
Vol.:(0123456789)

Environment, Development and Sustainability (2024) 26:7105–7128
https://doi.org/10.1007/s10668-023-03001-w

1 3

Optimisation of energy and life cycle costs via building 
envelope: a BIM approaches

Muhammad Altaf1 · Wesam Salah Alalaoul1 · Muhamamad Ali Musarat1,3 · 
Abdelaziz Abdelmahmoud Abdelaziz1 · Muhammad Jamaluddin Thaheem2

Received: 24 January 2022 / Accepted: 2 February 2023 / Published online: 17 February 2023 
© The Author(s), under exclusive licence to Springer Nature B.V. 2023

Abstract
A surge in energy demand driven by the growing number of buildings and insufficient 
attention to sustainable and optimised energy-saving procedures are likely to threaten the 
economy and the environment. The building envelope is a significant component that influ-
ences energy requirements, directly affecting the operations costs. Thus, the current study 
considers the envelope to optimise the building’s Life Cycle Costing (LCC) and enhance 
energy efficiency. Therefore, to achieve the aim of the study, Building Information Model-
ling (BIM) with the integration of Life Cycle Cost Analysis (LCCA) is adopted to assess 
the building envelope and optimise energy use and relevant costs. Three alternatives of 
wall system: brick wall with rockwool insulation, brick wall with polystyrene insulation 
and curtain walls system, are considered for the building envelope to enhance energy-sav-
ing potential by analysing and comparing the energy demand. To determine LCCA, the Net 
Present Value (NPV) approach was adopted for the initial expenditure and the associated 
future costs. It was found that utilising insulation material with low thermal conductivity 
reduces heating and cooling energy resulting optimised LCC. Compared to curtain walls, 
the results show that the rockwool insulated wall reduces 17% of energy demand while 
the polystyrene wall reduces 12.7% of the energy. Similarly, rockwool insulated walls 
save 5% energy relative to the wall system with polystyrene insulation. Thus, integrating 
LCCA with the BIM approach at the conceptual design stages promotes energy and LCC 
optimisation.
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1 Introduction

Several techniques are adopted to lower the total Life Cycle Costing (LCC) of a construc-
tion project and increase the revenue (Durdyev et  al., 2018; Levy, 2018). The LCC of a 
project consists of capital cost, operation and maintenance (O&M) cost, replacement cost 
and disposal cost (Gholami et al., 2020; Kabeel et al., 2019). In practical approaches, the 
primary attention is only given to the initial construction cost, although the O&M cost 
contributes more than the initial construction cost (Kerzner, 2017; Meredith et al., 2017). 
Globally the building sector consumes around 40% of the total energy during the opera-
tional period (Robinson et  al., 2017; Wei et  al., 2018). The rise in the operating cost of 
a building is associated with energy demand and consumption (Amasyali & El-Gohary, 
2018; Hu et al., 2017; Junker et al., 2018; Wei et al., 2018).

The rise in operating cost is attributed to the expense of sustaining thermal comfort, 
which is influenced by various variables, including climate, occupant behaviour, and 
energy systems, all of which contribute to the building’s energy demand and consumption 
for heating and cooling (Al-Saggaf et al., 2020; Verbeke & Audenaert, 2018; Yao et al., 
2018). The heating and cooling energy for the building contributes 17–73% of the total 
energy consumption (Hernández et al., 2022; Ürge-Vorsatz et al., 2015). Another signifi-
cant factor affecting the overall energy consumption of a building is its external insulation. 
External thermal insulation of the building envelope is considered one of the most efficient 
techniques to be adopted to optimise energy requirements, which decreases the LCC of a 
building (Sharif & Hammad, 2019). The building envelope is the external skin of the struc-
ture, which prevents the conduction of heat from the building to the surrounding. Efficient 
insulation optimises energy consumption, consequently demanding less energy for cooling 
in summer and heating in winter (Aditya et al., 2017). The insulation optimises space heat-
ing and cooling by reducing the solar absorption and heat conduction to the outside, thus 
minimising the energy burden and cost (Beyhan & Ersan; Chwieduk & Chwieduk, 2020).

Compared to a conventional building envelope, the energy-saving potential of a ther-
mally insulated building envelope ranges from 50 to 90% (Louanate et al., 2022). Likewise, 
Hassan et al. (2014) stated that a well-insulated building could reduce energy consumption 
by 64% compared to conventional buildings. The thermal insulation of a building consists 
of materials that possess thermal resistance capacity, which decreases thermal conductiv-
ity. In hot regions, the cooling of the buildings causes significant energy consumption to 
sustain thermal comfort for the occupants. Using efficient materials for the thermal insula-
tion of building envelopes can help reduce the energy burden for cooling (Feehan et al., 
2021).

Building envelope insulation enhances the potential for a thermal comfort level with 
optimum usage of cooling systems such as Air Conditioning (AC) systems (Lotfabadi 
& Hançer, 2019). For proper thermal insulation procedures, energy-efficient materi-
als are adopted to reduce heat gain and loss. Various insulation materials such as brick 
walls, wooden walls, fibreglass and metals are primarily used to find optimum conductiv-
ity, reducing energy consumption to save operational costs during the life cycle (Pásztory, 
2021; Tushar et al., 2022). However, wood or brick wall has better insulation than fibre-
glass and metals (Amran et al., 2020; Elfayoumy et al., 2020). Likewise, insulation materi-
als such as rockwool and extended polystyrene (EPS) insulation save energy, costing up to 
USD 2.5 per  m2 of walls (Kumar et al., 2020). Furthermore, another parameter for building 
insulation considers the insulation thickness of the envelope, which is usually assessed by 
deploying the Life Cycle Cost Analysis (LCCA) approach. Optimum insulation thickness 
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was measured for the colder places of Turkey, where LCCA was adopted to assess energy 
cost optimisation and energy savings of up to USD 12 per  m2 of the wall was recorded 
(Çomaklı & Yüksel, 2003). As the thickness of the insulating medium increases, the need 
for cooling loads decreases, resulting in a reduction in energy cost. In practice, this is only 
true to a certain degree since if the building is insulated too much, it will end up with a 
hotter building that requires more cooling (Lomas & Porritt, 2017). Moreover, increasing 
insulation thickness increases the design and installation cost (Amirifard et al., 2019; Mon-
teiro et al., 2017; Solgi et al., 2019).

Considering both energy savings and life cycle costs, value engineering (VE) and build-
ing information modelling (BIM) technologies are used to improve the envelope of green 
buildings, which may drastically lower their energy consumption. To emphasise the sig-
nificance of energy efficiency, the energy performance of 20 Zurich residential buildings 
was investigated using the Life cycle and BIM simulation technique, and it was revealed 
that the forecast of operational energy usage helps significantly to obtain higher levels of 
energy efficiency (Althaus et  al., 2005). Using DeST energy simulation software, a col-
lege building in Chengdu was studied for the impact of material type and thickness of the 
thermal insulation layer, and it was revealed that adding insulation materials to the building 
envelope had less influence on the cumulative yearly cooling load. Even yet, the cumu-
lative yearly heat load has a bigger effect when compared to no insulation; it may save 
21.52% heat load, 3.78% total load, and 25.34% total cost per unit area. Optimal economic 
thickness is shown to have an anti-parabolic connection with the varying insulation thick-
ness and overall cost trends. However, various insulating materials also have to vary eco-
nomically viable thicknesses (Zhang et al., 2019); similarly, the optimum thickness for the 
insulation of external walls in Malaysia was found to be between 18 to 126 mm (Basrawi 
et al., 2013). Therefore, outside walls should be insulated with sufficient insulation materi-
als and appropriate thickness per the outside environment (Biseniece et al., 2018).

The rise in the energy demand due to the growing rate of building construction and 
minimum attention to economic and optimised energy efficiency techniques are supposed 
to be risky for the economy and environment (Zhang et al., 2022). In addressing the issue, 
research tends toward adopting optimised energy alternatives with the help of integrated 
BIM in the conceptual design phase (Teng et al., 2022). Whereas, to determine the opti-
mised LCC of a project, the integration of BIM and LCCA can facilitate the ability to 
implement economically sustainable projects (Altaf et  al., 2022). BIM is a widely used 
approach that integrates key details for project planning and design, development, and 
operation and maintenance (O&M) (Cao et al., 2022). In construction projects, the infor-
mation delivery among different databases for energy measurement and environmental 
assessment, BIM is used to simplify data flow between the databases (Dalla Mora et al., 
2020; Jalaei et al., 2021; van Eldik et al., 2020). Furthermore, the emerging aspects of BIM 
have implications for building systems and operations activities dataflow, but they can also 
bring additional dimensions to current and future problems. Moreover, BIM determines 
energy efficiency and enables the optimisation of energy costs by adjusting the structure’s 
orientation using a graphic representation (Singh & Sadhu, 2019). Tang et al. (2013) used 
BIM to model and monitor the efficiency of the heating, ventilation and  air condition-
ing (HVAC) and observed a 27% decrease in the cost during conceptual modelling. It is 
evident from the results that BIM integration is very useful in optimising the layout, LCC 
and energy performance of a building. The BIM consists of automatic quantity take-off 
capability, which is used to estimate the area and volume of a project and generate a Bill 
of Quantity (BoQ). While linking the developed BoQ to life cycle evaluation resources can 
help stimulate economic sustainability (Aibinu & Venkatesh, 2012; Hollberg et al., 2020). 
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It has been discovered that the take-off tool cannot process data independently and must 
be combined with other software for data exchange between the management and architec-
ture models to conduct LCCA and other assessments (Hollberg et al., 2020). LCCA is an 
efficient approach that compares different alternatives of materials and systems to optimise 
operational energy requirements and reduces the capital cost of energy systems (Luerssen 
et  al., 2020; Saafi & Daouas, 2018). Studies show that the implementation of economic 
optimisation and LCC evaluation impact cost reduction (Elkadeem et al., 2020; Streicher 
et al., 2020; Xiang et al., 2020). The idea behind the LCCA method is that the initial deci-
sions should be based on costs over the lifetime of the project, considering the construction 
and operation costs. LCCA is a common tool that can quantify for a relatively long period, 
considering the fluctuation of future project prices (Zhivov, 2022).

The energy demand and consumption of the building raise the total LCC of a project. 
The building envelope is the primary part of the building which is affecting energy effi-
ciency; hence, various materials and systems could be used as a building envelope that 
provides a similar function but varying thermal conduction and emission (Ascione et al., 
2019; Sadineni et  al., 2011). Moreover, thermal insulation seems to be one of the best 
approaches to optimising operational energy requirements and costs by reducing heating 
and cooling demand in cold and hot seasons. In the current study, a methodology is devel-
oped to optimise the overall LCC by integrating the economic assessment approach, i.e. 
LCCA with BIM and energy simulations, in the conceptualization and design stage of a 
building. The methodology is supported by the investigation of three alternative building 
envelope systems, i.e. a brick wall with rockwool insulation, a brick wall with polystyrene 
insulation and a curtain wall system to improve energy-saving potentials. To achieve the 
aim of the study, the BIM Autodesk Revit and Ecotect are adopted for modelling for energy 
analysis with the integration of LCCA. BIM enables integrative information to be mod-
elled inside a single model. It offers the potential for sustainability reforms and predictive 
analytics to be carried out during the design phase. The current methodology identifies sus-
tainable mechanisms that could have beneficial impacts on energy conservation and assess 
the LCCA output of the building in terms of its thermal component of energy usage at the 
operating phase.

2  Methodology

The current study investigates energy requirements and evaluates the optimised energy cost 
for various building envelope alternatives and economic evaluation for optimal LCC deci-
sion-making. Three types of building envelope alternatives, i.e. brick wall with rockwool 
insulation, brick wall with polystyrene insulation, and curtain wall system, were considered 
as they are commonly used insulation materials in Malaysia (Basrawi et  al., 2013). Fig-
ure 1 shows the methodology adopted consisting of a BIM approach with the integration 
of LCCA to analyse energy requirements and assess the optimised energy cost for building 
envelopes with different wall systems and insulation materials. A three-dimensional (3D) 
visual model was generated in Autodesk Revit 2021, assigning different planes, allocating 
materials, allocating spaces and zones and developing an energy model, as it helps users to 
create 3D BIM models in digital form (Wu et al., 2014). Revit is also useful for construc-
tion documentation, quantity and cost estimation, and coordination for a BIM process to 
run efficiently. BIM captures, organises and systemically exchanges data among the stake-
holders and various software to evaluate further decision-making. The data transfer from 
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one platform to another can be accomplished in various formats, depending on the need of 
that platform (Altaf et al., 2022). Two datasets were created, one from the BIM database 
and the second by the companies and manufacturers. In the current research, Ecotect was 
used as an energy simulator for which data were transferred from Autodesk Revit in the 
form of gbXML. The transferred BIM dataset was integrated with the Ecotect environment 
to analyse the annual energy demand and cost. Moreover, BIM allows quantity take-off for 
materials and the components used in the model, which were used to extract the quantities 
of building alternative envelope materials. The results were interpreted with the data gath-
ered from the manufacturers. For sustainable economic assessment, the energy cost and 
material installation cost were incorporated with cost parameters, i.e. Net Present Value 
(NPV), the life cycle of 20 years and discount rate to calculate the LCC of the building.

2.1  Case study

A newly built four-storey institutional building in University Teknologi PETRONAS, 
Malaysia, was used as a case study to examine the energy requirements and economic 
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Fig. 1  Research flowchart
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evaluation of the building envelope with various wall types and insulation. The total area 
of the building is about 1,855  m2 for each storey. The case building is located in Malaysia, 
which has hot weather throughout the year, resulting in higher indoor temperatures that 
necessitate more resources to provide thermal comfort in the workplace by artificial cool-
ing. Therefore, there was no need to consider the heating load. Moreover, for the case, 
energy system such as air conditioning system was also investigated to determine and com-
pare optimised energy cost for the different alternatives. Twenty (20) years long building 
life is considered for determining LCCA, and the discount rate is taken at 3.262% (CEIC, 
2018).

2.2  Building information modelling (BIM)

BIM is a better planning, design, and O&M process utilising a standardised machine-read-
able information model for any new or existing facility. Besides the advanced use of BIM, 
it performs an efficient flow of data between different libraries in creating the Information 
Delivery Manual (IDMs) for energy measurement, environmental assessment and LCCA 
(Andriamamonjy et  al., 2018; Li et  al., 2017). 3D visualised BIM models of the three 
alternatives with changing envelope materials, i.e. curtain walls (Fig. 2a), rockwool insu-
lated brick walls (Fig. 2b), and polystyrene insulated brick walls (Fig. 2c), were generated. 
Autodesk Revit interface was used for modelling, which is considered the best interface to 
create authentic architectural and detailed, high-quality designs (Read et al., 2011). Inside 
Revit, different plans were assigned to the stories and 3D elevations were designed, fol-
lowed by materials allocation to the different components of the building model.

Fig. 2  Alternative building models
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2.3  Materials selection

In this study, three types of wall systems, a typical brick wall with rockwool insulation, a 
brick wall with polystyrene insulation, and a curtain wall system, were considered to be 
studied as building envelopes. First, a typical brick wall with rockwool insulation mate-
rial was assigned to the external envelope of the 3D-modelled building in Revit, as shown 
in Fig. 3a. Rockwool is a non-metallic, inorganic product made from a carefully managed 
mix of raw materials, consisting mainly of stone or silica, heated until molten to a high 
temperature (Dias, 2020). The molten glass or stone is then spun and moulded into a flex-
ible and fibrous mat for further processing into finished goods. Mineral wool’s thermal effi-
ciency is primarily due to preventing convection by trapping air in the open-cell and woolly 
matrix of the fibre (INDiaTHerMOcAre, 2020). Conduction is decreased because there is 
very little solid material to provide pathways, and there is poor thermal conductivity in the 
trapped, static air (Dias, 2020). The thickness of rockwool is kept at 50 mm for the current 
model.

Secondly, a typical brick wall with polystyrene insulation material was assigned to the 
model in Revit, as shown in Fig. 3b. Polystyrene foam is used as insulation as it contains 
tiny air bubbles trapped within it. The heat energy does not flow through it, making poly-
styrene a good insulator (Samanta et al., 2021). In the cavity of the building walls, insula-
tors such as fibreglass and plastic foam are placed to trap the air and reduce the transfer of 
heat energy. Foamed polystyrene contains millions of tiny air bubbles trapped in the foam, 
and since polystyrene has a high thermal resistance, it is very effective at preventing heat 
transfer (Lohtander et al., 2022). The thickness of the polystyrene is also kept at 50 mm.

Thirdly, a curtain wall was considered which is a non-structural facade system for the 
exterior skin of buildings usually associated with multistorey buildings. The curtain wall 
is a popular choice by designers and clients to adopt for a beautiful architectural appear-
ance (Almerino, 2022). In contrast, the curtain wall offers poor thermal performance with 
unwanted heat gain or loss (Li et al., 2022). To improve thermal performance, the typical 
curtain wall is re-engineered with time. With glazing facades, the thermal conductivity and 
performance can be improved, which can be measured with thermal insulation (R-Value) 
and heat transfer coefficient (U-Value). Thus, a glass glazing curtain wall with a higher 
insulation value (R) and lower heat transfer (U) has good thermal performance (Huang 
et  al., 2021). The curtain wall system with double-glazing glass was considered another 
alternative for the outer building envelope.

Fig. 3  Materials cross section
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To assess the thermal properties of the building envelope, thermal conductivity was 
mainly considered for the three alternative insulation systems, as some of the values of 
the parameters remain the same for the alternatives. Thermal conductivity is the capacity 
of a material to conduct heat. Highly conductive materials can efficiently conduct heat and 
quickly absorb heat from their surroundings. Poor thermal conductors restrict heat transfer 
and slowly absorb heat from their surrounding environment, causing them to become cold. 
The characteristics of the building envelope alternatives are given in Table 1.

2.4  Data Transfer

To analyse building energy properties with the three types of building envelope, energy mod-
els were created in the Revit, as shown in Fig. 4. This process consists of creating rooms and 
zones in the different portions of the building. Revit uses the space portion to hold details on 
the location. Space keeps values for a set of parameters that influence the analysis of a pro-
ject’s heating and cooling load. Rooms and spaces are distinct elements for various purposes. 
Rooms are architectural elements used to keep occupying locations updated. Spaces are used 
solely for volume measurement in the categories. Revit contains parameters that keep knowl-
edgeable data about the locations and areas in which it is located (Thabet et al., 2022). The 
whole data are used in the study of heating and cooling loads. The heating load is the energy 
applied to maintain an appropriate temperature range. However, the cooling load is the energy 
used to drain heat from a room to retain a comfortable temperature. The heating and cool-
ing loads depend on height, the shadows on the building, the insulation of the building and 
the components of the building, such as floors, walls, roofs and ceilings (Duraković, 2020). 

Table 1  Properties of the materials

Material Thermal 
mass Kj/k

Heat Resist-
ance (m k)/W

Thermal Conductivity (U) W/ (m.K)

Brick wall with rockwool insulation 34.12 1.94 0.033 (Annibaldi et al., 2019)
Brick wall with polystyrene insulation 34.13 1.94 0.040 (Klarić et al., 2016)
Curtain wall (double glazed) 34.84 1.19 0.60 (Architecture, 2007)

Fig. 4  Energy visualised model 
in Revit
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The heating and cooling loads can be controlled with heating or air conditioning systems. In 
Ecotect, the case study building was analysed for cooling and heating load. The parameters of 
working hours from 8 am to 5 pm were assigned since the academic building operates typi-
cally during this time. After considering all criteria, the amount of cooling energy needed to 
sustain the building temperature between 22 and 26 °C was calculated.

On the other hand, Autodesk Ecotect was used to analyse the energy model. Ecotect is a 
convenient software that is free of material restrictions. It can analyse any project orientation, 
solar systems annual projection and calculate energy load for an entire year. Moreover, Eco-
tect differs from most analytical tools because it focuses on the early planning phases, where 
essential decision-making may have many further consequences on the result. The data from 
Revit can easily be imported to the Ecotect interface in the form of DXW and gbXML (Fu, 
2022). In the current case, the data of the energy model from Revit was imported in gbXML 
format. It is the language of the building which enables the sharing of information between the 
different 3D building information models and the research tools for architecture and engineer-
ing (Bastos Porsani et al., 2021).

2.5  Life cycle cost analysis (LCCA)

The LCCA method was used to measure the cost-effectiveness of the different building enve-
lope alternatives. To assess the LCCA of the building, the energy cost and material installation 
cost were integrated with cost parameters such as Net Present Value (NPV), a 20-year life 
cycle, and a discount rate. The data regarding the initial construction cost were determined 
by the quantity take-off of material which is a proficient application of BIM. The capital cost 
of the energy system used in the building, such as the central air conditioning system, was 
determined according to the building area and different suppliers provided the cost. In the 
following research, the components related to optimising energy and the energy systems, i.e. 
building envelope and cooling system, are considered only. For this purpose, the initial con-
struction cost of the envelope system is added to the installation cost of the cooling system for 
the total initial cost.

Furthermore, the operation cost is the cost of energy used to operate a project which can 
be calculated by dividing the total annual energy cost by the total annual energy consumption. 
The operation and maintenance costs occur in a uniform series of payments utilised every 
year, which can be found with the help of equivalent annual costs. Equivalent Annual Costs 
(EAC) are the annual ownership, service and maintenance expenses of the property over the 
lifetime and the overall cost of the property throughout its lifetime. The EAC was found by 
Eq. (1), where NPV = net present value, i = discount rate and n = years of expenditure.

Moreover, the salvage value was determined, which is a single payment compound cost. A 
single payment compound amount factor is used to compute the future worth (F) accumulated 
after “n” years from the known present worth (P) at a given interest rate “i” per interest period. 
It is assumed that the interest period is in years and the interest is compounded once per inter-
est period. The single payment value was calculated using Eq. (2).

In the last, the total LCCA was determined, which includes all the costs associated with 
the construction, service, and repair over a given period. For the dynamic decision-making 

(1)EAC = NPV
(

(1 + i)n
)/

((1 + i)n − 1)

(2)NPV = present cost∕(1 + i)n
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process, optimising the LCCA for a project, building, or equipment is necessary. LCCA 
was calculated using Eq. (3).

The uniform series of payments is shown by P/Ai,n, where “A” is the uniform series of 
equal amounts, which happened at the end of each time period for “n” number of periods 
at the compound interest rate of “i” and “P” is the cumulative present value. The unknown 
parameter “P” is often accompanied by known values for A, i and n.

3  Results and analysis

This section provides a detailed energy analysis, followed by LCCA of building envelope 
alternatives. The energy model was first analysed in Ecotect, which evaluates the energy 
absorption by the building surfaces, the annual and daily orientation of the sun, and the 
annual heating and cooling load of the case building. After that, a detailed LCCA of the 
building envelope was analysed and a comparison between the present worth of the alter-
natives was provided.

3.1  Energy model analysis

The Ecotect can simulate the components created in gbXML file format transferred from 
the Revit. The software interface recognises the spaces and zones in the gbXML file and 
creates an energy model in its interface, as shown in Fig. 5.

In simple and single-storey buildings, the exterior surfaces, particularly the larger roofs, 
are exposed to the sunlight, creating heat gains. In a multistorey building, the envelope is 
the major surface exposed to sunlight, which affects the total energy gain and loss of the 
internal environment. The roof surface is a minimum area exposed to sunlight compared 
to the rest of the envelope. Therefore, focusing on the building envelope is more effective 
in overcoming the solar heat gain, which helps in energy optimisation. In the case study 
building, the thermal analysis gives a detailed overview of the surface exposed to sunlight. 
The building heat map can be seen in Fig. 6.

The colour indicator mentions the amount of heat absorbed by the building surfaces. 
Similarly, in Fig.  7, the annual and daily orientation of the sun is demonstrated, which 

(3)
LCCA = initial Cons. Cost −

∑

(O&M) cost (P∕A, i, n) + Salvage value (P∕A, i, n)

Fig. 5  Energy visualised model in Ecotect
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analyses the projection of the shadow of the building due to the position of the sun. The 
following simulation is a powerful application of BIM technology that identifies the heat-
ing and cooling load of the building. BIM offers every range of locations; thus, the location 
was set according to the requirement of the study.

3.2  Cooling and heating load analysis

Energy consumption was estimated based on building materials to analyse their effect on 
decreasing and/or increasing energy usage. Figure 8a and b demonstrates the simulation 
results from Ectotect software for the heating and cooling load of brick walls with rock-
wool insulation and the brick wall with polystyrene insulation. The analysis was specifi-
cally based on the weather database of the Ecotect. In the model, only blue colours are vis-
ible, indicating that only the cooling load was required due to the hot and humid Malaysian 
climate. Thus, there is no heating load evident because no heating was required. It can be 
seen that from Nov to Feb, the energy demand is higher, whereas June and July are hotter 
months that require minimum cooling energy. Similarly, Fig. 9 represents the heating and 
cooling load of the models for the curtain wall system. Again, no evidence of heating load 
is visible due to the local climatic conditions.

Fig. 6  Energy absorption by the building surfaces

Fig. 7  Annual and daily orienta-
tion of the sun
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Besides this, a detailed summary of the heating and cooling load of the three models 
is demonstrated in Table 2 to determine an optimised insulation option that will lead to a 
reduction in energy usage.

Similarly, the total energy demand for the three models is presented in Fig.  10. The 
energy load for the building having curtain walls as an envelope recorded the highest value 
of 1,218,415 KWh. While the load of the building having a brick wall with rockwool insu-
lation was the lowest at 1,018,301 KWh. The wall having rockwool insulation saves 17% 
energy demand compared to the curtains wall, whereas the wall having polystyrene insula-
tion saves 12.7% energy demand compared to the curtain walls. Similarly, walls with rock-
wool insulation save 5% energy as compared to polystyrene insulation material. Thus, the 
analysis also indicates that building walls with low U-values can minimise heat gain and 
loss for the building.

Fig. 8  Monthly Heating and Cooling load
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3.3  Power consumption analysis

3.3.1  Building envelope cost

The building envelope is the external skin of the building exposed to sunlight and 
thermal conductivity. The building envelope cost, as shown in Table  3, is calculated 
according to the Construction Industry Development Board (CIDB), Malaysia (CIDB, 

Fig. 9  Monthly Heating and Cooling load for Model with Curtain walls

Table 2  Summary of monthly heating and cooling load of the alternatives

Month Curtain wall Bricks wall with rockwool Bricks wall with polysty-
rene

Heat-
ing load 
(KWh)

Cooling load 
(KWh)

Heat-
ing Load 
(KWh)

Cooling load 
(KWh)

Heat-
ing load 
(KWh)

Cooling load 
(KWh)

Jan 0 226,550 0 182,869 0 195,373
Feb 0 195,444 0 156,902 0 167,148
Marc 0 112,495 0 96,686 0 101,068
Apr 0 75,809 0 67,369 0 69,398
May 0 61,388 0 53,609 0 55,341
Jun 0 18,122 0 14,957 0 15,703
Jul 0 14,682 0 11,689 0 12,273
Aug 0 42,392 0 37,492 0 39,146
Sep 0 79,342 0 71,237 0 72,961
Oct 0 107,973 0 93,542 0 96,605
Nov 0 119,774 0 100,744 0 106,811
Dec 0 164,444 0 131,205 0 140,648
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2019). The table determines the thickness of material layers individually in millimetres, 
whereas the total cost is found by the product of the total area and unit cost of materials.

3.3.2  Installation cost of AC system

The data regarding the central AC installation cost were determined according to the 
building area, and the cost was determined from different supplier websites (ACSON, 
2021; Carrier, 2021; DAIKIN, 2021). The total area of the considered building was 
1855  m2 for each storey. Moreover, the installation cost for an area between 1500  m2 
and 2000  m2 is between USD 3500 and 4300, as shown in Table 4. Thus, the air condi-
tioning system cost of 2.5 tons for each storey was estimated to be USD 4300 and a total 
of USD 17,200 for the four stories.

Curtain Wall,  
12,18,415 

Polystyrene,  
10,72,475 

Rockwool,  
10,18,301 

9,00,000

9,50,000
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Fig. 10  Cooling load comparison

Table 3  Initial cost of the wall systems

Material Thickness (mm) Cost (USD/m2) Total area (m2) Cost (USD/m2) Total cost 
(USD/ 
m2)

1 2 3 4 = 2*3 5

Brick wall with Rockwool insulation
Brick 228 22.60 2,646 59,799.6 99,412
Rockwool 50 4.42 2,644 11,686.48
Plaster 20 5.28 5,289 27,925.92
Brick wall with Polystyrene insulation
Brick 228 22.60 2,646 59,799.6 96,556
Polystyrene 50 3.34 2,642 8,830.96
Plaster 20 5.28 5,289 27,925.92
Curtain wall
Double glazing 6.35 127 771 97,917 97,917
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3.3.3  Total initial cost

For the total initial cost, the initial construction cost of the envelope system was added to 
the installation cost of the cooling system, as shown in Table 5.

3.3.4  Operation and maintenance cost

Operation cost is the cost of energy used to operate the building properly. In this study, the 
air conditioning system cost was considered operation cost per KWh, which can be calcu-
lated by multiplying the total annual energy demand in KWh by the unit price of the elec-
tricity. The capacity or power of an AC unit is measured in British Thermal Units—BTUs 
(the amount of heat it can remove from space in one hour). The operation of the considered 
institutional building was from 8 am to 5 pm. The unit size of the AC system determined 
for each floor of the building was 2.5 tons, equal to 30,000 BTU (RapidTables, 2021). As 
the building was in Malaysia and the operation was 8 h per day, the cost of the electric-
ity per kw/h was considered USD 0.412 according to Tenaga Nasional Berthed, Malaysia 
(TNB, 2021) for commercial buildings, as shown in Table 6, whereas the total operation 
cost can be found using Eq. 4:

The total annual cost for the three alternatives was calculated as shown in Table 7 based 
on the energy demand analysed by Ecotect. The model having curtain walls as an external 
envelope had an energy demand of 1,218,415 KWh per year, having an electricity cost 
termed as operation cost of USD 126,715 per year to keep the building cool 8 h per day. 
Likewise, the annual energy demand for the brick wall with rockwool insulation was cal-
culated to be 1,018,301 KWh, for which the operation cost was USD 105,903 per year. In 

(4)Total operation cost per month =
Watt usage per hour (Wh)

1000
× price of kw∕h

Table 4  AC unit size and 
installation cost according to the 
Area

Area (m2) Unit Capacity 
(BTU)

Unit Size 
(Tons)

Installation Cost (USD)

700–1000 1800 1.5 2,200–3,300
1200–1400 21,000 2 3,000–3,800
1500–2000 30,000 2.5 3,500–4,300
2000–2500 34,000 3 4,500–5,000
3000–4000 48,000 4 5,200–5,800
5000 + 60,000 5 6,000

Table 5  Total initial Cost

Wall type Cost of wall type 
(USD)

Cost of the cooling 
system (USD)

Total initial 
cost (USD)

Brick wall with rockwool insulation 99,412 17,200 116,612
Brick wall with polystyrene insulation 96,556 17,200 113,756
Curtain wall 97,917 17,200 115,117
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contrast, the total energy demand for the bricks wall with polystyrene as insulating mate-
rials was 1,072,475 KWh and the entire operation cost to keep the building cool 8 h per 
day was USD 111,537 per year. On the other hand, the total annual maintenance cost for 
the AC system was USD 173 provided by the suppliers. The annual maintenance cost was 
added to the annual operation cost to obtain combined operation and maintenance costs.

3.3.5  Salvage value

Salvage value is the value after the usable life of an asset. It is sometimes called scrap 
value which is used to calculate the average asset depreciation cost. Firms generally esti-
mate a “reasonable” salvage for the commodity in consideration. The worth depends on 
how much time and how much the company uses the asset. The salvage value of the wall 
systems is not considered in the following analysis as the focus is on energy optimisation 
with LCCA. The average system useful life for the ACs is between 15 and 20 years, for 
which the salvage is estimated to be USD 6129, according to the suppliers (ACSON, 2021; 
Carrier, 2021; DAIKIN, 2021).

3.3.6  Discount rate

The costing of the life cycle approach typically includes simple discounting and financial 
estimation methods. It considers the balance between original costs and future investments 
using a set of economic analyses. The basis for the alternatives to be tested is similar. This 
can be described as applying the chosen interest rate to change the distribution value to a 
common point of reference, typically when decisions must be made. This approach guaran-
tees an equivalent comparison of the alternatives. The discount rate in Malaysia in October 
2018 was 3.262% which is considered for this study (CEIC, 2018).

Table 6  Malaysian Electricity 
Rates

Malaysian electricity prices Household (kWh) Business (kWh)

Malaysian Ringgit (MYR) 0.244 0.412
US Dollar (USD) 0.059 0.104

Table 7  Total Operation and Maintenance Cost (O&M)

Wall system Energy (KWh) Electricity 
cost per 
Unit

Operation 
cost (USD/
year)

Mainte-
nance cost 
(USD)

O&M cost (USD)

(1) (2) (3 = 1*2) (4) (5 = 3 + 4)
Bricks Wall with Rock-

wool
1,018,301 0.104 105,903 173 106,076

Bricks Wall with Poly-
styrene

1,072,475 0.104 111,537 173 111,709

Curtain wall 1,218,415 0.104 126,715 173 126,888
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3.3.7  Net present value (NPV)

The cash flow diagram is developed for the 20 years, as shown in Fig. 11, for the alterna-
tives to understand the phenomena of future cash. Present value is the current value of 
future money or cash flow stream given a specific rate of return. Future cash flows are 
discounted at the discount rate of 3.262%. The higher the discount rate, the lower will be 
the present value. The total LCCA of the three alternatives with the air conditioning unit 
as an operating system was calculated as shown in Fig. 12 using Eq. (3). The present worth 
of the building with the curtain wall was estimated as USD -1,887,963, and the wall with 
polystyrene insulation was USD -1,676,995. In contrast, the present worth of the wall hav-
ing rockwool as insulation material was USD-1,601,744.

4  Discussion

The energy consumption of the building raises the total LCC for a project. The key com-
ponent of the building that impacts energy demand and use is the building envelope. In 
high-rise buildings, the envelope is the primary solar radiation barrier, impacting the aver-
age energy gain and loss in the interior atmosphere. The external surfaces, especially the 
roof area, are exposed to sunlight in simple and single-storey projects and therefore, obtain 
heat. Whereas, the roof surface of high-rise buildings receives less sunlight than the rest of 
the envelope, which impacts energy efficiency and must be dealt with for optimum energy 
costs. The building envelope is a component that substantially influences the building’s 
energy consumption under the same building orientation, the area ratio of window to wall, 
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Fig. 11  Cash flow diagram
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and the geometric size of components (Yuan et al., 2020). Different materials and struc-
tures could be used as energy envelopes with a similar purpose but differing thermal con-
ductivity and emission.

The application of BIM to find sustainable mechanisms has beneficial impacts on 
energy efficiency, enabling the optimisation of the building’s overall life cycle performance 
during the conceptual design phase of a project. Advanced BIM is an adequate data flow 
between numerous libraries for energy analysis, LCA and LCCA. Standards have been 
defined that show how software and systems should interact when utilising the same data 
formats. gbXML, created by Green Building Studio, and IFC, an object-based, open file 
format developed by building SMART and approved as an official International Standard 
ISO 16739–1:2018, are widely used for data sharing within the AEC industry (Durdyev 
et al., 2021; Panteli et al., 2020).

Evaluation of BIM and energy modelling capabilities (AlizadehKharazi et  al., 2020) 
found that switching out low-performance traditional envelope materials for high-perfor-
mance alternatives reduced LCC by 28% and increased performance by 31%. Similarly, 
Sandberg et al. (2019) determined that the optimal design solution could yield savings of 
13% Life Cycle Energy (LCE) and 12% LCC relative to the conventional design building 
envelope. They also assessed the building envelope and concluded that increasing the insu-
lation in the roof and external walls would provide the greatest LCE and LCC benefit of all 
building components.

In the current study, a convenient way to determine total energy use and LCC and how 
to assess decision-making of optimum alternatives with BIM simulation is adopted. Revit 
was used to create an energy model for this investigation. Data were exported in gbXML 
format and imported into the Autodesk Ecotect software to determine the optimal building 
envelope for education institutions and calculate their HVAC loads. The cooling load of a 
4-storey educational building was calculated for three types of building envelope alterna-
tives. The highest energy load for the building with curtain walls was 1,218,415 KWh. 
However, a building load with a brick wall with rockwool insulation was the lowest at 
1,018,301 KWh. Compared to the curtain wall, the wall with rockwool insulation saves 
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17% energy, while the wall with polystyrene insulation saves 12.7% energy compared to 
the curtain wall. In comparison with the insulation of polystyrene, walls with rockwool 
insulation save 5% energy. This is because insulating materials with lower thermal con-
ductivity result in energy savings by allowing less heat conduction from the surrounding. 
Moreover, the total LCC of the alternatives demonstrated in Fig. 13 elaborates on the com-
parison between the impact of using different types of wall systems as a building envelope. 
Results show that the rockwool insulation has the highest cost during the installation phase, 
followed by the curtain wall and the lowest initial cost is with polystyrene insulation mate-
rials. The wall with rockwool has the lowest cost during the operation and maintenance 
phase, followed by polystyrene insulation and curtain wall. Adopting the LCCA approach, 
all the future costs associated with the project were discounted to the present worth to com-
pare all the alternatives together and to identify the best-optimised alternative. According 
to the total costs for all alternatives after discounting them to the present values, it was 
evaluated that the curtain wall has the lowest present worth, i.e. USD -1,894,413, followed 
by polystyrene insulation having a present worth of USD -1,683,445, whereas the highest 
present worth calculated was USD -1,601,744 for rockwool insulation. The LCCA dem-
onstrates that the best alternative is rockwool insulation. Although the initial cost could be 
higher than other alternatives, the 20 years of O&M costs are low, playing a significant role 
in total LCC optimisation. In all cases, rock wool is the material that allows obtaining the 
lowest O&M cost, unlike other insulating materials chosen in the study. Rockwool is a very 
effective insulating material because it has a very low heat conductivity value; the lower 
the thermal conductivity, the better the insulator the material is (Annibaldi et al., 2019).

Thus, the energy efficiency model of a building cannot just rely on the recommended 
and practical values. Better performance may be achieved in buildings if these kinds of 
materials are used and the economic thickness of insulating materials in the outer walls is 
determined in the light of the actual conditions of the building and the environmental con-
sequences. The economic thickness of the thermal insulation layer is determined using the 
life cycle cost analysis method, which considers all aspects of building construction and 
uses more objectively and scientifically (Zhang et al., 2019).
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5  Conclusion

The simplest methodology of integrating economic assessment and BIM simulation for 
total cost optimization  is achived in the current study. Integrating LCCA with the BIM 
approach in the conceptual planning and design stage supports the decision-makers in opti-
mising the energy and cost in the operation period and reducing total project costs. The 
BIM approach allows a range of alternative options that give the capacity for sustainability 
reform and predictive analysis within a single model to improve LCC and building effi-
ciency. A significant factor influencing energy demand and consumption is the envelope of 
the building. Thus, the current study considered the building envelope to determine energy 
and cost-saving potential by analysing and comparing the energy needs in a building with 
various alternate wall systems. The study also shows that walls can reduce the thermal gain 
and loss of buildings with low U-values. Moreover, implementing the LCCA technique 
simplified all future costs to the current market value to find the best-optimised alternative. 
The LCCA determines the rockwool insulation as the best outcome. Although the initial 
cost could be higher than other options, the cost of O&M for 20 years is low, which opti-
mises the LCCs.

The current research bridges the gap between the integration of BIM technology and 
economic assessment. While performing the research, data acquisition was a big hurdle to 
performing LCCA. Moreover, the LCCA is performed manually in the current research, 
using the data extracted from BIM and external sources. In future, a strategy or a plugin 
should be developed to directly integrate the project’s total life cycle cost by incorporating 
the simulation results directly within the BIM environment to enhance the results.
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