concrete and metal substructure wall X Standard window Steel galvanized

4

ceramic tiles + mortar

metal substrucutre
. U-Value:
_air gap

insulated brick

plaster and painting

outside

1.88 W/m“K

1.00m x 1.20 m (narrow  with insulation

size) glazed
U-Value: 3.58 W/m?K U-Value: 2.40 W/
m?K

Gerais SINDUSCON MG publication [32]. The details on these building
components are presented in Table 1, referred to as Standard Design. A
list of possible alternative materials that are established in line with
what is available on the Brazilian market is presented in the same table.
These alternatives are tested and compared in the case study via si-
mulation. Energy simulation is built according to the Brazilian Label-
ling Schemes for Commercial, Public and Services Buildings (RTQ-R),
which were developed through the National Program of Energy Effi-
ciency in Buildings [45]. RTQ-R supports the practical application of

1372

energy conservation measures in residential buildings in Brazil to meet
the ASHRAE Standard 140 [46]. RTQ-R label proposes 26 °C as a re-
sidential comfort summer temperature, natural ventilation as a venti-
lation system; and no air change rate. This label encourages bioclimatic
strategies; hence, there are no requirements for primary energy de-
mand, and heating or cooling demand/load [47]. However, the U-value
of the applied building components is collected from Autodesk Revit
software, as presented in Table 1.
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g 3.1. Estimating the annual operating energy consumption and cost based on
g the standard design
=]
5 The evaluation of the building used as a case study is based on the
8 BB &8 calculation of the consumption and the cost of the life cycle energy,
= e along with the annual energy use intensity, divided into electricity use
intensity (EUI) and fuel use intensity (FUI). In these terms, Autodesk
> Green Building Studio application estimates the life cycle of energy use/
% cost over a 30-year building life period, in which all energy inputs are
E accounted for over the proposed length of the operational phase of a
2 building. The annual energy use intensity (i.e. annual electricity use
& intensity and annual fuel use intensity) refers to the amount of energy
:5) o consumed per square meter per year. The performance of energy in the
El g a8 B3 building is estimated via DOE 2.2 simulation [39]. A value of 0.12 $/
5 § g 5 g § kWh for electricity consumption and 0.01 $/MJ (equals to 0.036 $/
kWh) for fuel consumption is estimated in order to assess the life-cycle
> energy cost. At this level of the analysis, the majority of energy demand
2 in buildings is associated with the use phase for heating and cooling
5 systems, lighting fixtures, and electrical appliances [48]. It is important
T"; to note that the operational energy of the majority of the residential
Z~ |88 B3 buildings in Brazil is dedicated for cooling [47].
<E |88 g5 The output results of the functional equivalent of the building ty-
pology, considering the building as a single unit and based on the
-§ standard design of materials, show that: (i) the annual fuel use intensity
< is estimated to be 41,67 (kWh/m?); (ii) the annual electricity use in-
E tensity is estimated to be 175 (kWh/m?); (iii) the annual energy use
E intensity is estimated to be 216,67 (kWh/m?); (iv) the life cycle elec-
E °E © E g 1 tricity use is estimated to be 2,534,630 (kWh); (v) the life cycle fuel use
is estimated to be 611633,33 (kWh); and vi) the life cycle energy cost is
g estimated to be 149,893 ($). These results are compared, individually,
< with the output results of the functional equivalent of the building ty-
%f pology based on the recommended proposals of materials in Section
d 3.3.
£ ol ¥
) 55—~ . . . .
%} a3 § 5 3 3.2. .L?samafmig the annyal o;_;eraar.lg energy consumption based on the
modified building materials via optimization
E
S The optimization model developed in Section 3 is now applied to
% the case study building displayed above in Fig. 4, in order to enhance
E the energy efficiency of the design. Alternative options of construction
Z 25 B3 materials that form the building envelope are presented in a database,
S § 3 E % based on the local materials that are available in the construction
%’ E % g g market in Brazil. This is displayed in Table 1. The selection of materials
is made to achieve more efficient and high-performance components.
The idea is to examine each alternative construction material in-
% dividually within the standard designs in order to assess the possible
“ z changes in the conceptual energy performance analysis for each
= B building, considering the cost of construction materials in the local
; %‘3 market in Brazil. This clarifies the application of some alternative op-
5 9 Ne %o tions of building components on one or more case study buildings, and
¥ 32 g ; E g vice versa.
k] & E DR The results of the optimization model will then be contrasted with
5 the initial solution presented in Section 3.1., based on the standard
5 © design. In the case study examined, the preference relationship is given
% g such that first priority is towards minimizing the cost of operating the
E @ <=§ ;, building, followed by maximizing the ease of instalment, and then fi-
2 § 5 El nally minimizing the operational energy of the building.
al £ = E = 3.2.1. Optimum exterior walls
g hy 28 i Alternative options of construction materials, as seen in Table 1,
5] § % g ‘§ bS] such as concrete block wall, double brick cavity wall, insulated concrete
g é‘ ? g e E and metal substructure wall, and insulated brick and light plaster wall
gl S| _ =S =% are evaluated and contrasted.
~ 2 £ £ R gy Insulated brick and light plaster wall proved to be the optimum of
L bo| = =1 S5 B2 ==} . . .
=5l 2| S £z §5¢ exterior walls. The optimum material selected replaces the standard
£ & design of building materials that are forming the components of
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exterior walls in the case study.

3.2.2. Evaluation of other non-optimum material options for exterior walls

Alternative options of construction materials are evaluated and
contrasted with the optimum selection made, based on FUI, EUI, op-
erating energy and ease of installment. Results of the life cycle of energy
use and cost are presented in Table 2.

Comparing the collected results in Table 2 with the standard design
element of the exterior walls, presented in Table 1, facilitates the se-
lection process of the best building components that better fit the ex-
terior walls towards more energy efficient buildings, as presented in
Fig. 5. The presented results show that the life cycle energy use of the
standard wall component is the worst among the other alternatives
while using the double brick cavity wall will enhance the life cycle
electricity use by around 56% and the life cycle fuel use by around 53%.
However, the annual energy use intensity and ease of installment of the
insulated brick and light plaster wall results in better operational en-
ergy savings, leading to more energy efficient buildings.

3.2.3. Optimum floors and ceilings

Two types of floor and ceiling components: suspended concrete
floor and precast concrete platform slab, are replacing the construction
materials that are forming the components of floors and ceilings in the
building, as seen in Table 1. The suspended concrete floor consists of
ceramic tiles and structural concrete for floors, and plasterboard with
an air gap for ceilings, while precast concrete platform slab consists of
vinyl composition and precast structural concrete for floors and mortar
and painting for ceilings.

Precast concrete platform slab proved to be the optimum of floors
and ceilings. The optimum material selected replaces the standard de-
sign of building materials that are forming the components of floors and
ceilings in the case study.

3.2.4. Evaluation of other non-optimum material option for floors and
ceilings

An alternative option of construction materials is evaluated and
contrasted with the optimum selection made, based on FUI, EUI, op-
erating energy and ease of installment. The total life cycle of energy use
and cost in such type of analysis is presented in Table 3.

Comparing the collected results in Table 3 with the standard design

Applied Energy 250 (2019) 1366-1382

element of the floors and ceilings, presented in Table 1, facilitates the
selection process of the best building components that better fit this
part of the building envelope towards more energy efficient buildings,
as presented in Fig. 6. The presented results show that the life cycle
energy use of the standard floor and ceiling component is the worst
among the other alternatives, while the precast concrete platform slab
could be the most energy efficient component of the ceiling and floors
in such types of buildings that could result in a better operational en-
ergy savings, leading to more energy efficient buildings.

3.2.5. Optimum windows

Alternative options of windows such as sliding birchwood window,
double casement aluminum window, sliding pinewood window, and
the same windows in standard design with narrower sizes, as seen in
Table 1, are replacing the construction materials that are structuring
the components of windows in the building. This examines the impacts
on the consumption of energy in buildings as a reason for the wide
range of alternative materials with different thermal parameters and
dimensions. For example, the application of sliding pine wood window
is proposed to be protected by the vinyl exterior, stainless steel fin-
ishing, and low-emissivity glass.

Sliding pinewood window proved to be the optimum of windows.
The optimum material selected replaces the standard design of building
materials that are forming the components of windows in the case
study.

3.2.6. Evaluation of other non-optimum material options for windows

Alternative options of construction materials are evaluated and
contrasted with the optimum selection made, based on FUI, EUI, op-
erating energy and ease of installment. The total life cycle of energy use
and cost in such type of analysis is presented in Table 4.

Comparing the collected results in Table 4 with the standard design
element of the windows, presented in Table 1, facilitates the selection
process of the best building components that better fit this part of the
building envelope towards more energy efficient buildings, as presented
in Fig. 7. The presented results show that the life cycle energy use of
sliding birchwood window (1.20m X 1.20m) is the worst among the
other alternatives, while the life cycle energy use of sliding pinewood
window (1.20 m X 1.20 m) could be the most energy efficient window
component in such types of buildings that could result in a better

3000000 250

. 215.33 213.55 216.67 ~
£ 2500000 £
200 £
z / £
o ~
v —
2 2000000 Z
g 150 ¢
o 3
= <
Z 1500000 106.39 ‘@
£ 2 2534650 S5
E 2 3 3 - 100 2
& 1000000 o
3 2
é’ 1 7 o =
& 500000 1104470 5

=
153.61 175.56 633.33 c
93.89 049.44 <

0 0
Insulated brick Insulated Concrete block Double brick  standard design
and light plaster  concrete and wall cavity wall
wall metal
substructure wall
Ease of Instalment 2,50 2,50 4,25 4,00 -
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annual energy use intensity (kWh/m2)

Fig. 5. Comparison of the exterior wall components applied in the case study.
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Table 3
Energy use and cost based on a modification of floors and ceilings.

Applied Energy 250 (2019) 1366-1382

Building component: floors and ceilings

Material Life Cycle Electricity Life Cycle Fuel Life Cycle Energy ~ Annual EUI Annual FUI Annual Energy Use Ease of
Use (kWh) Use (kWh) Cost ($) (kWh/m?) (kWh/m?) Intensity (kWh/m?) Instalment

Suspended concrete floor 2.517.384 611.633.33 148.953 180 41.67 221.67 4.50

Precast concrete platform slab  2.480.264 611.633.33 146.931 170 41.67 211.67 2.50

operational energy savings, leading to more energy efficient buildings.

3.2.7. Optimum doors

Different options for doors such as wood with stainless steel, PVC
with glazing beads door, steel galvanized with insulation glazed, and
wood and EPS door, as seen in Table 1, are replacing the standard
components of doors in the case study. The wide range of alternative
options of materials with different thermal parameters would affect the
consumption of energy in buildings. Moreover, the application of EPS
(expanded polystyrene insulation materials) in doors would provide
more energy efficient and soundproofing in buildings [49].

PVC with glazing beads door proved to be the optimum of doors.
The optimum material selected replaces the standard design of building
materials that are forming the components of doors in the case study.

3.2.8. Evaluation of other non-optimum material options for doors

Alternative options of construction materials are evaluated and
contrasted with the optimum selection made, based on FUI, EUI, op-
erating energy and ease of installment. The total life cycle of energy use
and cost in such type of analysis is presented in Table 5.

Comparing the collected results in Table 5 with the standard design
element of the doors, as presented in Table 1, facilitates the selection
process of the best building components that better fit this part of the
building envelope towards more energy efficient buildings, as presented
in Fig. 8. The presented results show that the life cycle energy use of
wood with stainless steel door component is the worst among the other
alternatives, while the life cycle energy use of PVC with glazing beads
doors could be the most energy efficient door component in such types
of buildings that could result in a better operational energy savings,
leading to more energy efficient buildings.
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Suspended concrete floor

Ease of Instalment 4,50
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Precast concrete platform

3.3. Estimating the operating energy based on the recommended proposal

Based on the previous step, this work conducted a conceptual en-
ergy analysis for the building, taking into consideration the re-
commended construction materials of the final proposal. The energy
use and cost are evaluated via simulation, and the results show that: (i)
the annual fuel use intensity is estimated to be 23,05 (kWh/m?); (ii) the
annual electricity use intensity is estimated to be 96 (kWh/m?); (iii) the
annual energy use intensity is estimated to be 119,05 (kWh/m?); (iv)
the life cycle electricity use is estimated to be 1,099,673 (kWh); (v) the
life cycle fuel use is estimated to be 283049,44 (kWh); and (vi) the life
cycle energy cost is estimated to be 62,494 ($). This work facilitates the
comparison process between the estimated operating energy of the
functional equivalent of the building typology based on the standard
design on the one hand and the recommended proposal on the other
hand, as presented in Table 6. This Table shows that the recommended
proposal can be a vital option to improve the energy efficiency of the
functional equivalent of the case study. For example, it is expected to
achieve a reduction of around 45% for the annual fuel use intensity and
the annual electricity use intensity in such types of buildings. Fur-
thermore, the recommended proposal can achieve a noticeable im-
provement in the life cycle energy use/cost compared to the standard
design.

3.4. Evaluating the environmental impacts of the standard design and
recommended proposals of the case study via LCA

At this level, attention is given to the list of impact categories for the
case study, considering both the standard design and recommended
proposals to evaluate the environmental impacts of building

224
222
220
67 218
216
214
212

211.67
210

Annual Energy Use Intensity (kWh/m2)

208

11633.33 11633.33

206
standard design
slab

2,50 -

annual energy use intensity (kWh/m2)

Fig. 6. Comparison of the floor and ceiling components applied in the case study.
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g components. This analysis targets to measure the variables of impacts
% and evaluates the different outcomes achieved based on different
E building components in the building.
:5 The functional equivalent that defines the evaluated product or
8 88 &8 system at the building level considers the entire building as a single
= geoax product [31]. A Cradle-to-Grave system boundary is used, including the
entire lifespan of construction materials, disregarding the construction
z phase, as previously presented in Fig. 1, because the focus of this study
8 is the analysis of building materials, not focusing on the construction
ﬁ methods used throughout the construction phase. Therefore, the ana-
i lysis includes material extraction and manufacturing, transportation,
o use, and end-of-life phases, and the materials and energy used across all
é "; life cycle stages. Setting up a complete analysis in Tally requires using
g § E E E E the results of operational energy use [41], which was previously esti-
2|32 28 mated for the standard design and the recommended proposal. How-
ever, LCA modeling in Tally is conducted based on GaBi life cycle da-
tabases, using the Environmental Product Declarations data [50].
~ Building a reliable analysis in Tally requires considering the annual
2 NE energy use (electricity and fuel) at the operational phase of the standard
Té _§ 5% 55 design and recommended proposal, individually, as presented pre-
2| 5% §¢ viously in Table 6. This work considers that roads are the main trans-
portation mode for all construction phases in Brazil using vehicles with
capacities of 16 and 32 metric tons. Hence, a set of average distances for
~ transportation in Brazil is assumed to conduct the environmental im-
:E)NE pact analysis. For example, an average distance of 10 km to transport
§ ,E o oo materials to the construction site, 12 km to landfill wastes, and 55 km
F2|8Y ¥ for recycling purposes, is assumed [40]. At this step of the analysis, the
operational phase is considered to combine both use and maintenance
periods of buildings. The input of data at the manufacturing and end-of-
% life phases are dependent on the used materials. At this level of the
g analysis, a summary of input data of construction materials applied in
E the case study of this work, standard design and recommended pro-
5’ & § § § E posal, are illustrated in the Appendix A, where the inventory materials
,i:’ g g § § 5 with their corresponding databases are presented.
After calculating the quantities of construction materials, a simu-
lation was made to measure the impact categories such as acidification
Y potential, eutrophication potential, global warming potential, ozone
R depletion potential, smog formation potential, primary energy demand,
E non-renewable energy, and renewable energy. The list of environ-
Z BH 8 mental impact categories used follows the characterization of TRACI
5 2 § % § % 2.1, a widely disseminated midpoint method [51]. The evaluation of
,i:’ § 3 5 3 5 the environmental impacts of the case study building based on standard
design is illustrated in Fig. 9, which shows the quantification of the
potential environmental impacts of the building, divided by stages of
z the building life cycle. The results presented are already classified and
g characterized, that is, the substances were multiplied by a factor which
% reflects their relative contribution to the environmental impact in each
' i —g g g B § category. For example, acidification potential is expressed using the
4 OZ | d& 5 reference unit, kg SO, equivalent.
—g €819 49 The evaluation of the environmental impacts of the case study
S building based on the recommended proposal is presented in Fig. 10,
ks which shows the quantification of the potential environmental impacts
5 O of the building, divided by stages of the building life cycle. Results show
;5 g . : that. environmental impacts can be greatly reduced, as well as the op-
g S S g erating energy.
g TE S The acidification potential decreased from 13,042 kg SO, equivalent
2 " S - in the standard design model to 8724 kg SO, equivalent in the building
_8 é ; ; R § based on the recommended proposal, which corresponds to a decrease
2 § S E _§ X of 33.11%. Besides, the global warming potential was from
g o § E, § § 4,537,449 kg CO, equivalent to 2,934,501 kg CO, equivalent, which
S| g 3 o Es corresponds to a decrease of 35.33%. The same applies to the other
'g g E % a % 2 impact categories analyzed. It is noteworthy that there was a great
§ © - g §XE ; reduction in the quantification of impacts, even if the total mass of the
: & é £ N %Og building has increased in the recommended proposal.
25 5| & |28 =28
® | @ = n A 7]
= &
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Fig. 7. Comparison of the window components applied in the case study.

Table 5
Energy use and cost based on the modification of doors.

Building Component: Doors

Material

Life Cycle Electricity  Life Cycle Fuel Life Cycle Energy ~Annual EUI Annual FUI Annual Energy Use Ease of
Use (kWh) Use (kWh) Cost ($) (kWh/m?) (kWh/m?) Intensity (kWh/m?)  Instalment
Wood with stainless steel 2.675.378 683.636.94 152.363 183 41.67 224.67 3.00
Wood and EPS door 2.570.780 611.633.33 151.862 178 41.67 219.67 2.75
PVC with glazing beads door 2.516.484 611.633.33 148.904 169 41.67 210.67 3.50
Steel galvanized with insulation glazed 2.517.238 611.633.33 148.945 170 41.67 211.67 3.00

4. Discussion

The building used as a case study was simulated using a BIM soft-
ware, and the consumption of operating energy was estimated

considering the modifications of different options of construction ma-
terials. These modifications included the main components that are
forming the building envelopes such as walls, floors and ceilings,
windows and doors. Alternative options of construction materials are
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Fig. 8. Comparison of the door components applied in the case study.
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Table 6
The estimated operational energy of the functional equivalent based on the
standard design and the recommended proposal.

Type of analysis Standard Recommended
Design Proposal

Annual fuel use intensity (kWh/m?) 41.67 23.05

Annual electricity use intensity (kWh/m?) 175 96

Annual energy use intensity (kWh/m?) 216.67 119.05

Life cycle electricity use (kWh) 2,534,630 1,099,673

Life cycle fuel use (kWh) 611633.33 283049.44

Life cycle energy cost ($) 149,893 62,494

applied to the standard design, individually, and a mathematical opti-
mization model is being used to identify components that are affecting
the energy efficiency of building envelopes. Then this work compared

Applied Energy 250 (2019) 1366-1382

the acquired results within the standard designs to recommend the most
efficient components that would reduce the consumption of operating
energy in the building. Finally, the environmental impacts generated by
the list of materials defined as the optimal solution were calculated.
These results were contrasted with the impacts generated by the initial
solution of the building.

This work illustrates that BIM models allow using various con-
struction materials within different performance parameters at the
early stages of designing buildings in order to empower the decision-
making process in the construction sector. It shows that the LCA
methodology aims to evaluate the environmental impacts of the applied
construction materials over the entire lifespan of the construction
project. This work presents a clarified framework of optimization-BIM-
LCA integration in order to analyze construction projects from a sus-
tainable perspective, using a mathematical algorithm to help in finding
the optimum solution for the building. It built up a new proposal for the
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Fig. 9. Environmental impacts of the building based on a standard design.
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Fig. 10. Environmental impacts of the building based on a recommended proposal.
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Table 7
Annual energy use intensity in standard and optimum designs.
Building Components Results
Annual EUI Annual FUI
Standard design 175 41.67
Change made to the Standard Design by modifying the materials of one building component at a time Walls Optimum design 76 22.22
Floors and Ceilings Optimum design 170 41.67
Windows Optimum design 145 41.67
Doors Optimum design 169 41.67
Recommended design using all optimum materials together 96 23.05
Analysis of Life Cycle Energy Use/Cost of The Case Study Building
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Fig. 11. Analysis of lifecycle energy use/cost in the case study.

building and compared the potential reduction in energy consumption
and environmental impacts.

However, one of the basic limitations of this work is the difficulty in
estimating the energy efficiency of building envelopes separately from
other building aspects such as the function of the building and essential
services. This work conducted a comparison of the annual energy use
intensity, divided into electricity use intensity (EUI per kWh/m?) and
fuel use intensity (FUI per kWh/m?), for the all variants within the
respective performance of building components, based on the case
study applied in this work, as shown in Table 7. This table helps
drawing a better understanding of the annual energy use intensity of
the building components applied in this work.

Consequently, the analysis of the life cycle of the operating energy
consumption and cost in the building based on the recommended
building components of the final proposal is shown in Fig. 11. This il-
lustrates that applying the optimum building components could achieve
a significant improvement in the energy efficiency of the building en-
velope compared to the standard building design, as summarized in the
following points:

(i) Applying the optimum component for exterior walls only enhances
the life cycle electricity use by around 43%, the life cycle fuel use
by around 32%, and the life cycle energy cost by around 42%.
(i) Applying the optimum component for floors and ceiling only has a
slight impact on improving the life cycle electricity use and the life
cycle energy cost by around 2%, individually, while it has no im-
pact on the life cycle fuel use of the standard design building.
(iii) Applying the optimum component for windows only enhances the
life cycle of electricity use by around 16%, and the life cycle energy
cost by around 14%. Such individual assumption has a neglected
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impact on the life cycle fuel use of the standard design building.

(iv) Applying the optimum component for doors only has a slight im-
pact on improving the life cycle electricity use and the life cycle
energy cost by around 1% and 0.5%, respectively, while it has no
impact on the life cycle fuel use of the standard design building.

(v) Applying all the optimum components for the whole building en-
velope enhances the life cycle electricity use by around 57%, the
life cycle fuel use by around 54%, and the life cycle energy cost by
around 58%.

Insights of the results show that all components of building envel-
opes are affecting the consumption of energy in buildings, however,
exterior walls and windows are the most accountable for these values.
Hence, it is highly important to recognize the construction materials
that are forming such components as a prior step to invest in such type
of buildings in Brazil. In other words, great efforts should be dedicated
to increasing the energy efficiency of construction materials throughout
the entire life cycle stages, particularly at the operation stage.

Finally, according to the analysis of the environmental impact for
both standard design and recommended proposal, the results show that
the recommended building proposal in this work can considerably re-
duce the environmental impacts based on the impact categories ana-
lyzed; reduces the environmental impacts by almost one-third, parti-
cularly the global warming impact and acidification potential impact,
and consequently protect the built environment.

5. Conclusion

Buildings consume a significant amount of energy during their op-
erating life phase. This work presented an energy analysis framework
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for optimizing the design of building envelopes, in such a way that the
operating energy consumption is reduced. The framework is based on
integrating a mathematical optimization model for the optimum se-
lection of materials for various building components, together with
Building Information Modeling and Life Cycle Assessment in order to
analyze the operational energy requirement, cost of adopted designs,
ease of construction of building projects, as well as the environmental
impacts generated. It stimulates the concept of sustainable construction
in the operating life cycle phase of buildings, and empowers the deci-
sion-making process involved, leading to the ability to examine alter-
native options of building components that are forming the building
envelopes. Utilization of the framework enables the reduction of the
operational energy in the building, as well as optimizing the energy cost
and ease of installment. Life Cycle Assessment was utilized in order to
evaluate the building performance and analyze the potential impacts
generated throughout the building’s life cycle, disregarding the con-
struction phase, while BIM tools were adopted to intelligently link the
3D building model with all aspects of project life-cycle management
information related to time, cost and sustainability in the building, that
is required for computing the overall operating energy.

The framework is examined on a multi-story residential building in
Brazil, in order to reduce its energy consumption, minimize its en-
vironmental impacts and promote the decision-making process in the
sustainable material selection that leads to minimizing the operational
energy, and installment complexities in buildings. The novelty of this
work is that it presents the important integration of mathematical op-
timization, with Building Information Modeling and Life Cycle
Assessment in order to increase the operating energy efficiency of
building envelopes and to evaluate the environmental impacts of con-
struction materials. This work followed the Life Cycle Assessment
methodology based on ISO 14,040 and 14,044 guidelines to assess the
importance of impacts and elementary flows, compare solutions, and
propose recommendations.

This study focused only on the use phase of buildings to optimize
the operational energy consumption since it represents the majority of
the life-cycle energy consumption [8], while it considered the entire life
cycle of buildings, disregarding the construction phase, to evaluate the
environmental impacts of construction materials. In the case study, it
was possible to achieve a reduction of about 45% for the annual fuel use
intensity and the annual electricity use intensity in such types of
buildings. Insights gained from the results show that all construction
components influence the operating energy efficiency of building en-
velopes. Exterior walls and windows are the two main agents of energy
efficiency in buildings. For example, applying the optimum component
for exterior walls and windows could highly improve the life cycle
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electricity use, the life cycle fuel use, and the life cycle energy cost in
buildings. In these terms, the case study example shows that applying
all the optimum components for the whole building envelope could
enhance the life cycle energy use/cost in buildings for more than 50%,
whereas the environmental impacts could be reduced by almost one-
third. The developed methodology can be used to achieve even greater
reductions in energy consumption since the proposed framework allows
the analysis of a wide range of alternative materials and different kinds
of building components.

Results presented in this work reveal that utilizing an integrated
optimization of Building Information Modeling models with Life Cycle
Assessment methodology is an optimal procedure to estimate the en-
ergy use and cost in the construction sector and evaluate the environ-
mental impacts of construction materials. The methodology proposed
for this work can be applied to any type of buildings in order to identify
which components of the building generate the greatest consumption of
operational energy and lead to the highest level of environmental im-
pacts. Even though this study aimed to produce energy efficient
buildings by examining the operating life cycle phase of buildings, the
proposed framework can be easily expanded to cover all stages of a
building’s life cycle. The limitations of this work can be stated as fol-
lows. First, it is difficult to estimate the energy efficiency of building
envelopes separately from other building aspects such as the function of
the building and essential services. As a result, future work will look at
the impacts that such linked decisions can have on the total energy
expended. Second, the geographical sources in the database used are
limited to some specific regions. Future research can focus on exploring
other regions to generalize the results of this study. Third, the system
boundary of the case study to analyze the environmental impacts dis-
regarded the construction phase of the building, focusing on the ma-
terials analysis. As a result, a recommendation for future work would be
to consider the entire lifespan of the building in order to point out re-
liable results. Another recommendation could be to investigate a wider
range of construction components that are assembling the building
envelope of construction projects, taking into consideration an adapted
climate data and geographical sources to cover more regions world-
wide.
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Inventory Entry source

Manufacturing scope End of life scope

Fiberglass board acoustic ceil- US: Fiberglass Duct Board NAIMA (2007)
ing tile, 5/8” thick

Aluminum sheet, formed and

NA: Primary Aluminum Ingot AA (2011); EU-27: Aluminum
cut sheet PE (2012); GLO: Steel sheet stamping and bending (5%
loss) PE (2012); US: Electricity grid mix PE (2010); US:

Cradle to gate of panel only,
excludes suspended grid system
and installation hardware
Cradle to gate

100% landfilled (inert waste)

95% recovered (includes recycling, scrap pre-
paration, and avoided burden credit) 5% land-
filled (inert material)

Lubricants at refinery PE (2010); GLO: Compressed air 7 bar
(medium power consumption) PE (2010); EU-27: Aluminum

clean scrap remelting & casting (2010) EAA (2011)

Anodized aluminum sheet, fo- DE: Anodization of aluminum (EN15804 A1-A3) PE (2012);

NA: Primary Aluminum Ingot AA (2011); EU-27: Aluminum

sheet PE (2012); GLO: Steel sheet stamping and bending (5%
loss); PE (2012) US: Electricity grid mix PE (2010); US:

rmed and cut

Cradle to gate 95% recovered (includes recycling, scrap pre-
paration, and avoided burden credit) 5% land-

filled (inert material)

Lubricants at refinery PE (2010); GLO: Compressed air 7 bar
(medium power consumption) PE (2010); EU-27: Aluminum

clean scrap remelting & casting (2010); EAA (2011)
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2000 kg/m? fired brick

Ceramic tile, glazed

Wood framing

Fiberglass mat gypsum sheat-
hing board

Glazing, monolithic sheet, te-
mpered

Lightweight concrete (58% c-
ement, 42% water, < 1%
admixtures)

Lime mortar (20-65% sand,
40-70% limestone, 5-15-
% hydrated lime, 7-15%
cement)

Paint, exterior acrylic latex,
4.5% organic solvents
Wall covering, plastic and re-

sin, EPD - InPro
Steel, reinforcing rod

Portland cement stucco, ap-
plied directly to concrete

Acoustic ceiling system, fabric
faced fiberglass

Mortar Type N (moderate str-
ength mortar for use in
masonry walls and floori-
ng)

Wall covering, textile

Fiberglass board acoustic ceil-
ing tile, 5/8” thick

Fluid applied synthetic poly-
mer air barrier

Glazing, double, insulated (a-
ir-filled), 1/4” float glass
clear, inclusive of sealant,
and spacers

Structural concrete, generic,

DE: Stoneware tiles, unglazed (EN15804 A1-A3) PE (2012)

DE: Stoneware tiles, glazed (EN15804 A1-A3) PE (2012)

RNA: Softwood lumber CORRIM (2011)

DE: Gypsum plaster-board (Moisture resistant) (EN15804 Al-

A3) PE (2012); US: Fiberglass Duct Board NAIMA (2007)

DE: Window glass simple (EN15804 A1-A3) PE (2012) US:
Electricity grid mix PE (2010) US: Thermal energy from

natural gas PE (2010)

US: Portland cement, at plant USLCI/PE (2009)
US: Tap water from groundwater PE (2012)
US: Diethanolamine (DEA) PE (2012)

US: Tensides (alcohol ethoxy sulfate (AES)) PE (2012)

DE: Butyldiglycol PE (2012)
DE: Light plaster (lime-cement) PE (2012)

DE: Application paint emulsion (building, exterior, white) PE

(2012)
EPD (US), InPro (2013)

GLO: Steel rebar worldsteel (2007)

US: Silica sand (Excavation and processing) PE (2012) US:

Portland cement, at plant USLCI/PE (2009) US: Lime (CaO)

calcination PE (2012)

NA: Steel hot dip galvanized worldsteel (2007)
US: Metal roll forming (MCA) (2010)

US: Electricity grid mix PE (2010)

US: Thermal energy from natural gas PE (2010)
GLO: Value of scrap worldsteel (2007)

DE: Masonry mortar (MG II a) PE (2012)

US: Nylon (PA 6.6) - fabric PE (2012)

US: Fiberglass Duct Board NAIMA (2007)

US: Styrene-butadiene rubber (SBR) PE (2012); US: Silica sand

(flour) PE (2012)

DE: Double glazing unit PE (2012), modified to exclude

coating and argon

US: Portland cement, at plant USLCI/PE (2009)

Cradle to gate excludes mortar
anchors, ties, and metal acces-
sories outside of scope (< 1%
mass)

Cradle to gate

Cradle to gate

Cradle to gate

Cradle to gate

Cradle to gate excludes mixing
and pouring impacts

Cradle to gate

Cradle to gate, including emis-
sions during application

Cradle to gate, including packa-
ging and installation

Cradle to gate

Cradle to gate

Cradle to gate

Cradle to gate

Cradle to gate, excludes adhe-

sives, backings, or any additional

coatings

Cradle to gate of panel only,
excludes suspended grid system
and installation hardware

Cradle to gate for materials only,

neglects manufacturing require-
ments
Cradle to gate

Cradle to gate, excluding mixing
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50% recycled into coarse aggregate (includes
grinding energy and avoided burden credit)
50% landfilled (inert material)

50% recycled into coarse aggregate (includes
grinding energy and avoided burden credit)
50% landfilled (inert material)

14.5% recovered (credited as avoided burden)
22% incinerated with energy recovery 63.5%
landfilled (untreated wood waste)

100% fiberglass landfilled Gypsum: 54% re-
cycled into gypsum stone (includes grinding and
avoided burden credit) 46% landfilled (inert
waste)

100% to landfill (inert waste)

50% recycled into coarse aggregate (includes
grinding energy and avoided burden credit)
50% landfilled (inert material)

50% recycled into coarse aggregate (includes
grinding energy and avoided burden credit)
50% landfilled (inert material)

100% to landfill (plastic waste)

Includes disposal and any relevant recycling
processes and resulting credits

70% recovered (product has 69.8% scrap input
while the remainder is processed and credited as
avoided burden) 30% landfilled (inert material)
100% to landfill (inert waste)

98% recovered (product has 10.3.% scrap input
while the remainder is processed and credited as
avoided burden)

2% landfilled (inert material)

50% recycled into coarse aggregate (includes
grinding energy and avoided burden credit)
50% landfilled (inert material)

100% landfilled (plastic waste)

100% landfilled (inert waste)

70% landfilled (plastic waste)

100% to landfill (inert waste)

50% recycled into coarse aggregate (includes

5000 psi US: Tap water from groundwater PE (2012) and pouring impacts grinding energy and avoided burden credit)
EU-27: Gravel 2/32 PE (2012) 50% landfilled (inert material)
US: Silica sand (Excavation and processing) PE (2012)
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