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A B S T R A C T   

This paper presents a life-cycle cost (LCC) informed co-design framework for building structures and envelope 
systems, holistically considering the influences of energy and natural hazard performance. The proposed method 
is consisted of a two-stage design and decision-making process, aiming to provide a quantitative guideline for 
building’s structural and envelope co-design based on the its geographic locations. First, the building’s structural 
configuration and envelope type are selected based on the life cycle cost. Then, the long-term cost effectiveness of 
various energy-saving building envelope options (e.g., high-performance glazing and insulation) is evaluated to 
refine the envelope design. The proposed co-design framework was demonstrated through the case study of a 
medium-size office building archetype in three locations with distinct climate conditions and seismic activities (i. 
e., Los Angeles, Memphis, and Boston). The results highlighted the interplay between building’s structural 
(seismic) performance and the cost-effectiveness of energy-saving design options – e.g., for buildings located in 
high-seismic regions, seismic enhancing designs greatly reduce the paybak period of high performance building 
envelope by reducing the seismic loss; whereas for buildings located in regions with cold climate and low seismic 
risk such as Boston, spatial frame with high insulation building envelope shows the lowest LCC.   

1. Introduction 

Buildings are responsible for 40% of primary energy consumption 
worldwide and 24% of greenhouse-gas emissions [1], significantly 
contributing to the causes of climate change. Meanwhile, building stocks 
are subjected to a wide range of climate-sensitive and site-specific haz
ards [2]. As the main physical assemblies that separate the conditioned 
building interior environment from the dynamic conditions of the 
exterior environment, approximately 39% of total primary building 
energy consumption can be attributed to heat transfer through building 
envelope [3]. Therefore, properly select and design building envelope 
has become a very important topic to ensure satisfactory requirements 
for building’s performance on durability, energy efficiency, and sus
tainability. One common strategy to improve building’s energy effi
ciency and reduce building’s carbon footprint is through the use of 
high-performance envelope materials and assemblies such as vacuum 
insulated panels (VIPs) and vacuum insulated glass panels; however, 
high performance building envelopes are often associated with higher 
initial investment (i.e., materials to installation) as well as probable 
higher maintenance costs over time as compared to their traditional 

counterparts [4]. As a result, the adoption of new building envelope 
technologies needs to thoroughly account for their long-term cost 
effectiveness including various costs items from material purchasing, 
installation, maintenance, as well as potential repair and replacement 
over time. 

Additional complications of this decision-making process arise as 
building envelope systems are frequently subjected to natural and 
manmade disastrous events such as wind storms, and earthquakes [5]. 
Under such circumstances, the building envelope component which 
features as part of nonstructural elements of the building likely experi
ence various levels of damage that require repair or even total 
replacement, depending on the hazard resistance of building envelope 
components as well as the design of the structural backbone they are 
attached to Ref. [6]. A field reconnaissance following Hurricane Katrina 
conducted by Mosqueda et al. [7] shows that extensive losses were 
coming from nonstructural damage to claddings, windows, and 
roof-mounted equipments in addition to water damage in the interior of 
many buildings. In addition, the damage of envelope, especially façades, 
caused by earthquakes, is also well-documented in literature [8] and it 
contributes largely to the overall building losses. From an economic 
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standpoint, higher performance building envelope options, although 
more energy-efficient and cost-saving during building operation, may be 
adversely affected by the potential loss caused by natural hazard events. 

Life-cycle cost (LCC) analysis has been used to evaluate the cost and 
benefit of high-performance building envelopes for both commercial 
and residential buildings [9–12]. Kneifel [9] analyzed the energy per
formance of 12 prototypical commercial buildings in 16 US cities, and 
the results show that energy efficiency envelope options (i.e., 
high-performance glazing and increased envelope insulation) lead to the 
decrease of energy use in new commercial buildings by 20–30% on 
average, and a reduction of LCC about 3.5% in 10 year service life. 
Mahlia and Iqbal [10] demonstrated through LCC analysis that 
increasing wall insulation can lead to an energy saving of 65–77% in 
Maldives. Similar LCC analysis was carried out by Morrissey and Horne 
[11] to highlight the benefit of high energy efficiency envelope for 
residential buildings in Melbourne, Australia. In addition, LCC analysis 
also was applied to evaluate the cost and benefit for green and living 
wall systems [12]. Most existing LCC analysis performed on building 
envelope systems only accounts for its initial cost, thermal performance 
(energy cost), and environmental impacts, with the assumption that the 
building envelope system will remain intact during the building’s ex
pected life cycle aside from regular maintenance [13]. However, 
building envelope components may experience damage due to the 
exposure to natural hazards depending on the geographic location 
where the building is situated in. For certain natural hazard event such 
as an earthquake, building’s structural layout and design of buildings 
are expected to have influence on the hazard performance of building 
envelope since the damage level of nonstructural building elements are 
mostly dictated by the structural responses (e.g., interstory drift ratio or 
peak floor acceleration) [14]. The impact of building’s structural per
formance when subjected to natural hazards on the loss and 
cost-effectiveness of nonstructural components (i.e., building envelope) 
calls for a more comprehensive method for evaluating the cost benefit of 
high-performance building envelope options. An earlier study con
ducted by Liu and Mi [13] developed a LCC-based decision making 
method to consider the potential loss caused by earthquake. Nosha
dravan et al. [15] performed a LCC analysis of residential buildings 
considering natural hazard risks, i.e., earthquake and hurricane. How
ever, these studies did not consider the interaction between structural 
systems and the envelope options. 

Researches also have been carried out to explore building’s struc
tural design and its impacts to economic and environmental cost with or 
without seismic risk [16–18]. Ji et al. [16] compared three 
decision-making methods that consider both cost and CO2 emission in 
building structural design. Nadoushani and Akbarnezhad [17] studied 
the influence of structural system on the life cycle carbon footprint of 
buildings. Another research carried out by Belleri and Marini [18] 
studied the effects of seismic risk to environment in existing buildings of 
Italy by using the Pacific Earthquake Engineering Research (PEER) 
performance-based earthquake engineering (PBEE) framework. 
Although the aforementioned researches revealed the inherent impacts 
of building’s structural design on its economic and environmental cost, 
they did not consider the interplay between structural system and other 
non-structural components (e.g., building envelop) and its implication 
on building’s long-term energy efficiency. 

In this research, a two-stage, LCC-informed decision-making process 
is developed for the co-design of building’s structural and envelope 
systems, aiming to find the design combination that yield the lowest 
operational energy use and long-term life cycle costs. To achieve this 
objective, life-cycle cost assessment is used to quantify the costs asso
ciated with each offstage of building construction and operation, 
including the operational energy use and natural hazard resistance. The 
design inputs include building structural configuration, building enve
lope type, and envelope material options such as insulation and glazing. 
To illustrate the method developed herein, case studies are carried out 
on medium size office building archetypes located in three locations 

with distinct climate conditions and earthquake hazard exposures– i.e., 
Los Angeles, California (Mediterranean climate with high seismic ac
tivity), Memphis, Tennessee (mild climate with medium seismic activ
ity) and Boston, Massachusetts (cold climate with low seismic activity), 
where the interaction between building’s energy and hazard perfor
mances as impacted by the design selections are highlighted. 

2. A two-stage LCC-informed decision-making process for energy 
efficient building envelope selection 

Fig. 1 presents the two-stage LCC-informed building design decision- 
making process, which aims to provide a quantitative guideline for the 
co-design of building’s structural and envelope systems based on the 
building’s geographic location, as well as the associated climate condi
tion and natural hazard exposures. In the first stage, a co-design of 
building’s structural configuration and the envelope type is conducted 
based on the life-cycle cost (LCC) analysis, where the initial construction 
cost and the present value of cumulative future costs including building 
maintenance, energy consumption, greenhouse gas (GHG) emissions, 
and the expected repair and replacement costs caused by natural hazard 
events (e.g., earthquake) are considered. The initial design is based on 
the long-term cost effectiveness of design options with the consideration 
of the impacts of the building structural hazard resistance on the damage 
fragility of structural and nonstructural components including build
ing’s envelope elements. Once the preliminary design is completed, 
discounted payback period (DPP) analysis is carried out in the next step 
to refine energy-saving features such as high-performance window 
glazing (e.g., low-E, vacuum insulated, thermochroic glazing) and high- 
performance insulation (e.g., vacuum insulated panels) etc. The new 
design approach allows for a holistic consideration of building’s hazard 
resilience, energy efficiency, and long-term cost effectiveness in building 
design, which will improve the decision-making process for selecting 
building design alternatives, retrofit and/or insurance strategies. The 
integrated consideration of multiple facets of building’s performance 
during the design phase may also bring improvements to building codes 
and green rating systems. 

2.1. Life-cycle cost analysis considering both energy efficiency and hazard 
resistance 

2.1.1. Life-cycle cost 
Life-cycle cost (LCC) is the discounted value of the sum of costs and 

benefits that occur at the end of the building service life, Tl, considered. 
If all attributes and consequences of a decision concerning a building can 
be expressed in monetary terms then an optimal decision will be the one 
that minimizes the LCC. For a building, the LCC may include initial 
construction cost, maintenance cost, operational energy cost, and the 
repair/replacement costs due to exposure to natural hazard. The ex
pected LCC up to Tl may be calculated as: 

LCC(Tl) = CC + CM(Tl) + CE(Tl) + CS(Tl) (1)  

where CC is the initial construction cost (includes materials and labor), 
CM(Tl), CE(Tl), and CS(Tl) are the net present values (NPVs) of future 
maintenance cost, operational energy cost, and expected seismic mon
etary loss at the end of the period of service life, Tl, respectively. The 
NPV terms, Ci(Tτ), is calculated as: 

Ci(Tτ) =
∑Tτ

j=1

(
1

1 + α

)j

Cannual
i (2)  

where, Ci represents cost items (i.e., maintenance cost) and Cannual
i are 

their corresponding annual values, and α is the annual discount rate. 
Note that Equation (2) only considers the time value of money, whilst 
other factors such as demand and requirement are not considered. For 
operational energy cost, a projected price index is used to adjust the 
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future unit energy price (e.g., electricity) based on NIST Handbook 135 
[19] and the projected price index is extrapolated to the future 50 years - 
i.e., the projected price index calculated by the Office of Management 
and Budget (OMB) Circular A-94 method is used, where −0.3% and 

0.6% discount rates are assumed for short term (1–10 years) and long 
term (11–30 years) to reflect the difference between expected inflation 
and nominal interest rate. The long term projected price (i.e., 11–30 
years) is extrapolated to the end of the life-cycle, i.e., 50 years. 

Fig. 1. A two-stage LCC-informed decision-making process for building structure and envelope design.  

Fig. 2. The analysis modules employed by this study to obtain the LCC index to support preliminary building design.  
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For the initial design stage (Stage I), the LCC of archetype buildings 
with various structural configurations and envelope types are assessed 
following the analysis procedure as shown in Fig. 2. The initial con
struction was estimated using RSMeans [20] and maintenance cost was 
estimated using the Whitestone M&R data [21] and adjusted using the 
city-based cost index. The annual energy consumption is obtained using 
whole-building energy simulation and the annual energy costis then 
calculated based on local energy prices. 

2.1.2. Estimate economic loss due to seismic hazard 
The seismic loss is estimated following the PEER’s performance- 

based earthquake engineering (PBEE) procedure [22] as outlined in 
Fig. 3. First, the site hazard is quantified through a hazard model. For the 
seismic hazard considered in this study, the rate of exceedance of seismic 
hazard is normally expressed as a function of the seismic intensity 
measure (IM) – e.g., peak ground acceleration (PGA) or response spec
trum acceleration (Sa)) [23]: 

λ(IM > x) =
∑nsource

k=1
λ(IMk > immin)

∫ immax

immin

×

∫ rmax

0
P(IM > x|im, r)fIMi (im)fRi (r)drdim (3)  

where nsource is the number of seismic source considered; λ(IM> x) is the 
mean annual frequency of exceedance (MAFE) of IM > x; λ(IMk > immin)

is the rate of occurrence of earthquakes greater than immin from the k-th 
earthquake source; P(IM> x|im, r) is obtained from the ground motion 
attenuation law; fIMk (im) and fRk (r) are the probabilistic density func
tions (PDFs) for earthquake magnitude and distance. 

For a given MAFE, the probability of exceeding a given ground 
motion intensity within a given time, t, is [22]: 

P(IM) = 1 −e−λ(IM)t (4) 

Thus, the probability of each IM level is obtained from Equation (4) 
through: 

p(IMm) =

{
P(IMm) if m = # of IM ​ levels
P(IMm) −P(IMm+1) otherwise (5) 

Then, structural analysis is performed to obtain the response of a 
structure to different levels of earthquake hazard. For each intensity 
level, the structural responses in terms of selected engineering demand 
parameters (EDPs) – e.g., interstory drift ratio (IDR)), are computed 
from nonlinear time history analyses. For EDPξ with a given hazard in
tensity measure, IMm, its probability may follow the lognormal distri
bution with the cumulative distribution function (CDF) expressed as: 

P(EDPξ ≤ edpξ|imm) = Φ
(ln(edpξ|imm) −ln μξ

βξ

)

(6)  

where μ and β are the median and logarithmic standard deviation of 
edpξ, respectively. 

Thus, the probability of a damageable building component (struc
tural or non-structural), n, reaching certain damage measure, DMnη, is 
defined by a fragility function [22]: 

p(DMnη|EDPξ) =

{
P(DMnη|EDPξ) if η = # of DM states
P(DMnη|EDPξ) −P(DMn(η+1)|EDPξ) otherwise (7) 

Lastly, a loss model is defined to quantify the probability distribution 
of monetary loss (due to repair and replacement) for a building element 
reaching given damage level, P(Lnς|DMnη). The expected annual seismic 
monetary loss of a building is obtained by Refs. [22]: 

Cannual
S = λ

∑

n

∑

η

∑

ξ

∑

m
LnςP(Lnς|DMnη)p(DMnη|EDPξ)p(EDPξ|IMm)p(IMm)

(8)  

2.1.3. Fragility model of building envelope component 
For the component-level loss estimation, FEMA P-58 PACT [6] was 

used to obtain fragility parameters, repair cost/time, casualty and fa
tality consequence function for the structural and non-structural com
ponents. The probability distribution of damage state for a building 
element, i.e., the component fragility function, is assumed to follow a 
lognormal distribution function of the engineering demand parameters, 
as expressed by Equation (6). For the building envelope systems 
considered in this study – i.e., glass curtain wall (GCW), exterior insu
lation finishing system (EIFS), and precast concrete cladding (PCC), the 
parameters of Equation (6) as well as the repair costs for each damage 
state are enlisted in Tables 1–3. The repair cost at a specific damage state 
is estimated as a function of the replacement cost of the corresponding 
component based on the method outlined in FEMA P-58 [6]. The 
replacement cost is estimated as 1.5 folds of the construction costs, while 
the potential cost differences caused by different floor levels (scaffolding 
etc.) are neglected for simplicity. 

For the stick-built GCW cladding system, the damage state (DS) is 
defined as a function of the interstory drift ratio since the damage is 
mainly caused by the lateral-displacement induced deformations [24]. 
Table 1 lists the damage states and the corresponding repair costs of 
GCW claddings for the baseline double-pane glazing (DPG) and three 
other high-performance glazing options – i.e., the triple-glazed low-E 
glass (TriLE), the vacuum glazing (VacG), and the thermochromic 
glazing (TCG). At DS1, the gasket seal starts to fail which can be repaired 

Fig. 3. Schematic of performance-based earthquake engineering methodology [22].  
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by replacing damaged gaskets; at DS2, replacing cracked glass panels 
maybe required; lastly, at DS3 total replacement of the façade is 
required. 

An exterior insulation finishing system (EIFS) cladding is normally 
comprised of EIFS panels and window fenestrations attached to the cold- 
formed steel framing. The damage states of EIFS are mostly attributed to 
the damages of silica caulking, the EIFS panel, windows (both frame and 
glazing), fasteners, and the supporting cold-formed steel framing. 
Table 2 lists the damage states and corresponding repair costs of the EIFS 

cladding with different insulation and glazing options – i.e., three 
insulation options: the R-13 EPS baseline, the vacuum insulated panels 
with fumed silica core (VIP), and the modified atmosphere insulation 
(MAI) recently developed by Oak Ridge National Laboratory [25], in 
conjunction with two glazing options: the double-pane glazing (DPG) 
and triple-glazed low-E glass (TriLE). The damage of EIFS system starts 
with minor cracking of the EIFS panels and caulking, followed by win
dow glazing damage, crushing of EIFS panels and buckling of the 
cold-formed steel framing members, and finally glass fallout, where the 
damage state definitions for caulking, window glazing, and EIFS panel 
are adopted from Refs. [6,26,27], respectively. 

There are typically three types of Pre-cast concrete (PCC) claddings: 
(1) type C1 cladding consists spandrel panels with glazing between 
stories; (2) type C2 cladding consists of spandrel panels that span the full 
height of the story with windows inside the spandrel panels; and (3) type 
C3 cladding is similar to type C1 with column cover panels spanning 
between floors. The type C2 cladding is selected in this study since the 
windows are protected from seismic damage and presents the least 
seismic loss of all three types of PCC claddings [26]. The PCC panels are 
normally attached to the building’s structural frame through push-pull 
connections (threaded rods) and vertical bearing connections, see 
Fig. 4. Due to the rigidity of C2 panels, window glazing may experience 
little to no damage under low intensity earthquakes, whereas most 
damages occurs in the connectors [26,28]. At higher displacement level, 
the damage on PCC panels are normally consisted of cracks or corner 
crushing caused by pounding of adjacent panels [28]. Table 3 summa
rizes the damage states of the PCC cladding and the corresponding repair 
cost for each DS level. The definition of damage states are adopted from 
the studies conducted by McMullin and Nguyen [29], Hunt [26] and 
Baird [28]. The damage of PCC cladding starts with cracking of the silica 
caulking, followed by yielding of thread rod of push-pull connector and 
failure of the silica caulking. As the interstory drift ratio increases, sig
nificant yielding of thread rod and hair-like cracks of PCC panel occurs. 
Lastly, thread rod starts to fracture, and PCC panel exhibits surface 
cracks and corner crushing. 

2.2. Discounted payback period analysis for energy saving design options 

The discounted payback period (DPP) analysis is used to determine 
the cost-effectiveness of an enhanced design option. DPP analysis gives 
the number of years it takes to break even from undertaking the initial 
investment by discounting future benefits and recognizing the time 

Table 1 
Damage states and repair costs of GCW cladding.  

Damage 
State 

Description μ β Item repair 
cost 

Repair cost 
($/m2) 
(DPG/TriLE/ 
VacG&TCGa) 

DS1 Remove glass 
panel and 
replace 
damaged 
gaskets 

0.026 0.25 0.5 ×
replacement 
cost 

304/392/473 

DS2 Replace 
cracked glass 
panel 

0.0268 0.25 0.8 ×
replacement 
cost 

486/627/757 

DS3 Replace 
cracked glass 
panel; cover 
exposure in 
meantime 

0.0339 0.25 replacement 
cost 

607/785/946  

a VacG and TCG are assumed to have the same construction and repair costs. 

Table 2 
Damage states (DS) and repair costs of EIFS cladding.  

Damage 
State 

Description μ β Item repair cost Repair cost 
($/m2) EPS- 
DPG/MAI- 
DPG/MAI- 
TriLE/VIP- 
TriLE 

DS1 Screws pop-out, 
minor cracking 
of EIFS panels 

0.0021 0.6 0.2 ×
replacement 
cost of EIFS 
panel 

56/63/63/ 
80 

DS2 Initial cracking 
of caulking 

0.0048 0.15 0.25 ×
replacement 
cost of caulking 

61/68/68/ 
85 

DS3 Glass pane 
contact and 
small cracking 
at perimeter 

0.006 0.12 0.2 ×
replacement 
cost of window 
glazing 

95/102/ 
116/133 

DS4 Moderate 
cracking or 
crushing of EIFS 
panels 

0.0071 0.45 0.4 ×
replacement 
cost of EIFS 
panel 

151/165/ 
179/214 

DS5 Failure of 
caulking 

0.0088 0.25 replacement 
cost of caulking 

166/180/ 
194/229 

DS6 Glass 
translation and 
gasket pull-out 

0.011 0.2 0.5 ×
replacement 
cost of window 
glazing 

217/231/ 
266/301 

DS7 Significant 
cracking and 
buckling of 
studs and 
tearing of tracks 

0.012 0.45 replacement 
cost of EIFS 
panel 

385/421/ 
456/542 

DS8 Observable 
cracking in glass 

0.016 0.19 0.8 ×
replacement 
cost of window 
glazing 

436/472/ 
528/614 

DS9 Major cracking 
and glass fallout 

0.020 0.16 replacement 
cost of window 
glazing 

470/506/ 
576/662  

Table 3 
Damage states and repair costs of PCC Cladding [26,28].  

Damage 
State 

Description μ β Item repair cost Repair 
cost 
($/m2) 

DS1 Initial cracking 
of caulking 

0.0048 0.15 0.25 ×
replacement cost 
of caulking 

5 

DS2 Onset of 
yielding of 
threaded rod 

0.0079 0.25 0.3 × replacement 
cost of push-pull 
connector 

48 

DS3 Failure of 
caulking 

0.0088 0.25 replacement cost 
of caulking 

60 

DS4 Significant 
yielding of 
thread rod 

0.014 0.25 0.6 × replacement 
cost of push-pull 
connector 

104 

DS5 Hair-like cracks 
of PCC panel 

0.0192 0.20 Cosmetic repair 
with 13.2$/m2 

117 

DS6 Fracture of 
thread rod 

0.025 0.25 replacement cost 
of push-pull 
connector 

175 

DS7 Surface cracks 
and corner 
crushing of PCC 
panel 

0.0339 0.20 Epoxy injection 
and concrete 
patching with 
137.4$/m2 

299  
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value of money. The DPP of the energy-saving design options considered 
in this study are obtained through solving: 
(

CHP
C +

∑
CHP

i (TDPP)
)

−
(

CBL
C +

∑
CBL

i (TDPP)
)

= 0 (9)  

where the superscripts HP and BL represents high-performance alter
native and the baseline, respectively; 

∑
CHP

i (TDPP) and 
∑

CBL
i (TDPP) are 

the net present values (NPVs) of the energy-saving design options (i.e., 
high-performance insulations and glazing) and their corresponding 
ASHREA 90.1 complied baseline, respectively. 

Fig. 4. PCC cladding configuration and detailings  

Fig. 5. The (a) floor plans; (b) envelope types; and (c) thermal zones of building archetypes; and (d) EnergyPlus model.  
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3. Case study with archetype buildings 

3.1. Archetype configurations 

To demonstrate the LCC-informed co-design framework, a four story 
reinforced concrete (RC) office building archetype is designed in three 
geographic locations – i.e., Los Angeles (CA), Memphis (TN), and Boston 
(MA). The building is 30 m × 30 m with column span of 6 m and story 
height of 4 m. The building archetype is adopted from AlHamaydeh 
et al. [30] to represent typical medium size office buildings. For each 
location, three structural configurations were considered, namely the 
spatial frame (SF), shear wall layout 1 (SW1), and shear wall layout 2 
(SW2), as illustrated in Fig. 5 (a). The shear wall designs represent the 
seismic enhanced design options – SW1 has only one shear wall at the 
middle of each perimeter of the building (6 m length), while SW2 has 
two 3.6 m shear walls on each side of the perimeter. SW1 and SW2 
represent different shear wall layouts and shear wall to floor area ratios. 
The structural design was performed according to the specifications of 
ACI 318-14 and ASCE7-16, and the details can be found in Ref. [31]. 

Three building envelope types – i.e., the glass curtain wall (GCW), 
exterior insulation and finishing system (EIFS), and pre-cast concrete 
(PCC) cladding, are compared in this study due to their widespread use 
in commercial buildings. Fig. 5 (b) shows the schematics of each 
building envelope type. The envelopes are designed to meet ASHRAE 
90.1 specifications [32] for climate zones 3B (Los Angeles, CA), 3A 
(Memphis, TN), and 5A (Boston, MA). 

For GCW, four types of glazing materials – i.e., the double pane glass 
(DPG) is used as the baseline, and triple pane low-E glazing (TriLE), 
vacuum insulated glazing (VacG), and thermochromic glazing (TCG) are 
studied as the high-performance energy-saving design alternatives. The 
solar thermal properties of each glazing option and their costs (for Los 
Angeles, CA) are listed in Table 4. The cost of glazing used for GCW and 
that for EIFS/PCC (windows) are different due to the different framing 
structure and installation processes. The mid-rise stick system is 
assumed for GCW, which requires vertical mullions to be installed and 
anchored to the floor slabs and additional components including hori
zontal mullions and spandrel panels are attached once the vertical 
mullions are in place; whereas the glazing of EIFS/PCC cladding typi
cally requires lower labor costs as compared to the GCW system. 

For the EIFS and PCC, the designed U-values, layup, and costs are 
listed in Table 5. The claddings are named by the insulation and glazing 
type – e.g., ‘EIFS-EPS-DPG’ represents EIFS cladding system with the 
baseline R-13 EPS insulation and double-pane glazing as window 
glazing. It is noted that, the PCC claddings are considered as a mass wall 
system, which can adopt higher U-values in design [32]. The cost listed 
in Table 5 is based on the prices in Los Angeles, CA, and city-based 
construction cost index [20] is applied to adjust the construction costs 
of the envelope systems for the studied regions, see Table 6. 

3.2. Building energy simulation 

To quantify the energy consumption and costs during the building’s 
operational phase, the whole-building energy consumption analysis is 
conducted using EnergyPlus. For each floor, the archetype buildings are 

divided into nine thermal zones with an 18 m × 18 m core area at the 
center and eight boundary zones on the perimeter of the archetype 
buildings, see Fig. 5 (c). For the EIFS and PCC claddings, a window to 
wall ratio (WWR) of 37.5% was used. The model settings and schedules, 
such as occupancy and lighting, offcie equipments, ventilation, air 
condition heating and cooling, are adopted from the medium office 
building archetype published by the US Department of Energy [35]. The 
building has an occupancy of 18.58 m2/person. The lighting intensity 
and internal heat gain from office equipments are 10.76 and 8.08 W/m2 

respectively. The variable air volume (VAV) reheat HVAC system is used 
with electricity for cooling and natural gas for heating [32]. The VAV 
reheat HVAC system has been applied to about 65% of medium office 
buildings in US according to the 2013 report of Zhang and Liu [36]. The 
set points for heating and cooling are 21.1 ◦C and 23.9 ◦C, respectively, 
with setback temperature of 15.6 ◦C for heating and 29.4 ◦C for cooling, 
respectively. 

3.3. Structural analysis under seismic hazard 

The building structures were designed using SAP2000 and modeled 
using OpenSees for nonlinear seismic analysis. Fiber elements were used 
to model the RC beams and columns, and SFI-MVLEM elements were 

Table 4 
Solar thermal properties and costs of glazing materials.  

Glazing Type SHGC Direct solar transmition Visible Light transmission U-value Cost (GCW/Window) 

(–) (–) (–) (W/m2K) ($/m2) 

DPG (Baseline) 0.25 0.21 0.31 2.58 405/306 
TriLE 0.22 0.13 0.27 1.20 523/424 
VacG 0.25 0.29 0.58 0.80 631/532 
TCG* 0.10 – – 1.07 631/532 

*Solar heat gain coefficient (SHGC) and U-value calculated in Window 7.7 under the environmental condition of NFRC 100-2010. 
*The costs of DPG, TriLE, and VacG and TCG are adopted from RS Means [20], BEopt [33], and [34], respectively. 

Table 5 
Designed exterior walls/claddings and costs.  

Cladding U-value Layup information Heat 
capacity 

Costa 

(W/ 
m2K) 

(cm) (kJ/m2K) ($/m2) 

EIFS-EPS- 
xxx 

0.442 Stucco/EPS/PB (2.5/7.6/1.2) 51 298 

EIFS-MAI- 
xxx 

0.230 Stucco/MAI/PB (2.5/5.1/1.2) 50 336 

EIFS-VIP- 
xxx 

0.155 Stucco/VIP/PB (2.5/5.1/1.2) 50 431 

PCC-EPS- 
xxx 

0.590 Stucco/C/EPS/C/PB (2.5/5/ 
5.1/15/1.2) 

454 506 

PCC-MAI- 
xxx 

0.223 Stucco/C/MAI/C/PB (2.5/5/ 
5.1/15/1.2) 

454 551 

PCC-VIP- 
xxx 

0.151 Stucco/C/VIP/C/PB (2.5/5/ 
5.1/15/1.2) 

454 646 

PB = plasterboard, C = concrete. 
a Cost is estimated by RSMeans™ 

Table 6 
City-based cost index and energy prices of Los Angeles, Memphis, and Boston.  

City Construction cost 
index 

City-based 
cost index 

Electricity 
price 

Natural gas 
price  

(−) (−) ($/kWh) ($/therma) 

Los 
Angeles 

1.123 0.985 0.181 1.238 

Memphis 0.861 0.860 0.107 0.653 
Boston 1.139 1.056 0.218 1.331  

a 1 therm = 29.3 kW h 
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used to model RC shear walls [37]. Due to their low self-weight, the 
influence of GCW and EIFS claddings on the dynamic responses of the 
archetype buildings are ignored, whereas the self-weight of PCC clad
ding is added as uniform distributed dead loads on the perimeter frame 
of archetype building. The first-mode periods of the archetype buildings 
are listed in Table 7. 

For the collapse fragility analysis, 22 far-field ground motions are 
used per the recommendation of FEMA P-695 [38]. Incremental Dy
namic Analysis (IDA) is used to evaluate collapse capacity of the ar
chetypes. Then, the collapse capacity obtained from IDA is used to find 
the empirical CDF of the collapse fragility functions, and maximum 
likelihood method is used to fit a lognormal distribution function over 
the empirical CDF. Table 7 summarizes the expected collapse capacity, 
μ, and its corresponding logarithmic dispersion, β. 

After the collapse fragility function of each archetype building is 
obtained, nonlinear time-history analysis is performed to obtain its 
structural responses (EDPs such as interstory drift ratios and peak floor 
accelerations) under the excitations of scaled ground motions [6]. Then, 
the obtained collapse fragility function along with the structural re
sponses obtained from nonlinear structural time-history analysis are 
used as input to conduct seismic loss estimation using FEMA P-58 PACT 
[6]. 

4. Results and discussions 

4.1. Co-design of structural and envelope systems based on LCC 

4.1.1. Construction cost 
Fig. 6 presents the construction costs of various structural systems 

and claddings. Generally, higher seismic demands lead to larger struc
tural components size and higher construction costs. The construction 
costs of shear wall buildings, i.e., SW1 and SW2, are higher than their 
spatial frame (SF) counterparts due to the higher costs of substructure 
and additional costs of shear walls, see Fig. 6 (a). The construction cost 
of envelope depends on the cladding type, insulation materials, and 
glazing materials, see Fig. 6 (b). GCW cladding has a higher construction 
cost due to the high unit glazing cost and installation fee, see Table 4. 
EIFS cladding has a relatively lower cost as compared to PCC due to its 
lightweight feature with reduced material cost and installation labor 
cost. For GCW system the current market cost for double-pane glazing is 
~260 $/m2 [20], whereas it costs 380$/m2 for triple-pane low-E glass 
[33] and 490 $/m2 for vacuum glazing [34], thermochromic glazing has 
similar cost as that of vacuum glazing. Since materials are roughly 
60–70% of the construction, the difference in glazing materials has led 
to 30–60% increase in overall construction cost of the envelope system. 
For EIFS, the cost for R-13 EPS insulation is 23 $/m2, while the costs for 
R-25 MAI and R-35 VIP are 60 $/m2 [25], and 155 $/m2 [39] respec
tively. For EIFS with R-13 EPS, the cost of insulation material is about 
10%, while the costs of other components of EIFS cladding, i.e., sub
strate, adhesive between substrate and insulation, reinforcing mesh, 

finish coating and the install labor cost account about the remaining 
90% of the construction cost. Adopting high-performance insulations, i. 
e., MAI and VIP, will increase about 13% and 44% of the overall con
struction cost. Adding high-performance glass to windows in an EIFS 
system typically will increase the construction cost by 20%. As for PCC, 
similar construction cost increase trend was observed as that for EIFS 
when adopting high-performance insulation material and 
high-performance glazing. However, the construction cost of PCC panel 
is higher than EIFS counterparts with an increasing of about 200 $/m2. It 
is worthwhile to mention that the exterior of shear wall is not covered by 
the corresponding cladding because shear wall blocks the outdoor 
environment (see Fig. 5 for the layout of the cladding). Instead, a layer of 
insulation which compatible with the assigned cladding insulation ma
terial and stucco are used and therefore the cladding costs of shear wall 
(SW1 and SW2) buildings are lower than the spatial frame (SF) building. 

4.1.2. Maintenance cost 
The maintenance cost is estimated by the Whitestone M&R data [21]. 

Two service lives (i.e., 30 years and 50 years) are considered for glazing 
materials – at the end of its service life, windows and glaszings will be 
replaced. Except for the scheduled minor repair of GCW at every five 
years and repair operable window of EIFS and PCC at every 15 years, an 
annual glazing cleaning fee of 1 $/m2 is assumed to maintain the aes
thetics of glazing. PCC panel typically has a service life of over 75 years 
and requires very little maintenance over the life span of the building. Its 
maintenance includes only occasional cleaning as aesthetically desired, 
and maintenance of the caulking and waterproofing systems. Therefore, 
a maintenance fee of 1 $/m2 at every five years is assumed. On the other 
hand, EIFS panel may be subject to moisture damage, caulking failure 
and inability to drain, and thus needs more maintenance efforts. For this 
study, the annual inspection and minor repair costs of 0.5 $/m2 and 
scheduled maintenance of every five years with a cost of 2 $/m2 are 
assumed for EIFS panel. The maintenance costs of other nonstructural 
components (e.g., roof), HVAC system, electrical facilities, and etc. are 
also considered in the LCC analysis according to the office building 
prototype in the Whitestone M&R data [21]. 

4.1.3. Annual energy cost 
A cost of carbon emission, i.e., the equivalent CO2 emission cost, is 

added to the building energy cost based on the amount of energy use and 
the source energy makeup. The Mid-case projected equivalent CO2 unit 
price in tone of Synapse Energy Economics [40] is used to calculate the 
life-cycle carbon cost. 

Fig. 7 compares the annual energy cost and source energy makeup of 
the archetype spatial frame (SF) buildings with various cladding options 
in Los Angeles, Memphis, and Boston. The city-based electricity source 
energy makeup is used to calculate the equivalent CO2 footprint, where 
Memphis has the highest equivalent CO2 due to the high percentage of 
energy from coal-fire power plants. Building archetypes in Boston 
consume the highest energy for indoor heating due to its cold winter. 
Note that since gas-heating is assumed, the heating energy costs are 
lower than that of cooling energy. EIFS and PCC envelope systems have 
similar energy performance, which are generally better than GCW across 
all three studied regions. This is consistent with previous studies by 
Aksamija and Peters [41] that opaque envelopes typically have more 
mass, greater insulation levels, and better heat retention than glazed 
envelopes, which result in less energy consumption. 

For archetype buildings with GCW cladding, the glazing type has a 
significant impact on the annual energy consumption. GCW cladding 
with high-performance glazing – i.e., triple-glazed low-E glass (TriLE), 
vacuum glazing (VacG), and thermochromic glazing (TCG), consume 
24–36% less heating and cooling energy than the baseline with double- 
pane glass (DPG). Across all three studied regions, vacuum glazing 
(VacG) shows the highest energy-saving potential. It is also noticed that 
since the energy performance of thermochromic glasses (TCG) is a 
function of temperature, it brings more energy saving potential for 

Table 7 
The first-mode periods and collapse fragility parameters of archetype buildings.  

Buildings GCW/EIFS PCC  

First-mode 
period 

μ  β  First-mode 
period 

μ   

(sec) (−) (−) (sec) (−) (−) 

LA-SF 0.76 2.98 0.51 0.83 2.63 0.49 
LA-SW1 0.27 4.18 0.39 0.29 4.03 0.44 
LA-SW2 0.32 4.13 0.36 0.34 3.96 0.36 
MP-SF 1.09 1.51 0.50 1.20 1.29 0.65 
MP-SW1 0.35 2.26 0.37 0.37 2.17 0.38 
MP-SW2 0.49 2.20 0.36 0.53 2.12 0.31 
BS-SF 1.27 0.97 0.83 1.40 0.78 0.86 
BS-SW1 0.45 1.34 0.81 0.48 1.30 0.75 
BS-SW2 0.59 1.33 0.58 0.63 1.30 0.55  
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buildings situated in hot climate zones [42]. The study of Lee et al. [43] 
also indicated that TCG has similar energy performance as low-E glass. 
Such a result is also obtained in the current study, where the energy 
consumption of the building with triple-pane TCG is comparable to 
building with triple-pane low-E glass. For buildings with EIFS cladding, 
the adoption of high-performance vacuum insulation panels, such as the 
MAI, offer relatively limited energy-saving, where only 4%–6% of 
heating and cooling energy-saving was observed as compared to the 
ASHREA complied R-13 insulation baseline). This is due to the fact that 
the energy-saving potential brought by increasing the envelope’s insu
lation (R-value) becomes limited when R-value exceeds a certain value 
[44]. The cost effectiveness of increasing building envelope’s insulation 
will be discussed in the following section. 

4.1.4. Seismic monetary loss 
The damage and loss analysis due to seismic hazard are evaluated 

using FEMA P-58 PACT [6], which provides a database of repair cost/
time and other consequence functions for performing component-level 
loss estimation. The fragility functions obtained from the nonlinear 
dynamic analysis (see Section 3.3) are used to find the probability of a 
damageable component reaching a certain damage state. 

Fig. 8 presents the expected seismic monetary losses at each hazard 
level and the component-level annual expected seismic monetary losses 
of the archetype building located in Los Angeles, CA. The expected 

seismic loss at each hazard level is calculated as the summation of the 
expected non-collapse building repair costs and the total building 
replacement cost considering its collapse probability at each hazard 
level. Fig. 8 (a), (b), and (c) show the expected seismic monetary losses 
at six different ground shaking hazard levels (HLs), with the return pe
riods of 50 years (Sa (T = 0.5s) = 0.3 g (HL 1)), 100 years (Sa = 0.5 g (HL 
2)), 500 years (Sa = 1 g (HL 3)), 1000 years (Sa = 1.3 g (HL 4)), 2000 
years (Sa = 1.6 g (HL 5)), and 5000 years (Sa = 2.2 g (HL 6)), for 
archetype buildings with GWC, EIFS, and PCC, respectively. It is clear 
from the results that the seismic enhanced designs, i.e., SW1 and SW2, 
greatly reduced the expected seismic monetary loss for each hazard 
level. The component-level annual expected seismic monetary loss of 
Los Angeles archetype buildings with different cladding options are 
presented in Fig. 8 (d). Architype buildings with PCC cladding has 
higher seismic loss than those with other cladding types, mainly due to 
the additional weight of the cladding system which increased the lateral 
displacement level during a seismic event. The damage loss can be 
greatly reduced by adding shear walls. As expected, seismic loss in
creases as the more expensive energy-saving features (e.g., high- 
performance glazing and insulation) are used, whereas the difference 
is minimum for seismic enhanced buildings (i.e., SW1 and SW2). This 
indicates that hazard enhancement designs are effective in protecting 
the high-performance envelope options. Since Memphis and Boston 
have much lower seismic activities than that of Los Angeles, the 

Fig. 6. Construction costs of (a) structural systems and (b) claddings in Los Angeles, Memphis, and Boston.  
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expected damage loss to due earthquake hazard is relatively small. Thus, 
the benefits of seismic enhanced design are limited – i.e., in these re
gions, spatial frame buildings are more desired due to its lower con
struction cost and better flexibility for architectural features and 
mechanical, electrical and plumbing (MEP) installations. 

4.1.5. Life-cycle cost (LCC) 
The 50-year LCC of the archetype office buildings with no glazing 

material replacement (i.e., glazing material service life longer than 50 
years) located in Los Angeles (CA), Memphis (TN) and Boston (MA) are 
presented in Fig. 9 (a), (b), and (c), respectively. It is evident that in high 
seismic regions (e.g., Los Angeles, CA), seismic enhancement designs (i. 
e., SW1 and SW2) greatly reduce the buildings 50-year life cycle cost 

(LCC), see Fig. 9 (a). For the archetype building in Memphis, TN, the LCC 
across different structural configurations are very close, since the 
increased construction cost for the seismic enhanced options (i.e., shear 
walls) almost equals to the life-cycle seismic monetary loss savings 
brought by the seismic enhancement design. It is also noted that the LCC 
of Memphis archetype buildings are lower than buildings in Los Angeles 
and Boston, mainly owing to the lower construction and maintenance 
cost and lower energy price (as adjusted by the city-based cost index, see 
Table 6). For buildings located in low-seismic and cold-climate zone 
such as Boston, MA, the spatial frame (SF) structures are more desirable 
due to their relatively low construction costs. 

For buildings across all geographic locations studied, EIFS cladding 
shows the greatest cost benefit owning to its lower construction cost, 

Fig. 7. Annual energy cost and electricity source energy makeup of archetype spacial frame (SF) buildings with various envelope situated in: (a) Los Angeles; (b) 
Memphis; and (c) Boston. 
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good energy performance, and relatively lower maintenance costs as 
compared to glass curtain walls. However, because of its lower stiffness, 
both the EIFS cladding panels and the windows are prone to damage 
during earthquake events. In addition, EIFS may be more prone to 
moisture damage in regions with hot and humid climate [45]. It is also 
noted that spatial frame buildings with precast concrete claddings 
(PCCs) are less desirable in high seismic regions due to its high 
self-weight acting on the building structure, see Fig. 8 (d). With seismic 
enhanced designs, the LCC differences between different envelope types 
become much smaller – if more expensive envelope options such as glass 
curtain wall are desired in high seismic regions, adding hazard 
enhancement design would greatly help to protect the asset and reduce 
the overall LCC of buildings. It was also observed that for low seismic 
regions, particularly areas with lower construction cost index (such as 
Memphis), PCC makes an excellent envelope option owing to its excel
lent durability (low maintenance cost) and good energy performance 
(due to its high thermal mass). 

Fig. 10 presents the LCC sensitivity of archetype buildings with 
different structural configurations and EIFS-DPG cladding. The annual 
seismic loss distributions (Fig. 10 (a)) indicate that the seismic enhanced 
options can effectively reduce the seismic loss for buildings situated in a 
high seismic risk region such as Los Angeles. The annual seismic loss has 
a lognormal distribution and the cumulative distribution function rep
resents the uncertainty caused by ground motions, component fragility 
functions and their associated repair costs. The influence of the uncer
tainty of the annual seismic loss on the estimated life cycle cost (LCC) is 
shown in Fig. 10 (b) – the LCCs of archetype buildings with different 

structural configurations are consistence with each other for annual 
seismic losses at 25 percentile, median (50 percentile), and 75 
percentile. 

4.2. Payback analysis for energy saving envelope designs 

The payback curve as illustrated in Fig. 11 (a) is calculated as the 
difference in LCC between the energy-saving design and the ASHREA 
90.1 complied baseline, plotted as a function of time, T. The solid and 
dashed and short dashed dot lines in Fig. 11 (a) represent the net present 
value of the cumulative future cost difference between the energy- 
saving envelope design and that of the baseline with and without 
considering the earthquake-induced repair and replacement cost of the 
structural and nonstructural components in the LCC calculation. The 
difference of LCC with and without considering seismic damage costs are 
notable in high-seismic regions such as Los Angeles – i.e., the investment 
into energy-efficient envelope designs takes longer to payback with the 
consideration of seismic damage due to the extra seismic repair costs; 
whereas this difference are minimum (if any) for medium- or low- 
seismic regions, see Fig. 12. The dashed line and short dashed dot 
represent the 50 years service life of glazing material (no replacement is 
needed in the 50 years LCC) while short dashed dot consider 30 years 
service life of glazing material (replacement is required at 30 years 
service life) respectively. It is clear that the consideration of glazing 
material replacement at 30 years may lead to a longer discounted 
payback period (DPP). 

For buildings located in high-seismic regions, adding seismic 

Fig. 8. Seismic monetary loss of Los Angeles archetype buildings: (a), (b), and (c) intensity-based seismic loss of Los Angeles archetype buildings with GCW, EIFS, 
and PCC claddings at different hazard levels; and (d) annual expected seismic loss of archtype building in Los Angeles, CA. 
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enhancement measures, such as shear wall, greatly reduces the DPP of 
the more expensive glazing and insulations in EIFS system by reducing 
the seismic loss of the building envelope, see Fig. 11 (b). Whereas shear 
walls have shown little effect on the DPP of the high-performance 
glazing in glass curtain walls. This is because the enhanced seismic 
design of GCW advanced by recent recommendation for practical 
building installation [24] greatly increased the earthquake performance 
of GCW system - the glass-to-frame clearance helps to reduce clashing 
between glass and the frame. The shear wall designs show most benefit 
with EIFS cladding as the shear walls, to a large extend, reduce the 
interstory drift, which help to reduce the damage of windows and fen
estrations in the EIFS system. Due to the high stiffness of certain types of 

PCC panels, the window damage in PCC largely reduced, therefore, the 
benefit of shear wall design is not as evident. 

Fig. 12 (a), (b), and (c) compare the discounted payback period 
(DPP) (3% discount rate) of different glazing and insulation options for 
GCW, EIFS, and PCC, respectively. It is observed that high-performance 
glazing has a relatively shorter DPP as compared to high R-value insu
lations when compared to the ASHREA 90.1 complied baseline. With 
respect to different geographic locations, the DPP of energy-saving op
tions for archetype buildings located in cold regions such as Boston are 
much shorter than that in Los Angeles and Memphis. The consideration 
of glazing materials replacement at 30 years service life generally in
creases the DPP with high-performance glazing materials. For archetype 

Fig. 9. 50-year life-cycle cost (LCC) of various archetype buildings located in: (a) Los Angeles, (b) Memphis, and (c) Boston.  
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Fig. 10. LCC sensitivity of building archetypes with different structural configurations and EIFS-DPG envelope: (a) annual seismic loss distributions; (b) sensitivity of 
LCC to annual seismic loss. 

Fig. 11. (a) Discounted payback periods (DPP) of cladding with and without considering earthquake-induced seismic loss and glazing material replacement at 30 
years service life; and (b) effect of seismic enhanced options for DPP (0.03 discount rate) of buidlings situated in Los Angeles without glazing material replacement. 

Fig. 12. Discounted payback periods (DPP) (0.03 discount rate) of spatial frame buildings with claddings of: (a) GCW, (b) EIFS, and (c) PCC situated in Los Angeles, 
Memphis, and Boston. 
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buildings located in Boston, the DPP is not impacted much by this 
assumption since the high performance glazings are generally paid back 
within 20–25 years. 

In addition, the DPP is influenced by the discount rates assumed. 
Higher discount rates tend to favor alternatives with lower construction 
costs, shorter service life and higher maintenance cost and lower dis
count rates have reversed effects [46]. Fig. 13 presents the effects of 
discount rates to the discounted payback periods (DPP) of LA-SW2 
archetype buildings with different cladding types. As expected, the 
DPP increases with the increasing of discount rates since they have 
higher construction costs as compared with their corresponding baseline 
cases. 

5. Concluding remarks 

This research proposed a co-design framework for building struc
tures and envelope systems, holistically considering the buildings’ life- 
cycle cost (LCC) as impacted by its energy efficiency and structural 
performance when subjected to natural hazards (i.e., earthquakes). The 
proposed method is a two-stage LCC-informed building design process, 
aiming to satisfy various design requirements and provide a quantitative 
guideline for building structural design and envelope selection based on 
the geographic location of the building. The LCC analysis method ac
counts for the long-term energy performance of buildings, as well as 
expected costs associated with the repair and replacement costs due to 
seismic damaged. Discounted payback period analysis was conducted to 
assess the long-term cost-effectiveness of energy-efficient building en
velope options such as high performance glazings and high R-value 
insulations. The method was demonstrated through the case study of 
medium-size office building archetypes situated in geographic locations 
with distinct climate conditions and seismic activities – i.e., Los Angeles, 
CA, Memphis, TN, and Boston, MA. Different structural configurations, 
including spatial frame and two seismically enhanced shear wall struc
tures were considered. Three envelope types – i.e., glass curtain wall 
(GCW), exterior insulation and finish system (EIFS), and precast con
crete cladding (PCC), along with different glazing and insulation types, 
were studied as design alternatives. The results indicated that:  

• In high seismic regions, such as Los Angeles, seismic enhanced 
structural system design shows notable benefit since it leads to lower 
seismic loss despite its higher initial construction cost. The higher 
initial construction of seismic enhanced structural design will be 
quickly paid back. Particularly for building envelopes that are prone 
to seismic damage (i.e., EIFS), shear walls greatly reduced the 
interstory drift during an earthquake, protecting the fenestration and 
cladding panels from damage. If more expensive envelope options 
such as high performance glazings are desired in high seismic re
gions, adding hazard enhancement design (e.g., shear wall, building 
dampers) would greatly help to protect the asset and reduce the PDD.  

• EIFS cladding shows the greatest cost benefit owning to its lower 
construction cost, good energy performance, and relatively lower 
maintenance cost. However, when used in high seismic regions both 
the EIFS cladding panels and the windows are prone to seismic 
damage because of its lower stiffness. PCC shows good cost- 
effectiveness in medium and low seismic regions due to its low 
maintenance cost and good energy performance (high thermal 
mass).  

• More comprehensive cost benefit analysis is desired for future 
studies. For example, this study does not consider other ancillary 
benefits of adopting energy-saving options such as peak electricity 
reduction, space saving [39], living comfort, protection against 
external noise, improved indoor air quality, improved leasing po
tential [47]. Moreover, marginal cost and benefit of energy efficiency 
analysis may be needed to quantify the marginal cost and benefit of 
adopting different energy-saving options. This is because the energy 
saving potential for high-performance options is not linear related to 

the increased material cost, e.g., the R-value of insulation material 
exceeding certain value leads to negligible energy cost saving due to 
the so-called the law of diminishing returns [48]. 
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